DESIGN AND PHYSICO-CHEMICAL
CHARACTERIZATION OF NANOWIRES
AND MULTICOMPONENT METAL
OXIDE FILMS WITH TAILORED MESO-
STRUCTURE AND CRYSTALLINITY

DISSERTATION

Zur Erlangung des akademischen Grades
,doctor rerum naturalium“
- Dr. rer. nat. -
Im Fachbereich Biologie und Chemie

der Justus-Liebig-Universitit Giefsen

Giefden, im November 2010






“Nanowaves”: SEM image of a mat of RuO; nanotubes

“Brick walls are there for a reason. The brick walls are not
there to keep us out. The brick walls are there to show how
badly we want something. Because the brick walls are there
to stop the people who don’t want something badly enough.
They are there to keep out the other people.”

Randy Pausch, The Last Lecture




JUSTUS-LIEBIG-
ﬁ UNIVERSITAT

GIESSEN

Dean / Dekan

Reviewer / Gutachter Prof. Dr. Bernd Michael Smarsly

Reviewer / Gutachter Prof. Dr. Herbert Over

submitted / eingereicht:



The present thesis was prepared in the period of 1.8.2007 - 30.6.2010 at the Institute of Physical
Chemistry of Justus-Liebig-University Giessen under the supervision and guidance of Prof. Dr.

Bernd Michael Smarsly.

[ declare:

The present thesis was prepared by myself and without illicit help from others. Any citations
being included literally or by adaptation from the literature or personal communications, have
been marked appropriately. The principles of best practice in academia, as documented in the
respective charter of the Justus-Liebig-University have been applied in all investigations consti-

tuting this thesis.

Die vorliegende Arbeit wurden in der Zeit vom 1.8.2007 - 30.6.2010 am Physikalisch-
Chemischen Institut der Justus-Liebig-Universitat Giefien bei Prof. Dr. Bernd Michael Smarsly

durchgefiihrt.

Ich erklare:

Ich habe die vorgelegte Dissertation selbstandig und ohne unerlaubte fremde Hilfe und nur mit
den Hilfen angefertigt, die ich in der Dissertation angegeben habe. Alle Textstellen, die wortlich
oder sinngemafd aus veroéffentlichten Schriften entnommen sind, und alle Angaben, die auf
miindlichen Auskiinften beruhen, sind als solche kenntlich gemacht. Bei den von mir durchge-
fiihrten und in der Dissertation erwdahnten Untersuchungen habe ich die Grundsitze guter wis-
senschaftlicher Praxis eingehalten, wie sie in der ,Satzung der Justus-Liebig-Universitiat GiefRen

zur Sicherung guter wissenschaftlicher Praxis” niedergelegt sind.



IVII



Abstract:

Nanostructured metal oxides and metals are already of significant importance for diverse appli-
cations, e.g. in catalysis or as electrode materials. Yet in many cases more progress could be
achieved by combining the materials’ properties with a more suitable morphology than the

commonly used thin films or nanopowders.

During my PhD I used electrospinning as a versatile approach to generate nanofibers of metals
and metal oxides with the ultimate goal of creating multi-component materials, such as oxide

electrodes with nanofibrous conduction paths.

As main challenges, several useful oxides (e.g. RuO,, transparent conducting oxides) and MOFs
(metal organic frameworks) had not been available as nanofibers and if any, there were only a

few complicated methods to control the fiber’s morphology.

In addition to preparing novel compact fibers, I studied the mechanisms of fiber formation and
could thus develop new and straight-forward approaches to synthesize porous and hollow nano-

fibers with increased surface areas.

Moreover, I demonstrated the first examples of using fiber mats of metal oxides and metals to
prepare model catalysts and highly efficient porous electrodes for sensors or fuel cells. I further
integrated these electrodes into multi-component coatings for application in solar cells or in

transparent conducting polymer films.

1 Short version, see Chapter 5 for a detailed summary.
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Introduction - Motivation

Chapter 1 — Introduction

1.1 Motivation

“There’s plenty of room at the bottom” was the title of a lecture in which Richard Feynman
envisioned and discussed the ramifications of manipulating matter on the atomic level [1]. This
theoretical lecture held on December 29th, 1959, is often considered to be the inception of nano-
technology. By definition the size of nanomaterials is below 100 nanometers in at least one di-
mension. Thereby the realm of these materials ranges from thin films over nanowires to nano-

particles.

Although such materials occur in nature and have been produced synthetically for many years,
the techniques of fabrication and characterization have only recently progressed to a point that
invites scientists from various backgrounds to work within the interdisciplinary field of nano-
technology. Combining the latest advances from microelectronics, microscopy, colloidal and su-
pramolecular chemistry and ultimately biology, offers an unprecedented opportunity to under-

stand and manipulate the world just beyond the atomic and molecular level.

The properties of nanomaterials have been found to differ significantly from their bulk counter-

parts, as surfaces and interfaces become more and more important with decreasing size of the
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Figure 1-1: Examples of the size-dependent properties of nanomaterials [2]:
a) Spontaneous combustion of nanometric, pyrophoric iron in air

b) CdSe quantum dots: The particle size determines the band gap
between valence and conduction bands and thereby the color
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material, until finally even the electronic structure is affected. An increase in surface area leads
to a higher chemical reactivity, such that finely powdered metal ignites spontaneously as shown

in Figure 1-1 a) for sub-micrometric iron produced from FeC,04.

Another example can be found in semi-conductors like CdSe whose band gap is inversely pro-

portional to the size of these so-called quantum dots [2].

In addition to showing size-induced phenomena, different nanomaterials can be combined to

design more complex architectures with characteristics surpassing their individual properties?.

The curiosity to find and characterize these synergies is the motivation for this work that will
focus on nanowires and nanofibers3 as one building block for nanoscale architectures and will

seek to integrate the fibers into those architectures.

Z Although synthetic examples of useful complex architectures are still rare, many systems in biology,
such as enzymes, viruses and even cells, are built from nanoscale components and the assembly clearly
surpasses the functionality of its constituents. In fact, a living cell - as the building block of life - would
be impossible without its nanoscale architectures of proteins, phospholipids, DNA and RNA.

3 In the following, nanowires and nanofibers will be used synonymously.
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1.2 One-Dimensional Nanostructures

Compared to isotropic nanoparticles and two-dimensional thin films, one-dimensional nano-
structures such as nanofibers and nanowires are much more anisotropic, i.e. the aspect ratio of

length to diameter can attain very high values.

This anisotropy leads to interesting morphologies and properties, such as an extremely low
packing density in mats and fabrics of tortuous fibers. Obviously, this system possesses a very
low resistance to fluid flow that can be adjusted by the packing density of the fibers (see Figure
1-2). Additionally, the diameter of the fibers and filaments can be varied from millimeter to
nanometer scale to further adjust the porosity of the resulting mats that are very suitable for
filtration applications. By using nanofibers the separation range can be extended to ultra- and

nanofiltration, allowing to filter out nanometric objects like viruses [3].

Although less obvious in filtration, the mechanical properties of fiber mats are also quite unique,
combining the high strength in the axial direction of each fiber with the overall flexibility of the
mats. In fact, nanofibers are widely used for composite fiber reinforcements [4], e.g. carbon
fibers in epoxy resins, but also electrospun nanofibers significantly improve the mechanical
properties as well. For instance, the addition of 4 wt% of nylon nanofibers to an epoxy resin in-

creases the Young’s modulus from 2.5 to 91 MPa [5].

In addition to improved mechanical properties, nanocomposites of nanofibers can also offer
interesting electrical properties. In order to obtain electrical conductivity in a nanocomposite
consisting of conducting and nonconducting phases, a certain volume fraction of the conducting
phase must be present to allow the formation of a continuous network. This so-called per-
colation threshold critically depends on the dimensionality of the conducting phase, i.e. the
shape and aspect ratio of its building blocks. For spherical particles up to 30 vol% of the con-

ductor are required to attain percolation and thus conductivity. In contrast, well-distributed,

Figure 1-2: Packing density of curled fibers as a function of their tortuosity:
The fibers are curled with a certain amplitude in the y direction,
decreasing this amplitude (from a to ¢) results in more densely
packed fiber mats (the blue box contains a constant volume).
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long nanowires with a high aspect ratio can reduce the percolation threshold to well below
1 vol%. For example, the percolation threshold was found to be as low as 2.3 - 10-3 wt% for car-
bon nanotubes (CNT) highly dispersed in epoxy resin, whereas entangled carbon nanotubes or

carbon black required much higher filler content to allow electrical conductivity (see Figure 1-3)

[6].

In summary, one-dimensional nanostructures are currently of great interest and there has been
extensive research into various “top-down” and “bottom-up” methods to create these nano-
structures. In the next section electrospinning will be introduced as versatile technique to syn-

thesize nanofibers of various materials.

a) 10
1

e aligned CNT N
o entangled CNT
carbon black e i = 0.005 wt%

~ Wt ||

U 3 U1l H AN

L ]
1E-3 8
1E-4 S

1E-5 ~0.0025 wt%
1E-6
1E-7
1E-8 0.001 wt%
1E-9{ o .
1E-10

o
-
n

[ ]

specific conductivity (S/m)

B3 001 01
Filler Content (wt%)

0.000 wt%

Figure 1-3: a) Electrical conductivity of epoxy composites with aligned or en-
tangled carbon nanotubes or carbon black as conducting filler
b) Digital images of aligned CNT-epoxy composites with different

loadings of carbon nanotubes (CNT) (adapted from [6])
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1.3 Electrospinning

The origins of electrospinning date back to patents issued to J. Cooley [7] and A. Formhals [8],
[9] in 1899 and 1929, respectively. In the 1960s Taylor provided a theoretical background [10],
but it was not until the 1990s that electrospinning finally received broader attention of the sci-
entific community through the work of D. Reneker and A. Yarin [11]. Since 2000 the groups of Y.
Xia [12], ]. Wendorff and A. Greiner [3] contributed significantly to the further development of

the technique.

Electrostatic spinning, commonly called electrospinning, is a facile method that can create large
quantities of nanofibers. As a top-down method, electrospinning is dependent on the viscoelastic
properties of a solution or melt and not on chemical reactivity, thereby allowing to generate

nanofibers from a wide variety of materials.
The principle of electrospinning is illustrated in Figure 1-4:

A viscous fluid is pumped through an orifice and an electric field is applied between this spin-
ning tip and a ground target. Beyond a certain applied potential, the surface tension of the fluid
is overcome and an electrified jet is ejected from the spinning tip forming the so-called Taylor
cone.[13]

As the jet is accelerated towards the target, the fluid’s viscosity increases and the charges move

Ohmic flow Convective flow

ﬁiﬂﬂ ‘AJJ

Geometry of cone is governed
by the ratio of surface tension
to electrostatic repulsion

Zone of transition between
liquid and solid

\ Target

SLOW ACCELERATION RAPID ACCELERATION

Figure 1-4: The formation of nanofibers via the electrospinning process [13]
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to the surface of the jet. In case of a polymeric solution the solvent evaporates, whereas for a
polymer melt the temperature decreases. However, as charges build up on the surface of the
emerging fiber, a slight perturbation can displace a segment of the fiber that then experiences

repulsive electrostatic forces from the up- and downward parts of the fiber.

As depicted in Figure 1-5 the resultant force points away from the fiber’s axis and leads to the
so-called bending instability [11]. This additional stretching force is the major contribution to
the elongation of the fiber and thereby significantly reduces its diameter. In fact, several genera-
tions of bending instabilities can develop before the fiber solidifies completely, whereby a di-

ameter of a few nanometers can be attained.

In summary, Coulomb forces are used to generate and elongate nanofibers, making the principle
of electrospinning rather straightforward. However, the spinning process and its details are
much more complicated and governed by many parameters, such as the fluid’s viscosity and
conductivity, the feed rate and the applied electric potential, the distance between the spinning

tip and the collector.

Solution’s properties

For electrospinning of polymeric solutions, the concentration and the molecular weight of the
polymer are of great importance, as the solution’s viscosity is mainly due to the entanglement of
polymer chains. Without a sufficient viscosity, the electrified jet would break up and electro-

spraying would be observed instead of electrospinning.
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Figure 1-5: Scheme of a bending instability leading to thinning and elongation
of the nanofiber and a stroboscopic picture showing several gen-
erations of bending instabilities that develop during the electros-
pinning process [11]
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In general, a higher concentration or a higher molecular weight of the polymer results in a

thicker diameter of the fibers [14].

Similarly, a more volatile solvent leads to faster solidification and thicker diameters. In general,
the volatility must be a compromise between allowing a timely solidification of the fiber before
the jet reaches the collector and the clogging of the needle when the Taylor cone solidifies.
Moreover, the solvent should be a good solvent for the polymer and all additives, and the surface
tension and conductivity should not be too high, as a high conductivity can lead to short-circuits

between the tip and the collector.

If the surface tension and conductivity of the solution are too high, beaded fibers might result, in
particular if the solution’s viscosity is low [15]. However, especially surfactants can always be

added to lower the surface tension and improve the homogeneity of the fibers.

Process parameters

Stable electrospinning occurs when the feed rate matches the rate of fiber production and the
applied electric field exerts a force that can overcome the surface tension of the spinning so-
lution, but is balanced by its viscosity.

The detailed influence of the spinning parameters is quite complex, although it is generally ac-
cepted that higher feed rates lead to thicker fibers and a higher electric field is assumed to have
the opposite effect.

Higher temperatures accelerate the drying of the electrospinning jet and result in thicker fibers,

whereas solvent vapor in the atmosphere can delay the solidification. The relative humidity is

Figure 1-6: Scanning electron microscope (SEM) image of beaded and smooth
nanofibers of PEO (polyethylene oxide) electrospun from aqueous
solutions of low charge density and a) low (2 wt% PEQO) and b)
high (4 wt% PEOQO) viscosity [15]
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especially important for water soluble polymers that cannot be spun beyond a certain humidity,
as the jet does not solidify and the wet fibers coalesce on the collector.

The humidity and spinning solvents play an important role in determining the surface mor-
phology of the fibers, as inclusion of non-solvents for the polymer into the emerging fibers can
create some porosity (see Figure 1-7 a). On the other hand, rapid evaporation of the solvent can
result in the formation of a solid skin on the spinning jet, with the following collapse of such par-
tially hollow tubes leading to flat ribbons (see Figure 1-7 b) [16]. Note that the diameter of these
ribbons is typically several micrometers, in contrast to the hollow nanotubes presented in chap-

ter 4.

In addition to the aspects relevant for this thesis, one finds several further contributions in the
literature that have elucidated the fundamentals of electrospinning and demonstrated its po-
tential applications, with excellent reviews providing an overview and the necessary references
[3], [11], [12]. The topics therein range from alignment of nanofibers, multi-spinneret systems,
moving collector assemblies to coaxial spinning techniques. Many applications have been en-
visioned and demonstrated, such as nanofiltration, photocatalysis, bone and tissue engineering

and drug release.

In the following section, the literature on oxide nanofibers relevant to this thesis will be sum-

marized.

Figure 1-7: a) Porous PLLA nanofibers electrospun from a solvent mixture
(CH.CI>/MeOH) resulting in polymer-rich and polymer-poor
sections [3]
b) Flat ribbons from collapsed hollow electrospinning jets of
poly(etherimid) (PEI) spun from hexafluoro-2-propanol [16]
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1.4 Electrospinning Oxide Systems

The first oxide nanotubes were obtained by coating sol-gel-derived TiO; onto polymeric nanofi-
bers to produce hollow tubes [17]. Soon afterwards it was found that sol-gel derived fibers could
easily be produced by addition of the respective precursors to the electrospinning solution.
Alkoxides of (transition) metal cations were added to suitable carrier polymer solutions and
after electrospinning composite fibers, a thermal treatment removed the polymer and resulted
in oxide nanofibers. Starting with TiO; [18], many binary metal oxides were electrospun [19]
and tested for a range of applications, such as sensing [20], photocatalysis [21], photovoltaics

[22], or electrochemistry [23].

The ease of preparation of sol-gel derived nanofibers further led to the preparation of nano-
fibers of ternary oxides like BaTiO3z [24] and hierarchical systems like V,0s nanorods on TiO:

fibers [25].

However, after the focus had long been solely on the synthesis and characterization of nano-
fibers from various materials, in the past few years the interest has begun to center more on

complex systems that should benefit particularly from the fibrous morphology.
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Conducting Nanofibers - Concept of Porous Electrodes

Chapter 2 — Conducting Nanofibers

2.1 Concept of Porous Electrodes

TCO (transparent conducting oxide) materials are widely used in optoelectronic applications as
transparent electrodes, commonly as thin, compact films deposited on glass or quartz substrates
[26], [27]- These TCO layers of 200-300 nm thickness possess sheet resistances typically below
20 (/0 and transparencies above 85% in the visible range, making them suitable as two dimen-

sional electrodes for electrochromic devices [28] and solar cells [29].

For ordinary TCO electrodes, typical deposition techniques are CVD and PVD (chemical and
physical vapor deposition), including spray pyrolysis, PLD (pulsed laser deposition) and magne-

tron sputtering, resulting in compact layers [26].

As proposed by Zaban et al. [30] and shown in Figure 2-1, a three-dimensional TCO electrode
theoretically offers advantages for electron collection in DSSCs (dye sensitized solar cells), due
to a higher electrode surface area and a shorter electron diffusion pathway to the back electrode,
limiting recombination losses. The practical realization of such DSSCs with TiO2 on indium tin
oxide (ITO) nanopowders [31] or nanowires generated by laser-ablation [32] showed only low
conversion efficiency, probably as a consequence of the low amount of TiO, deposited on the

porous electrode.

Porous electrodes can also be produced via sol-gel processing with suitable polymer templates,

as demonstrated for mesoporous and macroporous ITO [33-35].

glass
TCO
glass
TCO

TCO

Figure 2-1: Flat and extended current collector for DSSC [5]
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While providing a high surface area, such mesoporous TCO films with pore sizes of 5-15 nm have
a low overall porosity of only 30-35%. Thereby these films possess high interfacial areas and are
only suitable for surface functionalization, especially with a monolayer of redox-active mole-

cules like ferrocene.

To build a solar cell or a rechargeable battery, it is necessary to add more material to the elec-
trode. However, depositing another oxide inside a mesoporous film is not straight-forward, as a
blocking of the pores might occur. Macroporous films with a minimum pore size of 0.5-1.5 pm

would be more suitable in this respect, but their interfacial area is rather low*.

An alternative concept to endow TCOs with porosity is the generation of densely packed nano-
fibers. The high aspect ratio of the fibers offers conducting pathways and the porosity can be
adjusted through the packing density.

Figure 2-2c sketches an optimized electrode with conducting nanowires extending into a porous
semi-conducting material. Ideally, the volume fractions of nanowires, semi-conductor and pores
are adjusted to optimize the electrode’s performance. For comparison a non-porous electrode
with high resistance to diffusion and electronic transport is shown (Figure 2-2a). Whereas the
porous electrode only lowers the resistance to diffusion (Figure 2-2b), the nanowires also im-

prove the electronic properties, thus clearly enhancing the electrode.

As mentioned above, the experimental realization of a three-dimensional electrode for DSSCs

showed only low conversion efficiency, until recently an elaborate approach based on a poly-

B conductor g 5C crystallite /™ nanowire

e oA 3 fiffuslon wn semiconductor (SC) [_I pore

Figure 2-2: Comparison of resistance to electronic transport and diffusion for
different electrode geometries: a) compact, b) porous and c) por-
ous with nanowires

4 The surface area increases roughly by a factor of © when adding a layer spherical pores to planar surface
(i.e. 4mr2 compared to 4r2). However, one macropore with a radius of 1 um possesses the approximately
the same thickness as a stack of 100 layers of mesopores with a radius of 10 nm.
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carbonate template for the ITO nanowires was reported with a DSSC efficiency of 4% [36], thus
validating Zaban’s concept and my approach of using conducting nanowires. One promising me-
thod to produce these nanowires is electrospinning and the results will be discussed in the re-
mainder of this chapter, before evaluating the concept of porous electrodes in solar cells and

other applications.
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2.2 ITO Nanowires

The most straight-forward approach to produce fibrous electrodes is to use ITO nanofibers
made from a carrier polymer and sol-gel precursors similar to those used in mesoporous
films [33]. However, the commonly used acidic solutions and chloride or nitrate salts led to a

high conductivity in the electrospinning solution and thereby to poor spinning behavior.

By using “uncharged” precursors with complexing anions like acetylacetonates this problem
could be effectively circumvented, but the recipe needed to be further adapted with acetone as
co-solvent for the In(acac)s. This approach worked well for ITO, as the acetylacetonate was suf-

ficiently reactive during calcination and completely transformed into the oxides.

Another important issue was the shrinkage of 10-15% of the fibers during calcination, as the
fiber mat tended to peel off the substrate that did not contract. As can been seen in Figure 2-3,
applying a thin film of the carrier polymer via dip-coating effectively reduced this problem, as
the polymer melted during calcination and thereby reduced the stress between nanofibers and
substrate. The fiber mat was floating on the polymer melt and only interacted with the substrate

after the polymer was decomposed.

Figure 2-4 shows the SEM image of nanofibers as a non-woven mat deposited on a silicon wafer.

The next step towards the composite electrode was to coat this fiber mat with a thick meso-

3 polymer film

composite fiber (polymer + precursor)

Figure 2-3: Scheme before and digital image after calcination of a) ITO nano-
fibers directly on the substrate and b) with a thin layer of the car-
rier polymer to reduce stress during calcination

5 As will be shown in chapter 4, many other acetylacetonates tended to sublimate, but fortunately a more
general approach was found by preparing DMF complexes of the precursor salts.
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Figure 2-4: SEM image of an ITO nanofiber mat

porous TiO; layer. However, the ITO nanofibers dissolved in the acidic sol-gel solutions typically
employed for the preparation of mesoporous TiO,. Therefore, a nanoparticle-based approach
was developed by using preformed TiO, nanoparticles with the block-copolymer PIB3000
(poly(isobutylene)-block-poly(ethylene oxide)) as template. After some initial work by myself,
this part of the project was further developed by C. Reitz during his bachelor’s thesis under my

supervision.

These first results are summarized in Figure 2-5 and show that the ITO nanofibers actually did
not improve the DSSC’s performance. It is apparent from the corresponding SEM image that the
nanofibers were not embedded nicely in the porous TiO; matrix that still contained many cracks,
especially around the fibers. This can be explained by the shrinkage of the TiO- film during dry-

ing and calcination.

Parameter DSSC with | DSSC without
fibers fibers

INIVE Gl -252:10° | -3,07:10°

Uoc[V] 0,770 0,808
AV -1,56:103  -1,97-103
Uwmer [V] 0,530 0,505
FF [%] 42,78 39,67

n [%] 0,83 0,99

Figure 2-5: DSSC performance and SEM image of the first electrode com-
posed of ITO nanofibers and mesoporous TiO;
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Figure 2-6: SEM image of ITO nanofiber mat coated a) once and b) twice
with mesoporous TiO, from nanoparticles

After the bachelor’s thesis, the preparation of the TiO; nanoparticle dispersions could be im-
proved significantly by C. Weidmann. Using nanoparticles prepared according to his procedure,
well-organized mesoporous TiO; films could be obtained. In order to optimize the electrode, a
second layer of mesoporous TiO; was applied after stabilizing without template removal at
300°C. As can be seen from the SEM images in Figure 2-6, there were fewer cracks in the first

layer and these cracks were closed in the second layer.

Unfortunately, these films were prepared after the bachelor’s thesis and the corresponding col-

laborations.

The possibly improved ITO-TiO; system was not tested as electrode in a DSSC, as in the mean
time, similar results were published and the ATO system was developed.
Furthermore, a closer inspection revealed that the contact between ITO nanofibers and TiO;
matrix was still poor (see Figure 2-7) and therefore an alternative approach by electrodeposit-

ing the TiO, was followed.

6 Our collaborators from the University of Hannover are attempting to build DSSC electrodes by electro-
deposition of ZnO onto our ITO fibers, but so far no substantial improvements of the solar cell perfor-
mance were observed and therefore those results are not included here.

|15|



Conducting Nanofibers - ITO Nanowires

Figure 2-7: SEM image of ITO nanofiber mat coated twice with mesoporous
TiO,, but scratched off the substrate to reveal the poor contact
between ITO fibers and TiO, matrix
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2.3 Excursion: Indium Availability

The availability of indium is another issue with using ITO as transparent conducting oxide. His-
torically, ITO was the first TCO material and therefore its processing is quite mature. However,
due to the ever-growing demand for indium in transparent electronics and photovoltaics, there
have been concerns about the long-term availability of indium, resulting in an increase in price
from 60 to over 1000 $/kg indium (see Figure 2-8). This increase can be understood from the
fact that indium is a by-product in tin, lead and copper mining, thus production and availability
of indium were determined largely by tin and copper production. At the peak of indium price in
2005, the efficiency of indium extraction was improved and “recycling”” was established leading
to a decrease in indium price that further dropped in 2008/09 when new large deposits were
reported in Saxony (Germany) and China. Recently, with the beginning of large-scale production
of CIGS (Copper Indium Gallium Selenide) solar cells, the price of indium has been increasing

again. Therefore it is highly desirable to find suitable low-cost replacements.

1200

1000
800

600 +

Price ($/ kg)

400

200

0 T T T T T T T T
2002 2004 2006 2008 2010
Year

Figure 2-8: Development of the price of indium (99.99% purity,
data from London Metal Exchange as of May, 2010)

7 In conventional processing of indium for ITO thin films, i.e. sputtering and CVD, only 30% of the material
is deposited on the substrate. In most reports, “recycling” therefore refers to the recovery of the re-
maining indium from the processing equipment.
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2.4 Comparison of ITO to Other TCO Materials

ITO is still widely used as TCO material, but alternatives such as ATO or FTO (antimony or fluo-
rine doped tin oxide) and AZO or IZ0 (aluminum or indium doped zinc oxide) are becoming
more and more important. In addition to higher availability and lower prices of the correspond-
ing metals (see Table 2-1), the tin oxide based TCOs also offer better chemical stability making

them more suitable for processing in acids and at high temperatures.

Table 2-1: Comparison of various TCO materials®

Name Composition Resistivity Transparency Price*
Q-cm $/kg

ITO In203:5n(10%) 7.2-105 90-95% 600

AZO Zn0:Al(2%) 8.5-10- 85-95% 2

FTO Sn02:F(5%) 5.0-10+4 85-90% 15

ATO Sn02:Sb(7%) 1.1-103 80-85% 15

* Bulk prices as of May, 2010 from London Metal Exchange (purity 99.9%)

As shown in chapter 2.2, mesoporous films or nanofibers of ITO (tin doped indium oxide) can be
conveniently prepared by sol-gel methods from molecular precursors, as by thermally annealing
the mixture crystallizes as transparent conducting ITO, i.e. a solid solution of tin in indium oxide

of the cubic bixbyite structure.

This sol-gel and annealing approach fails for other ternary or doped oxides, i.e. the conductivity
is orders of magnitude lower than for films prepared by sputtering or spray pyrolysis10. The lat-
ter are vapor deposition techniques and possess the advantage of rapidly solidifying the TCO
material in the desired crystalline and conducting phase on the substrate, whereas solidification
and crystallization are rather slow for the sol-gel process. Although a detailed analysis is out of
the scope of this project, the loss in conductivity can be explained by the imperfect doping and
phase segregation of the formed oxide. In the case of doping with cations the different rates of

hydrolysis and condensation and differences in lattice energies prevent the formation of the

8 ITO can be easily etched by diluted HCl in presence of Zn metal or HNO3 [37] and at elevated tempera-
ture indium migrates into other metal oxides, e.g. TiO; or ZnO in dye-sensitized solar cells[28].

9 Data from several sources: [38],[39],[40]

10 At the beginning of this PhD project, various TCO films (including ITO, ATO, FTO, AZO) were prepared
by sol-gel methods and spray pyrolysis according to the literature. While spray pyrolysis always
yielded well-conducting (i.e. the conductivity was at most one order of magnitude lower than reported
in the literature) and transparent (only AZO films were a little hazy) films, the only well-conducting
sol-gel coatings were ITO.
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desired solid solution!!. Similarly, it is difficult to incorporate anions like F- homogeneously into

the solid, as they form volatile HF.

Although it is not possible to generate thin films and nanofibers of most conducting oxides di-
rectly via sol-gel methods, there are several works that demonstrated the synthesis of TCO nano-
particles. Especially cation-doped TCO materials can be easily obtained by rapid preparation
techniques like precipitation or flame pyrolysis. Therefore, it would be highly desirable to sepa-

rate the preparation of the TCO materials into two steps:

o Synthesis of nanoparticles with controlled stoichiometry and crystallinity

e Preparation of the final material as thin films or nanofibers

The main challenge in this approach is to obtain a stable dispersion of the nanoparticles that can
be further processed. Techniques like flame pyrolysis generate nanocrystalline materials of the

desired composition, yet particle agglomeration usually limits the further use of these materials.

By using precipitation methods however, it is possible to obtain redispersible TCO nanopar-
ticles. For example, Goebbert et al. demonstrated the synthesis of ITO and ATO nanoparticles

and their application for the preparation of well-conducting thin films [41].

They precipitated ethanolic solutions of the precursor chlorides in concentrated ammonia solu-
tions containing amino acids as stabilizers. The white slurry is transferred into Teflon-lined au-
toclaves and treated under hydrothermal conditions to obtain crystalline nanoparticles that can

be redispersed in aqueous solution.

As the ATO nanoparticles of 4-6 nm are only dispersible above pH=8, the strong base tetra-
methylammonium hydroxide (TMAH) needs to be added.

The results could be reproduced successfully and the obtained brownish ATO dispersion could
be deposited onto glass slides to yield transparent conducting coatings with a resistivity range of
p=102-10"1 Q-cm, a value that is only 1-2 orders of magnitude higher than for coatings pre-
pared by spray pyrolysis. This finding can be explained by the fact that the coatings contain
many grain boundaries from the nanoparticles and are in general quite porous, thereby scatter-

ing reduces electron mobility and increases resistivity.

11 For a detailed comparison of various TCO materials, see chapter 6.1.8.
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2.5 Electrospinning Preformed ATO Nanoparticles

Although the ATO dispersions seem suitable for electrospinning and stable spinning solutions
could be prepared with PVP (polyvinylpyrrolidone) as carrier polymer, only poor spinning was
possible, as the charge density and conductivity was too high due to the high TMAH content and

water as the solvent.

As seen for the ITO nanowires [see chapter 2.2], uncharged precursors or nanoparticles and

volatile non-aqueous solvents usually work best.

However, it was observed that shorter hydrothermal treatment resulted in less crystalline na-
noparticles that were more readily dispersed with less TMAH. Additionally, Et;NH (diethyl-
amine) could be used to replace TMAH and obtain yellowish solutions that electrospun well and

could be converted into conducting nanofibers by calcination.

The electrospinning process yielded composite polymer-inorganic nanofibers with an average
diameter of 400-500 nm as a non-woven mat. Upon calcination the spinning polymer was com-
pletely removed and purely inorganic, polycrystalline nanofibers with diameters of 200-300 nm

and cassiterite structure were obtained (see Figure 2-9).

A systematic investigation further revealed that the fibers could also be produced from
“amorphous” ATO colloids without hydrothermal treatment and that the conductivity of the re-

sulting fibers was actually higher than if crystalline nanoparticles were used. This finding

showed that the composition was already fixed during the precipitation step and later hydro-

\/f

‘2@ ] —

Figure 2-9: SEM image of ATO nanofibers prepared from nanoparticles
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thermal or thermal treatment only affected the degree of crystallinity.

XRD (X-Ray Diffraction) analysis further showed that the nanoparticles were already partially
crystalline after washing and centrifugation, although the degree of crystallinity could be in-
creased by (hydro)thermal treatment (see Figure 2-10). In fact, the colloidal particles should
initially be amorphous after precipitation as antimony-doped “stannic acid”, i.e. a hydrated form

of doped tin dioxide that can be converted to doped tin dioxide:

stn03:sb — SnOZ:Sb
-H,0

The dehydration and crystallization was accompanied by a change in the dispersion’s color from
light yellowish to dark brownish!2. Obviously, it took place during hydrothermal or thermal
treatment at high temperature. However, it was also observed that the dehydration slowly oc-

curred even at room temperature or during prolonged centrifugation.

As shown in Table 2-2, fibers from amorphous particles can sinter together more easily and they
possess higher conductivities than those fibers from crystalline particles. In general, the nano-
fibers shrink upon thermal treatment and thereby the resulting fibers become denser. In con-
trast, the shrinkage of thin films that are stretched on a substrate results in some porosity and

ultimately in cracks to compensate for the mechanical stress. As an important extension of the

— 25°C
——125°C 3h
550°C 30min
= JCPDS No.
00-003-0439

|/a.u.

1]

Figure 2-10: XRD of nanoparticles as-prepared (25°C), after hydrothermal
treatment (125°C for 3 h) and thermal treatment (550°C for
30 min). With cassiterite (Sn0O,) reference pattern from the
JCPDS (Joint Committee of Powder Diffraction Standards) data-
base.

20 30 40 50
20/°

70 80

12 Actually, not only the slurry, but also the clear nanoparticle dispersion turned crystalline, i.e. from
yellow to brownish, upon solvothermal treatment. After calcination the color of ATO is dark blue.
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results from Goebbert et al. for thin films, it could be demonstrated that the use of amorphous
particles always leads to higher conductivity in both films and fibers, as the amorphous particles

could sinter together more easily.

The fact that fully crystalline particles can produce porous fibers will be exploited in chapter 3.

Table 2-2: Influence of particle crystallinity on conductivity of fibers and films

Preparation Type Resistance# Resistivity”
of particles$ kQ/cm Q-cm
25°C Fiber mat 2-3

125°C3h Fiber mat 8-10
150°C3h  Fiber mat 13-16

25°C Thin film 2.5:102
125°C3h  Thin film 1.1-101

§ that is followed by calcination at 550°C
# see text for details

* evaluated for films with a thickness of 180 nm on glass slides

A literature review showed that the amino acid was not essential, as tin dioxide colloidal nano-
particles are intrinsically stable above pH =9 due to their zeta potential [42]. Moreover, the
addition of erbium was reported to increase the conductivity of thin films [43], but a significant

effect was not found in the fibers.

Single fibers possessed a resistivity below 1 Ohm - cm13. More relevant is the bulk resistance of
the fiber mats, as it determines the usefulness as an electrode. The resistance of a fiber mat was
evaluated macroscopically by 2-point measurements on glass substrates to be about

2-3 kOhm/cm for a thickness of approximately 1.5 pm.

The optimized recipe yielded nanofiber mats that were free-standing and could be deposited on
glass or TCO-coated glass substrates to serve as electrodes. The packing density could be ad-
justed by (hot) pressing or applying a drop of non-solvent!4 to contract the fiber mats by capil-
lary action. Thereby, fiber mats with a macroscopic resistance of 500 {1/cm and below could be

obtained.

13 Measured in collaboration with BASF SE.
14 For example, hexane or cyclohexane.
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2.6 Electrodeposition on ATO Fiber Mats™

The nanofibers with diameters of 200-300 nm showed sufficiently low bulk resistances
(~ 1-5 kOhm/cm) to be used as 3D electrodes for the electrodeposition of electrochromic Prus-
sian Blue (iron hexacyanoferrate, see Figure 2-11) and various metal oxides (Fe;03, TiO, and

Zn0, see below).

Whereas the deposition of Prussian Blue (PB) served as a model system to prove that electro-
deposition was possible, a more useful system was expected from the TiO; on ATO. In contrast to
the ITO nanofibers that were not sufficiently stable in acid solution, the ATO fibers could be em-
ployed in anodic electrodeposition of TiOz from TiClz. The advantage of anodic deposition is the
controlled manner in which the oxide is formed by oxidation of Ti(IlI) to Ti(IV)¢ only on the
conductor. Actually, the TiO; forms as mostly crystalline rutile (whereas for cathodic current OH-
is generated from O, and leads to amorphous oxides/hydroxides around the electrode). The
addition of surfactants like SDS (sodium dodecylsulfate) or BTB (bromothymol blue) allows the

generation of porous titania [46], [47].

1. Electrospinning 2. Electrodeposition of Prussian Blue

Figure 2-11: ATO nanofiber electrode before (left) and after (right) PB elec-
trodeposition: Scheme, SEMs and digital photograph of fiber
mat used as electrode (lower inset)

15 These results have been partially published [44].
16 At a given pH and temperature, Ti(IV) is much less stable in solution and forms hydroxides that readily

transform into TiO> [45].
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a) 1. Electrospinning 2. Anodic electrodeposition b) EDX/ TEM

Element Weight-% | Atom-%
oK 70.83 043
TiK 27.75 0.51
SnL 1.31 0.06
ShL 0.10 0.00

&

4 |1Sum 100.00 1.00

Figure 2-12: a) Scheme and SEM of ATO nanofibers before and after elec-
trodeposition of TiO, from TiCls
b) EDX analysis of the composition and TEM image of ATO fi-
bers covered with TiO»

However, as-prepared the nanofiber mats adhered poorly to the FTO substrates!” and tend to
peel off during electrodeposition of TiO. Therefore, a thin layer of ATO was applied by spray

pyrolysis to improve mechanical and electrical contact to the substrate.

Using anodic electrodeposition both flat substrates and nanofibers could be uniformly coated
with a titania layer (see Figure 2-12). Typically, the deposition current was 0.25 mA/cm? on flat

electrodes and 3-4 times higher on nanofibrous electrodes due to their higher surface area.

However, when the thickness of the titania layer exceeded 500 nm on flat substrates cracks ap-
peared and the film tended to peel off, thus severely limiting light absorption and the solar cell
efficiency. In contrast, a deposition of 500 nm of TiO; on each nanofiber in a thick fiber mat re-
sulted in an overall titania thickness of several microns. Consequently, the dye-sensitized solar
cells based on our nanofibrous ATO electrodes generated a much higher photocurrent than simi-

larly prepared solar cells on flat FTO substrates.

As shown in Figure 2-13, conversion efficiencies of 1.5% have already been observed without
any optimization, still allowing for further improvements, for example by using other dyes and

laminated cell assembly8.

17 A flat FTO substrate was always used as back contact instead of a glass slide to avoid a high internal
resistance.

18 In the setup used at the physics department of JLU Giessen, the distance between the electrodes was
several millimeters, while the state-of-the-art is 50 pm and below.
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Optimizations and further experiments, including electrodeposition of other metal oxides like

zinc oxide, are currently carried out by our collaborators and might substantially improve the

solar cell performance. Solar cells based on nanofibers and nanorods of TiO, and ZnO have al-

ready been demonstrated [48], [49].

The photoelectrochemical performance of the studied systems is summarized in Table 2-3. The

presence of ATO nanofibers in the electrode significantly increased the short circuit photo-

current, decreased the open circuit voltage and the fill factor. As a net consequence, the ob-

served cell efficiency was clearly enhanced.

Table 2-3: Comparison of photoelectrochemical measurements:
Thickness of the TiO, layer, short-circuit current, open-circuit
voltage, fill factor and conversion efficiency.

System dlum]  Jsc[mA/cm?]  Voc[V] ~ FF[%] n[%]
edepot! TiO, on FTO 0.4# 0.9 0.77 49 0.36
edepot! TiO2 on ATO nanofibers 0.4# 3.9 0.56 33 0.74
edepot! TiO, on ATO nanofibers 0.4#** 6.8 0.58 38 1.49

with add. spray pyrolysis

1 electrodeposited

#thickness of TiO layer on flat films or the individual nanofibers, the overall thickness for the

nanofibrous electrodes is 2-2.5 um

*possibly up to 0.5 um due to lower series resistance

The increased photocurrent was probably caused by an increased amount and overall surface

current density / mA cm”

(=]

dark
illuminated //

T T T
0.3 0.4

01 0.2 0.6
voltage / V
U, =575mV
j,,=677mAcm”
n=1.49 %
FF=383%

Figure 2-13: SEM image of ATO nanofibers covered with TiO, and results
from DSSC photoelectrochemical measurement
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area of the TiO; coating on the ATO fiber network and the resulting higher sensitizer content.
The larger effective surface area of the electrode in turn led to increased recombination reac-
tions with the electrolyte both from uncovered ATO parts and the TiO; surface especially since it
was not blocked by coadsorbates in the present study. To further enhance the solar cell perfor-
mance and limit the recombination losses, it would be necessary to form a continuous blocking
layer of non-porous TiO; over the entire electrode including the nanofibers. Atomic layer depo-
sition or other gas phase techniques might be more suitable for uniform oxide deposition, but
for this study we limited our approach to the electrodeposition of TiO, without surfactants, re-

sulting in denser, but unfortunately not completely dense layers.

The increased recombination was reflected in a decreased fill factor (lowered shunt resistance)
and a decreased photovoltage under open circuit. Additional sources of recombination might
also lie in a possible mismatch between the conduction bands of FTO-ATO and ATO-TiO; or in
dead ends of electronic conduction in isolated ATO fibers, i.e. fibers without contact to the FTO
back electrode. The deposition of a thin ATO layer by spray pyrolysis led to a clear improvement
of the cell efficiency caused by a significantly increased photocurrent and a slightly increased fill
factor. This observation may be attributed to an improvement of the conductivity through the

nanofiber network and to the underlying FTO electrode.
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2.7 Conclusion for the ATO-DSSC

A literature review indicates that TiO, might not be the best choice as semiconducting oxide for
our model system, as especially under illumination!? its electronic transport suffices for DSSC
applications [52], [53], thus reducing the need for additional conducting pathways like the ATO

nanofibers that might prove more useful in less conducting oxides like ZrO,.

Although there is some advantage in the electron collection due to the presence of the ATO na-
nofibers, it was decided not to investigate the DSSC systems any further, as it was already shown
that the main bottleneck in DSSCs is not electron transport in the nanocrystalline TiO», but the

mass transport in the electrolyte [54].

In fact, the simple model for electron transport in DSSC by diffusion is insufficient and needs to
be extended further than modeling the long-range electron transport as a series of trap-
ping/detrapping events [55]. The apparent diffusion coefficient of the electrons is orders of
magnitude lower than expected for electrons in crystalline solids and rather in the range of the
diffusion coefficient of the electrolyte. Furthermore, it was shown that a layer of 50 um TiO; of-
fers a more efficient collection of the electrons injected at the outermost part than thinner films
[56]. In general, thicker TiO; films produce higher photocurrents than their thinner homologues.
Therefore, it is more suitable to regard the nanocrystalline TiO; films as three-dimensional elec-
trodes and their conductivity to result from a self-doping process that is initiated by illumination

and supported by charge compensation through the electrolyte [54].

In conclusion, TiO; and other nanocrystalline metal oxides might not be the most suitable sys-
tem for the ATO nanofibers and they should rather be employed where improvement of elec-

tronic conductivity is necessary, i.e. in insulators to form conducting hybrids.

19 While being low in the dark, the conductivity of TiO; increases 2-4 orders of magnitude under illu-
mination and is further increased through electron injection from the dye molecules [50], [51].
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2.8 Transparent Conducting Polymer Films

A far more promising application of the TCO nanofibers could be found by embedding them in a
polymer matrix. In such a nanocomposite, electrical conductivity can be obtained above a certain
volume fraction of the conducting phase allowing the formation of a continuous network in the
insulating phase. This so-called percolation threshold critically depends on the dimensionality of
the conducting phase, i.e. the shape and aspect ratio of its building blocks. In this respect, well-
distributed, long nanowires with a high aspect ratio can reduce the percolation threshold to well

below 1 vol% [57].

The following Figure 2-14 from the literature [58] shows the percolation threshold of the con-
ductivity of composites made of epoxy resin and CVD-grown multi-wall carbon nanotubes
(MWCNT) and carbon black, i.e. an increase of several orders of magnitude in conductivity at a

certain concentration of the conducting phase inside the epoxy matrix.

Two facts merit special attention in Figure 2-14:

e The percolation threshold critically depends on the nature of the conducting phase,
i.e. one-dimensional nanotubes outperform particulate carbon black, and on how
well the conducting phase is distributed in the matrix20.

e The transparency of the composite is greatly lowered by the incorporation of

MWCNT leading to a non-transparent epoxy before the onset of conductivity.
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Figure 2-14: a) Electrical conductivity of epoxy composites with aligned or en-
tangled carbon nanotubes or carbon black as conducting filler

b) Digital images of the aligned CNT-epoxy composites with dif-

ferent loadings of carbon nanotubes (CNT) (adapt. from [58])

20 Insufficient singularization, i.e. the occurrence of bundles instead of individual fibers, often requires a
much higher concentration of nanotubes than expected from their high aspect ratio [57].
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Accordingly, it is possible to produce conducting composites from insulating polymers or resins
by adding a low weight fraction of conducting nanowires. However, using carbon nanotubes only

non-transparent composites can be obtained.

Thus, the transparent conducting oxides might be a viable route to create conducting polymer
films. The ATO nanofiber mats could indeed be incorporated into insulating polymers like poly-
styrene or polyvinylpyrrolidone to yield conductive or at least antistatic (depending on the fiber

concentration and film'’s thickness) composites.

In fact, the nanofibers usually appear grayish-white due to light scattering at the fiber-air inter-
face, but within the polymer matrix, the transparency is similar to the pure polymer film, as the

refractive index of the polymer is higher than the one of air (see Table 2-4).

Table 2-4: Refractive indices np (at 589 nm and 0°C)

System np Ref.
air 1.00027 [59]
polystyrene 1.5582 [60]
SnO; 1.953-1.998 [59]

Although it was not easy to redisperse the nanofiber mats as individual nanofibers in polymer

melts or solutions, it was possible to infiltrate the free-standing mats with a polymer solution.

This process could be further improved by hot pressing the nanofiber mat into thin polymer

films to yield the composite shown in the Figure 2-15.

A resistance in the range of 10-1000 kQ/cm was measured by 2-point probe, depending on the
relative thickness of the ATO mat and the polymer film?1. Flat electrodes were used to measure a

resistance of 100-1000 k() through the films with an approximate thickness of 50 pm.

21 Obviously, the nanofibers can be contacted directly by forcing small electrodes into the composite, thus
it was possible to show that the nanofiber mat retained its full conductivity inside the polymer matrix
(aresistance of 1-10 k)/cm was measured).
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Figure 2-15: Digital photograph of ATO nanofiber mats a) in air and b) inside
PS, c¢) of ATO-PS film with a laser microscope and d) the setup
for the conductivity measurement

In conclusion, these hybrids take advantage of the nanofibers’ conductivity and transparency
while offsetting their fragility and therefore represent an interesting new type of antistatic and

transparent polymer film.

In general, as demonstrated for the polymer-CNT or polymer-TCO composites, it seems more
viable to use the nanofibers in matrices with a specific conductivity that is orders of magnitude
lower than the nanofibers’ conductivity. Accordingly, conducting oxides might not always
represent the best material for the conductive pathways. Whenever transparency is not required
metals might be an alternative that offers a lower specific resistivity. Their use in form of nano-

wires will be discussed in the next section.
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2.9 Metal Nanowires

The specific resistivity of metals is three orders of magnitude lower than of the transparent con-
ducting oxides or carbon and low-purity carbon nanotubes (see Table 2-5). Accordingly, metal
nanowires should be beneficial where high conductivity is necessary and might prove useful as

three-dimensional electrode in applications like lithium batteries.

Table 2-5: Specific Resistivities p at 20°C

Material p/Qm Ref. Material p/Qm Ref.
Silver 1.59-108 [61] ITO™2 8.5-107 [40]
Copper 1.68-108 [61] FTO"2 5.5-10¢6 [62]
Nickel 6.99-10-8 [61] ITO* 2-105 [38]
Platinum 1.06-107 [61] FTO* 5105 [38]
Carbon 3.5-10°% [61] ATO* 1.0-105 [38]
CNT™ 1.0-106 [63] RuO; 3.5-107 [64]

*1]owest values ever reported for metallic fullerene single-wall nanotubes
*2 ]Jowest values reported from Pulsed Laser Deposition (PLD)

# values from spray pyrolysis

There have been several attempts to metalize nanofibers [65] or to incorporate metal nanopar-
ticles [66], but also to produce metallic nanowires directly via electrospinning. Copper, iron and
nickel nanofibers have been reported [67-69] and a low resistivity of 1.2:10-6 ()-m was measured
by contacting a free-standing single Cu fiber with a tip of a micromanipulator. While these local
measurements prove that the fibers mostly consist of metal, no macroscopic resistance was re-
ported and no device was prepared. Instead most of the literature focuses on the anisotropy of
the magnetic properties of the fibers [69], [67], [68]. Testing the nickel and copper nanowires
provided by the authors [67], it was apparent that the average length of the fibers was only a few
micrometers and that they were very sensitive to oxidation, thereby losing their conductivity?22.
As chemical and thermal treatments are necessary for the preparation of most composite struc-

tures, nanowires of these metals are not applicable to such structures.

In contrast, noble metals like gold or platinum are known for their excellent thermal and chemi-
cal stability and especially Pt is a widely used electrode material. Recently, there has been a re-

port on the electrospinning of Pt nanofibers [73] from PVP and the authors propose to use the

22 In fact, there have been numerous reports of nanofibers made from the oxides of copper, iron and nickel
[70], [71] and recently first devices were fabricated based on p-conducting CuO [72].
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Figure 2-16: SEM images of a) Pd and b) Pt nanofibers electrospun from PVP
after polymer removal at 450°C

fibers in fuel cells. However, Pt fibers are also of potential interest as electrodes in novel biosen-

Sors.

A similar electrospinning approach was independently developed for Pd and Pt, starting from
nitrates as precursor (see Figure 2-16), with the details of the preparation and characterization

given in the experimental part of this work.

Whereas the Pd fibers needed to be reduced under H;/N; after polymer removal, the platinum

wires were stable up to 650°C and the polymer could be conveniently removed under air.

As expected, the Pt nanowire mats were highly conductive while being grayish to semi-

transparent depending on the amounts of nanowires (see Figure 2-17).

To further prove the macroscopic conductivity, Prussian Blue was deposited on the fiber mats
and could be cycled electrochemically. However, due to their small diameter, the Pt fibers de-
formed easily and all fibers lay flat on the substrate, resembling a thin film with holes rather

than a non-woven mat. Only the latter represents a three-dimensional electrode that might be

<100 O@hm 150 @hm 2500@him| 415(0) ©) i

Figure 2-17: Digital image of Pt nanofiber mats of different thickness depo-
sited on glass slides (resistance in Ohm/cm)
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beneficial to many electrochemical applications. A co-spinning approach [74] was employed to
simultaneously spin two different solutions and mix the resulting nanofibers of SiO, and Pt on a
rotating collector. As can be clearly seen in Figure 2-18, the thick SiO; fibers were the structural
element to span a tortuous network into which the thin Pt wires were embedded. Therefore, the
resulting mat was a three-dimensional electrode that combined the good mechanical stability of

the SiO; fibers and the high conductivity of the Pt wires.

Figure 2-18: SEM images of a) Prussian Blue deposited on Pt nanofibers and
b) Pt nanofibers co-spun with thicker SiO, nanofibers




34

Conducting Nanofibers - Applications of Metal Nanofibers

2.10 Applications of Metal Nanofibers

A three-dimensional electrode can provide facilitated mass transport while increasing signifi-
cantly the electroactive surface area. Investigations into this direction are currently carried out
by our collaborators from LCPME Nancy. On quasi-two-dimensional Pt fiber mats, they could
already demonstrate the electro-assisted sol-gel deposition of SiO; for the enzyme encapsulation
of glucose oxidase. In this system, the Pt fibers are sensitive to hydrogen peroxide released dur-
ing enzymatic oxidation of glucose and the modified electrode shows good catalytic activity and
was found to be sensitive to changes in the glucose concentration of the solution (see Figure 2-
19). Interestingly, the response of the modified electrode depends strongly on the film thickness
that can be tuned by electrodeposition time, with the best response being observed when the
SiO; film thickness is similar to the diameter of the individual Pt nanofibers. This finding is un-
der further investigation and can most likely be explained by an optimum between the amount
of enzyme and the distance to the Pt fibers. Moreover, there might be some mass transport limi-
tations that should be absent in a three-dimensional system. For the first measurements, only Pt
nanofibers were used that tended to form a single layer on the substrate (i.e. a mat without any

significant thickness perpendicular to the substrate, see Figure 2-16).
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Figure 2-19: Pt-nanofibers-on-glas-electrode onto which the enzyme glucose
oxidase has been electrodeposited in silica:
a) AFM image with the corresponding height profile (along the
white line)
b) Typical response as electrocatalytic sensor to increasing
amounts of glucose
(These measurements were conducted by M.Etienne, LCPME Nancy)
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Another system, where the nanofibers proved useful, is YSZ (Yttria stabilized Zirconia). As oxide
ion conductor with applications in SOFC (solid oxide fuel cells), YSZ is usually contacted via a
rather thick, porous Pt coating that represents a trade-off between sufficient conductivity and a
low diffusion barrier to oxygen. In this respect, the nanofiber mat requires only a fraction of the

amount of Pt and adheres better to oxide substrate.

More importantly, due to the quasi-one-dimensional nature of the Pt nanofibers, there is almost
no interfacial area between YSZ and Pt and the only interface is the triple phase boundary (TPB)
of YSZ, Pt and the gas phase. In first experiments an electrode was produced from Pt nanowires
on YSZ and the first results already showed that the exchange current is significantly increased

compared to an YSZ electrode with Pt paste (see Figure 2-20).

Unfortunately, due to their low diameter, the nanowires were not stable at high temperatures
and started to coalesce into nanoparticles above 600°C (see Figure 2-21). As the SOFC perfor-
mance is limited by slow 0% diffusion at low temperature, it is desirable to use temperatures
beyond 500°C and if possible up to 900°C. Obviously, the nanowires are not suitable for this ap-
plication, but wires with a higher diameter might be able to withstand 700-750°C, because the

melting point of Pt is significantly higher (1768°C).

In any case, the nanowires could be of interest for fundamental studies, as they provide a facile
way to control the size of the interface area between YSZ and Pt and the size of the TPB. It was
shown that the insertion and extraction of oxygen only takes place at the TPB and it was pro-

posed that an additional interface of YSZ and Pt only creates irreversible artifacts resulting from
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Figure 2-20: Comparison of the performance of YSZ electrodes in a solid
oxide fuel cell (SOFC) made with commercial Pt paste or elec-

trospun Pt nanowires at 400 and 500°C
(These measurements were done by H.Poepke, AG Janek, JLU Giessen)
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Figure 2-21: Pt nanowires on YSZ a) as-prepared and b) after 5 h at 600°C

its interfacial capacitance in the experiments.

Thus, by reducing the interface area between YSZ and Pt, less artifacts should be observed and

the electrode might become completely reversible for the thin Pt wires.

In conclusion, Pt nanofibers are very promising as electrode material due to their high con-

ductivity, as well as their chemical and thermal (currently up to 600°C) stability.
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Chapter 3 — Porous Nanofibers

3.1 Concept of Porous Nanofibers

Porous metal oxides have proven invaluable for many applications including sensing and cata-
lysis [75], [76], yet further fields like charge storage and microelectronics [77] are currently
emerging especially for ordered mesoporous materials. Most commonly, hard and soft templat-

ing approaches are employed to generate the desired porosity in thin films and powders [75].

Over the last decade, there has been considerable progress in the sol-gel synthesis of mesopor-
ous materials, especially in soft templating based on block copolymers [78], [79]. After consoli-
dation of the oxide framework, the template can be removed by extraction or simply by calcina-
tion to produce the porous oxide. With a diameter of the mesopores ranging from 2 - 50 nm,
these materials possess specific surface areas of 200 - 1000 m2/g depending on the porosity and
the material’s bulk density. Yet they offer better accessibility than microporous zeolites with
diffusion-limited transport [80], [81], in particular when combined with macropores to form
bimodal pore systems. Due to the ease in synthesis from lyotropic phases of spherical (and cy-
lindrical) micelles and in characterization by small angle scattering techniques, there have been
many works on ordered mesoporous systems. Although ordered porosity is dispensable for
most applications, such systems facilitated the study of fundamental questions, such as accessi-

bility and pore filling as a function of pore geometry and connectivity [82], [83].

The ideal pore system is hierarchical, i.e. a combination of macroporous transport pathways
with meso- and microporosity to enlarge the surface area. An important example can be found in
monolithic silica columns that are useful for numerous applications, especially in chromatogra-
phy [84], [85]. These monoliths are conveniently synthesized by spinodal demixing and offer a

bicontinuous porosity over several length scales.

Another approach to obtain hierarchical porosity would be to assemble micro- and mesoporous
building blocks like porous nanofibers into macroporous structures. Electrospinning actually
produces nanofibers assembled into non-woven mats with open porosity and excellent accessi-
bility. However, the specific surface area of smooth fibers is rather low, typically 5-15 m?/g for
polymer fibers and 10-40 m?/g for metal oxides depending on the diameter of the fibers. For
pure polymer nanofibers many procedures have been proposed to tune the morphology of the
fibers, but a significant increase in surface area was never reported (see chapter 3.6 for a de-

tailed discussion).
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As mentioned above, metal oxides can be templated by self-assembly of surfactants and block
copolymers into a lyotropic two-phase system consisting of the hydrophobic template and the
hydrophilic metal oxide/hydroxide gel. Upon aging a sol-gel process leads to solidification of the

inorganic matrix from which organics can then be removed [78].

Transferring this templating procedure to prepare porous nanofibers would allow realizing the
hierarchical system depicted in Figure 3-1 with porosity over several length scales. In this hie-
rarchical pore system, the micro- and mesoporosity offers a high surface area, while the fibers
are sufficiently separated in the non-woven mat to enhance transport by diffusion or even con-
vection. In suitable flow conditions23, forced convection should be possible between the fibers
and thereby their diameter represents the maximum diffusion pathway. Accordingly, by tuning
the fiber diameter and packing density, both diffusive and convective transport regimes can be

controlled.

IN
194

Figure 3-1: Hierarchical structure of porous nanofibers offering high surface
area and good accessibility

23 Empirically Darcy’s law describes laminar flow through porous bodies, with the permeability K given
by:

K= % with Q: flow rate, n:dynamical viscosity of the fluid, I:length of porous medium,

Ap: pressure difference, A:area of porous medium

The unit of K is m?, i.e. the permeability is approximately proportional to the square of the pore dimen-
sion (in case of a tube (Hagen-Poiseuille): K ~ r2). This means that forced convection is possible for suf-
ficiently high pressure and especially for big pores [86].
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Unfortunately, the practical realization of templated fibers is not as straight-forward as adopting
thin film templating procedures. Although the necessary sol-gel processes should also occur in
nanofibers, the presence of the carrier polymer largely affects the self-assembly of the template
and prevents the formation of the lyotropic phase. Accordingly, no mesoporosity develops when
adding block copolymer templates to electrospinning solutions containing sol-gel precursor and
carrier polymer. The latter is usually required to increase the solution’s viscosity and thereby
prevents break-up of the electrospinning jet, but it has been demonstrated that electrospinning
is also possible from sufficiently aged sol-gel solutions with an appropriate viscosity. Although
the fibers are less uniform without any carrier polymer, conventional templating with block co-
polymers is possible for these solutions and mesoporous nanofibers from TiO; have been ob-
tained as proof of principle [21], [87]. However, the spinning solutions are quite unstable due to
their continued increase in viscosity and can only be used for 20-30 minutes before gelation

occurs.

Therefore, it is desirable to find other procedures to prepare porous nanofibers. An elegant ap-
proach would be to employ the spinning polymer as template, i.e. by using a precursor that
phase separates from spinning polymer upon or after fiber formation. Using dispersions of
amorphous and crystalline nanoparticles, a demixing from the carrier polymer could be ob-

tained and will be discussed in following sections.

Another approach to incorporate highly porous nanoparticles into polymer fibers to obtain a
porous hybrid will conclude this chapter. Further attempts to stabilize transient morphologies in

polymer systems through sol-gel processes will be presented in chapter 4.
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3.2 Phase Separation vs. Solidification

As mentioned in the previous section, phase separation is a powerful means to prepare porous
materials over several length scales. Nakanishi et al. developed and elucidated a versatile ap-
proach in which the sol-gel process of an alkoxysilane solution drives its spinodal decomposition
while “freezing” the resulting co-continuous structure [88], [89]. Solution composition, reaction
conditions and additives like polymers and surfactants allow tuning the micro- and macro-
porosity. Controlling the rates of sol-gel hydrolysis and gelation relative to the phase separation
into solvent-rich and solvent-poor phases, is the key to obtain the desired structures. With SiO;
still being the most studied system, the procedures could recently be extended to TiO; and other

metal oxides [85], [89].

Obviously, it would be desirable to control the morphology of nanofibers via such phase separa-
tion processes. However, electrospinning occurs on a much faster time scale than sol-gel
processes of Si0; and a molecular precursor would simply evaporate during fiber formation.
Therefore, pre-aged SiO; solutions were tested with PVP (see Figure 3-2a) and PEO as spinning
polymer, but no porosity was observed?*. The emerging inorganic does not phase separate
enough from the polymer or the solvent, or the inorganic network is not sufficiently stable and
simply shrinks during the rapid solvent evaporation. The situation resembles the case of a too
slow sol-gel process in monolithic silicas leading to the collapse of the structure. For monoliths,
this can be prevented by an increase in temperature that accelerates the network formation and

slows down the phase separation [89].

Figure 3-2: SEM images of a) non-porous SiO, fibers from PVP and b) tem-
plated TiO, fibers from PVP-PS after calcination

24 Yet the obtained amorphous SiO; nanofibers were not brittle and possess excellent mechanical proper-
ties, making them very useful to stabilize crystalline, but brittle ATO or TiO, nanofiber mats on sub-
strates.

|40|



Porous Nanofibers - Phase Separation vs. Solidification

In electrospinning, more reactive precursors or metals would lead to a faster sol-gel process, but
as reported in the literature not even sol-gel-derived TiO; nanofibers show any appreciable in-

ternal morphology [90].

Hence, it is reasonable to assume that during electrospinning, solvent evaporation is too fast to
allow for significant phase separations?s. Accordingly, the predominant process is solidification,
in agreement with reports from coaxial electrospinning. There, a solid sheath can be formed
around a liquid core, preserving the interface between two immiscible liquids, i.e. the two al-

ready existing phases.

Adding polystyrene (PS) as an immiscible second polymer to a sol-gel TiO2/PVP solution leads
to a two-phase system. In fact, electrospinning of such an emulsion2¢ is possible and results in
fibers with a smooth surface, as the gelation of the TiO; occurs predominantly at the surface.
Inside the fibers there are PVP and PS domains. The sol-gel precursor is only present in the PVP
domains, whereas the PS acts as template to generate channel-like structures inside the fibers,

as shown in Figure 3-2b after calcination.

Although porous and hollow fibers can be obtained in this way [91], the spinning solution is a
rather unstable turbid emulsion and the quality of the electrospinning is poor, resulting in

break-up and inhomogeneous diameter of the fibers.

In conclusion, phase separation is not observed during the rapid process of electrospinning and
only two-phase systems lead to porous morphologies. Due to fast solvent evaporation, the fibers
quickly solidify and “freeze” in the present composition. Sol-gel processes cannot be completed
and while amorphous hydroxides may form at the surface, most of the precursor remains inside
the fibers until calcination removes the polymer and densifies the inorganic to obtain compact

fibers.

This conclusion is in agreement with the results from the ATO nanoparticles: Amorphous stannic
acid allowed generating compact, well-conducting fibers, whereas fully crystalline nanoparticles
lead to more porous, less conducting nanofibers. Accordingly, the use of crystalline nanopar-

ticles will be explored in the next section.

25 As discussed in the introduction [see chapter 1.3], the porosity generated by the condensation of am-
bient humidity does not represent a phase separation.
26 See chapter 4.3 for a discussion of emulsion electrospinning.
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3.3 Nanoparticular Fibers

For most crystalline nanoparticles, the crystal faces have similar energies and it is therefore rea-
sonable to assume that nanoparticles approximately possess a spherical shape. From geometric
considerations, it can be shown that densely-packed spheres only occupy 74% of the available
volume, generating sufficient pore volume between themselves. Within the nanofibers the spin-
ning polymer will probably serve as an additional template and even if some sintering might

reduce the porosity, a porosity of 25-35% might be obtained.

Accordingly, the main challenge is to prepare crystalline nanoparticles that form stable disper-
sions compatible with the carrier polymer, but that are sufficiently reactive to be sintered to-
gether. As shown in Figure 3-3, the solution should be “isotropic”, i.e. a perfect solution of the
polymer and a perfect dispersion of the particles. Thereby, electrospinning produces hybrid fi-
bers from which the carrier polymer can be removed to yield nanoporous fibers. The polymer
mainly serves as the template for the fibrous morphology; the porosity is generated by particle

agglomeration.

In contrast, the sol-gel precursors are miscible with the polymer and will produce compact na-
nofibers, as crystallization only occurs during or after polymer removal. Thus, the polymer can-

not act as template for porosity.

A) Isotropic solution B) “Isotropic” solution

2. Calcination

e Sty

Legend
# sol-gel precursor @ crystalline nanoparticle
miscible polymer @ “immiscible” polymer

Figure 3-3: Schematic pathways to compact and porous nanofibers using de-
mixing of polymer and preformed nanoparticles



Porous Nanofibers - Nanoparticular Fibers

Nanoparticle dispersions of various metal oxides can be prepared by non-aqueous routes, for
example using metal chlorides as precursor and benzyl alcohol (BzOH) as solvent and oxygen
source as proposed by Niederberger et al. [92], [93]. The acid-catalyzed mechanism for TiO can

in a simplified version be described as follows:

TiCl, + x BzOH - TiCl,_,(0Bz), + x HCI

AT
2 TI(OBZ)4 - (OBZ)3T1 - 0 - TI(OBZ)3 + BZZO dand T102

In order to obtain crystalline nanoparticles, the reaction has to be carried out above 80°C for
several hours. After the reaction is complete, diethylether is added to precipitate the nanopar-

ticles that can be redispersed in water or alcohol.

A modified approach with ethanol (EtOH) as co-solvent and 1,3-Propandiol as chelating stabiliz-
er to decrease reactivity led to nanoparticles that were more easily dispersible in methanol
(MeOH). Some water improved the dispersibility of the nanoparticles, but led to the slow gela-
tion of the solutions, as in fact the nanoparticles remained largely amorphous due to the ligand
(see Figure 3-4). By raising the temperature to 110°C, the synthesis yielded crystalline par-

ticles?7.

However, the redispersibility of the nanoparticles in MeOH decreases with crystallinity. An im-
portant finding is that in contrast to H;0, the addition of 10-25 wt% DMF (dimethylformamide)
facilitated the dispersion without any negative effect on the solution’s stability or on the elec-
trospinning. Stable dispersion of 5-10 wt% nanoparticles in MeOH-DMF could be obtained and
were miscible with alcoholic solutions of typical spinning polymers like PVP, PVA

(poly(vinylalcohol)) or PVB (poly(vinylbutyral)).

e TiOz NP 110°C = Anatase (00-001-0562)
—TiO, NP 80°C

20 30 40 50 60

20/ °

Figure 3-4: XRD analysis of TiO, nanoparticles as synthesized at 80°C and
110°C (the background has not been subtracted)

27 Although all experiments were performed by myself, the synthesis protocol for the nanoparticles was
mainly developed by C. Weidmann.
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3.4 Influence of Nanoparticle Size

The nanoparticle dispersions can be electrospun from solution with PVP as carrier polymer. If
the model in Figure 3-3 is correct, the porosity of the nanofibers should depend on particle size
and crystallinity. Smaller nanoparticles should lead to a higher surface area, such a dependence
was already shown for silica where monodisperse nanoparticles of different sizes are commer-
cially available [94]. In fact, colloidal SiO; nanoparticles can be prepared easily by the Stoeber
method [95] in which particle size can be controlled by the ratio of reagents and simply adding
more precursor leads to bigger particles [96]. The size control of colloidal TiO; is more difficult,
due to crystallization and particle agglomeration28. Nevertheless, TiO: colloids of four different
sizes could be obtained and the resulting nanofibers were compared with regard to morphology

and porosity.

The TiO; particles synthesized at 80°C in benzyl alcohol are still quite amorphous and behave
like sol-gel precursors leading to smooth and compact fibers, whereas the particles produced at
110°C are more crystalline and a rougher surface morphology can be seen in the SEM image in

Figure 3-5.

To obtain bigger nanoparticles, EtOH is replaced by toluene in the synthesis that is still carried
out at 110°C [97]. Toluene does not act as a ligand and the reaction takes place much faster and
needs to be stopped after 40 minutes, as later the solution turns from translucent to turbid due
to particle agglomeration. As shown in Figure 3-6, the resulting nanoparticles are much bigger

and already clearly visible inside the hybrid nanofiber.
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Figure 3-5: SEM images of nanofibers after calcination at 550°C of TiO, nano-
particles synthesized at a) 80°C and b) 110°C

28 In fact, sol-gel-derived SiO is fully hydrolyzed and condensed, but amorphous and behaves more like an
inorganic polymer with well-controlled “polymerization” chemistry [45].
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Figure 3-6: SEM images of nanofibers of TiO, nanoparticles synthesized in
benzyl alcohol and toluene at 110°C: a) before (with PVP) and b)
after calcination at 500°C

Upon calcination the diameter of the fibers is reduced and a porous fiber is obtained.

For all systems investigated, the crystalline nanoparticles are homogeneously distributed inside

the hybrid PVP-nanoparticle fiber.

Similarly, nanofibers are prepared from molecular sol-gel precursors and from commercial na-
noparticles with a bigger diameter of 20-30 nm (see Figure 3-7), resulting in smooth and grainy

fibers respectively.

Even from the SEM images, it is already possible to see how the different sizes of the nanopar-
ticles result in different pore sizes. To further confirm the microscopic observations, N, adsorp-
tion measurements were carried out and the surface area was calculated according to the BET

model.
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Figure 3-7: SEM images of nanofibers after calcination at 500°C: a) sol-gel-

derived TiO, and b) commercial nanoparticles dispersion (primary
particle size 20-30 nm)
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Table 3-1: Surface area (according to the BET model) for nanoparticles and
the resulting nanofibers

Preparation particle BET surface as- BET surface § BET fibers

conditions size* /nm  prepared /m2gl  500°C /m?2g! 500°C / m2 g1

sol-gel n.a. n.a. 36.7 58.5
80°C 6-9* n.a. 69.7 57.8
110°C 10-12 240.2 127.3 133.4
110°C Tol 12-15 107.9 95.8 101.1
Aldrich 20-30 57.6 52.9 57.1

# as-prepared, estimated from TEM analysis * for the crystalline particle fraction

§ prepared by heating the spinning solution to 500°C

As expected, there is a correlation between particle size and surface area (see Table 3-1), with
smaller nanoparticles resulting in higher surface areas both in fibers and in particles calcined at
500°C. For the highly crystalline particles, almost no shrinkage or densification occur during
calcination. In contrast, due to densification sol-gel-derived fibers are more compact and have a
lower surface area. Similarly, the particles prepared at 80°C are rather amorphous and possess a

low surface area after calcination.

Plotting the specific surface area for nanoparticles with bulk density from purely geometric con-
siderations against the particle diameter underlines the influence of particle size (see Figure 3-
8). The porous, particle-based nanofibers possess a slightly lower surface area, but especially for

bigger particles the maximum theoretical surface area is nearly attained?°.

29 Bulk density of 3.9 g cm3 (anatase) and smooth spherical particles were assumed, thus probably
underestimating the specific surface area.
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Figure 3-8: Specific surface area as function of particle diameter compared to
obtained results for the nanoparticle-based fibers.

The larger BET surface area of the as-prepared particles must be interpreted with caution, as the
particles were prepared at different temperatures resulting in different crystallinity and density,

but also different amounts of amorphous TiO; and ligands.

XRD with Rietveld analysis shows that the crystallite size increases significantly upon calcina-
tion from 4 nm to 12-13 nm for the particles prepared at 80°C and 110°C (see Figure 3-9), in
agreement with observations by Niederberger et al. [93]. In contrast, the bigger and more crys-

talline particles remain unchanged, as their crystallite size is already above 10 nm.

In conclusion, the nanoparticle-based fibers offer a well-defined hierarchical system with porosi-

ties 2-4 times higher than compact nanofibers. As such, non-woven TiO; mats are already of in-

—_— TiOz NP 110°C - Anatase 00-001-0562
_ TiO2 fibers thereof after 550°C

|/ a.u.

20 30 40 50 60
29/ °

Figure 3-9: XRD analysis of TiO, nanoparticles as synthesized at 110°C before
and after calcination at 500°C (with measured background)
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terest for photocatalysis, but more importantly the crystallinity of the nanoparticles allows a
new low-temperature synthesis using UV light as will be shown in the next section. Thereafter,

the fiber mats will be employed as novel type of catalyst support by adding other nanoparticles

or sol-gel precursors.
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3.5 UV Synthesis, Photocatalysis and TiO(B)*°

Titanium dioxide is an n-type semiconducting oxide with several modifications, such as anatase,

rutile and brookite occurring as minerals and some metastable forms like TiO2(B).

Table 3-2: Modifications of TiO»

Modification  crystal system symmetry* band
gap[99]
rutile tetragonal P4,/mnm 3.00eV
anatase tetragonal 141/amd 3.21eV
brookite orthorhombic Pbca 3.13 eV
TiO2(B) monoclinic Cz2/m 3.05eV

# data from: JCPDS PDF-2 Release 1998, International Centre for Diffraction Data

Due to its high chemical stability, TiO, has been extensively studied as photocatalyst3! after the
discovery of water photolysis on rutile electrodes [100]. In general, anatase is considered to be
the most photoactive crystal structure modification, although intimate mixtures of two modifica-

tions have been shown to be even more active [101].

Simplified, photocatalysis can be described as an excitation of electrons from the valence to the
conduction band. The newly created hole acts as strong oxidation agent that can oxidize ad-
sorbed organic molecules and even water. In aqueous solution the redox reaction is often me-

diated by hydroxyl radicals, whereas in the gas phase ozone can be generated.

A requirement for photocatalytic activity is the presence of crystalline material with a defined
band structure that reduces the band gap compared to the atomic energy levels and that leads to

a slow recombination of the exciton.

Many applications including air purification and removal of organic pollutants from water have
been proposed for nano- and mesostructured TiO,. However, the photocatalytic properties can
also be exploited for low-temperature synthesis of TiO,. For example, mesoporous TiO; for a
solar cell was produced on ITO-coated polymer substrates by exposing a paste of TiO2 nanopar-

ticles and Ti(OiPr)s molecular precursor to UV radiation [102]. Thereby, ozone is generated and

30 These results have been partially published [98].
31 Actually, the term “catalyzed photolysis” would be more appropriate than “photocatalysis”, as the reac-

tion is only driven by light energy and catalyzed by a photoexcited semiconductor. However, the ex-
pression photocatalysis is more common and will be used here as well.
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decomposes the organic ligands of the precursor. Moreover, the nanoparticles sinter together

and the film is densified, as if a thermal treatment of several hundred degrees was applied.

This approach would be an elegant way to remove the spinning polymer without thermal treat-
ment and although the relative amount of polymer is higher than in the thin films, the principle

should also work for the nanofibers.

Whereas the as-spun nanoparticle-based fibers are obviously soluble in alcohols or water, an
exposure to UV-C (wavelength below 280 nm) for 6 h produces inorganic, insoluble nanofibers32

(see Figure 3-10). In contrast, sol-gel derived fibers remain soluble after UV treatment.

As can be seen in the SEM images, the UV-prepared nanofibers are similarly porous to those
thermally prepared. A detailed analysis is not easily possible, because the large-scale production
of UV-treated fibers is not possible. When exposing a thick, free-standing mat of the fibers, only
the upper layers of fibers are converted to inorganic fibers, while the UV cannot decompose the
spinning polymer in the lower layers even after 30 h of treatment. Consequently, the fiber mats

mostly dissolve when immersed in ethanol.

Although it is technically possible to repeatedly use only 2-3 um thick mats, the low penetration

depth of the UV is obviously a severe limitation to the UV-sintering approach.

However, for photocatalysis a mat with a thickness comparable to the penetration depth of the

UV should be sufficient, as more catalyst material would not be sufficiently illuminated anyway.

Figure 3-10: SEM images of nanofibers from PVP and TiO, nanoparticles syn-
thesized at 110°C in benzyl alcohol/toluene a) after 6 h UV-C
exposure and b) after additional washing with H,O

32 The apparent breakup of several fibers after washing with water is due to the capillary forces during
drying and is not observed after washing with EtOH.
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After some photocatalytic tests of UV-sintered and thermally-annealed nanofiber mats, the activ-
ity was found to be similar for both and in the same range or lower than for mesoporous thin
films33. As photocatalysis of pure titania nanofibers has already been reported [103], [21] and

this application is not the focus of this dissertation, no further optimizations were made.

Instead, the UV preparation technique was applied to fibers prepared from the TiO,(B) modifica-
tion that was shown to be highly active as photocatalyst [104] and that could recently be pre-
pared as nanoparticles for the first time in ionic liquids34. Their thermal conversion to anatase
above 300°C is the main disadvantage of the nanoparticles of metastable TiO2(B), making them

an ideal platform for the UV preparation.

The as-prepared nanoparticles are not as well re-dispersible as the anatase particles and need to
be functionalized with ethylene glycol or 1,3-propanediol to obtain stable nanoparticle disper-

sions without agglomerates.

As shown in Figure 3-11b, the highly crystalline nanoparticles do not sinter together well and
the resultant fibers are discontinuous and particular. Close inspection reveals that the hybrid
fibers of polymer and nanoparticles break down to lose particle aggregates upon polymer re-
moval.

Therefore, 2.5 at% of Ti(OiPr)4 relative to the TiO2(B) are added to the spinning solution to act
as a “glue” to connect the particles. Although the structure is not yet perfect, Figure 3-12b shows
the significant improvement in the morphology of the resultant fibers that are continuous and

develop the three-dimensional mat of free-standing fibers.

Figure 3-11: SEM images of nanofibers from TiO,(B) nanoparticles a) as-
synthesized with PVP and b) after 6 h UV-C exposure

33 Tested by T. Lany - see corresponding M.A. thesis for details.
34 The nanoparticles were kindly provided by S. Sallard.
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Figure 3-12: SEM images of nanofibers from TiO,(B) nanoparticles functiona-
lized with ethylene glycol and with additional 2.5 at% Ti(OiPr)4
as “glue” a) with PVP b) after 2 h UV-C exposure

Moreover, the UV exposure time can be reduced to 2 h hinting at a very high photocatalytic ac-

tivity. A detailed study of the photocatalysis is currently carried out3s.

One finding was universal to all the studies on photocatalysis: The mechanical properties of
oxide nanofibers constitute a major obstacle in using them as catalyst in solutions. As the fibers
are brittle, the constant liquid flow caused by the agitation ultimately breaks off small fragments
that are dispersed in solution. While this might initially lead to an even better performance in
photocatalysis, the fragments cannot be removed from solution easily and cause a loss of cata-
lyst. To reduce the problem, more robust SiO; nanofibers3¢ were electrospun on top of the TiO;

fibers and allowed to evaluate photocatalytic performance.

In the next section, the nanofibers will be evaluated in gas-phase catalysis where they have been

found to be perfectly stable.

35 See bachelor’s thesis of S. Urban for details.
36 The amorphous SiO; nanofibers possess excellent mechanical properties.
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3.6 Catalytic Three-Component Systems TiO,:Ru and Pd

The nanoparticulate nature of the fibers does not only increase the specific surface area, but also
allows mixing the nanoparticles with further components like catalytically-active metal nano-
particles. Whereas in sol-gel derived fibers the metal nanoparticles would be embedded into the
compact fibers and only a fraction would be accessible, the situation in the particle-based fibers
rather resembles a physical mixture of two types of nanoparticles with the catalyst being fully
accessible. As the crystalline nanoparticles of the supporting oxide are only sintered together at
the contact points, the metal nanoparticles are similarly bonded to the oxide or simply trapped

inside the porous oxide.

Moreover, as shown in Figure 3-13 c) the nanoparticle-based fibers can serve as porous support
for a thin catalyst layer in a one-step synthesis. The crystalline nanoparticles are simply the sup-
port for another oxide. For example, RuO; has proved to be an alternative catalyst that can re-
place platinum in NH3 oxidation (Ostwald process) at lower temperature [105]. As will be shown
in chapter 4, RuO; nanostructures like nanoparticles are more difficult to prepare, although na-
nofibers can be obtained by a sol-gel approach. Yet RuO; is not stable under the harsh reaction
conditions of NHz and HCI oxidation (see chapter 4) and its already low specific surface area and
activity are further decreased. As only a few layers of RuO; are required for the catalytic activity
[106] and an increased stability of TiOz-supported RuO; has been reported3?, it was attempted to

coat the porous TiO; nanofibers with sol-gel-derived RuO,.

A) sol-gel-based B) nanoparticle-based C) coating nanoparticles
@ calcination calcination
Legend
@ TiO, sol-gel precursor @ crystalline TiO, nanoparticle + catalyst sol-gel precursor
@ metal nanoparticle @ catalyst-coated TiO,

Figure 3-13: Scheme of catalytic nanofibers:
a) sol-gel-derived compact fiber with metal nanoparticles inside
b) nanoparticle-based porous fibers with metal nanoparticles
¢) nanoparticles surface-coated by adding a sol-gel precursor

37 Sumitomo Ltd. developed a TiO,-supported RuO; catalyst for the HCI oxidation.

53



3 Porous Nanofibers - Catalytic Three-Component Systems TiOz:Ru and Pd

Electrospinning allows to prepare hybrid nanofibers consisting of TiO, nanoparticles, a spinning
polymer and the additional sol-gel precursor RuClz-H;0. Upon calcination RuO; can form as ho-
mogeneous deposit on the TiO; particles or as individual nanoparticles. For oxides the first pos-
sibility is more likely and should lead to highly dispersed RuO, with excellent catalytic proper-
ties (see Figure 3-14).

In fact, porous Ru0,@TiO; fibers were obtained and as little as 1 wt% Ru0;38 gave similar activi-

ties as bulk sol-gel-derived RuOy; fibers (see Table 3-3).

Table 3-3: NH; to NO4 conversion at 400°C
for RuO, and RuO,@TiO, fibers>®

fiber composition mass / mg conversion after reduction#
pure RuO; 7.0 22% 43%
1% Ru0,@Ti0; 6.4 23% n.a.

# the fibers were reduced at 200°C under Hz/N; and reoxidized at 400°C

For a more detailed comparison of the dispersion and the reactivity, it would be necessary to
quantify the surface area of the accessible RuO. In addition to physisorption with N; to obtain

the total surface area, chemisorption of NH3 or HCl that adsorb more specifically on the RuO;

Legend:
spin polymer
® TiOznanoparticle
“= Ru precursor
® RuO;coated TiO;

Figure 3-14: Scheme of fibers with surface-coated nanoparticles by adding of
a sol-gel precursor: a,b) as-spun and c) after calcination

38 Calculated from the amount of precursor used, EDX analysis confirms 0.4-0.7 wt% of Ru.
39 The catalytic tests were performed by C. Kanzler and F. Hess.
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could be used to characterize the catalytic material more precisely. Unfortunately, the necessary

equipment for sorption measurements with corrosive gases was not yet available.

The outlined coating approach is not limited to nanofibers, but porous powders in general could
be prepared similarly, either by flame pyrolysis or simply by drying with block copolymer tem-
plates and calcination. For RuO@TiO; it is possible to add a block copolymer (e.g. PEO-block-
PIB) and obtain highly porous powders (BET surface of 168 m2g! after calcination at 500°C)
that should show good catalytic activity in HCI oxidation.

A further advantage of the nanofibers is their well-defined one-dimensional structure, making
them an interesting system to study the stability and morphological changes of a catalyst under
corrosive conditions. This special application of nanofibers as catalytic model system will be

presented in chapter 4.

Returning to the nanoparticle-based fibers, another system was prepared by adding palladium
nanoparticles [107] into the electrospinning solution of anatase nanoparticles (see Figure 3-15).
The catalytic activity of the Pd nanoparticles is similar in fibers and mesoporous films and might
be worthwhile to investigate under transport-limited reaction conditions to understand the in-

fluence of the catalyst morphology on its activity.

1l
9) J
600 Cu
2
400
200
Cu
| Y. Pd

o

5 Energy/kev 10 20

Figure 3-15: Porous TiO, Nanofibers prepared from nanoparticles of TiO, (2 h
at 110°C) and Pd (1.5 wt%): a) TEM and b) EDX analysis
(as the local TEM was broken, the pictures were kindly taken by
E.Ortel, TU Berlin)
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3.7 Hybrid MOF Fibers®

As shown in this chapter, the use of crystalline nanoparticles as building blocks allows preparing
nanofibers with interparticulate pores. The outer surface of particles becomes the internal sur-

face of the fibers, with smaller particles leading to higher surface areas.

This approach is suitable for oxide nanofibers, as nanoparticles can be prepared from many
metal oxides. However, oxide fibers are brittle and polymeric nanofibers are more appropriate
for some applications like filtration, gas separation and storage. Especially for gas storage the

lighter density of the polymers is favorable.

Yet in spite of various attempts, the preparation of porous polymeric nanofibers with high sur-

face areas could not be realized so far.

Isotactic polymers like PLLA (poly-L-lactide) have been electrospun from solvent mixtures to
produce porous fibers [109]. Similarly, polymer mixtures of PLLA and PVP (polyvinylpyrroli-
done) have been electrospun, followed by the selective removal of one polymeric component
[110], [111]. Another approach applicable to various polymers is to use a cryogenic liquid to
trap some of the solvent inside the fibers, followed by an extraction of the solvent under reduced
pressure to yield some porosity [112]. However, although their morphology seems quite porous,
the specific surface area of such “porous” polymeric fibers is always quite low, usually in the
range of 10-15 m2/g. As their surface area is only increased by a factor of 2-3 compared to the
corresponding “non-porous” fibers, speaking of textured nanofibers would be more appropriate.
Attempts to use inorganic templates like silica nanoparticles or GaClz that can be selectively re-
moved by etching in NaOH or dissolution in H,0 respectively, did not lead to a higher increase in

surface area either [113], [114].

Only in inorganic or carbonized PAN (polyacrylonitrile) fibers sufficient microporosity can be
found allowing for surface areas of up to 300 or 600 m2/g respectively [94], [115]. Highly porous
polymers remain special cases with a high degree of (hyper)cross-linking like PIMs (Polymers of

Intrinsic Microporosity)[116-118] and could not be prepared in form of nanofibers so far.

In contrast, metal organic frameworks (MOF) are crystalline coordination compounds that are
well known for their extremely high porosity and surface areas [119]. The typical MOF structure
consists of metal ions or metal ion clusters connected by rigid organic linker molecules. The syn-

thesis is usually carried out under solvothermal conditions to enhance crystallinity.

Zeolitic imidazolate framework (ZIF) materials constitute a new subclass of MOFs that combine

the properties of porous MOFs with high chemical and thermal stability [120]. Recently, Cravil-

40 These results have been partially published [108].
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lon et al. succeeded in preparing nanocrystals of a prototypical ZIF material, ZIF-8, that are

50 nm in size and have a rather narrow size distribution [121].

With a bulk density of 0.35 g/cm-3 for ZIF-8, the nanoparticles only possess a geometric (outer)

surface of 4 m2/g, but their total surface area can be up to 1300 m2/g.

Dispersing such nanoparticles within polymeric nanofibers should dramatically increase the
surface area of the composite fibers, if the nanoparticles remain accessible. As the ZIF-8
nanoparticles are prepared at room temperature and dispersion of 4 wt% in methanol can be
obtained, it is possible to generate hybrid PVP-ZIF-8 nanofibers as free-standing mats via elec-
trospinning. After the addition of the spinning polymer the nanoparticle dispersion becomes
more stable and therefore some solvent can be evaporated under reduced pressure. One major
advantage of the nanofiber mats is their “textile”-like form (see Figure 3-16), making them much

easier to handle and separate than a nanopowder.

The diameter of the nanofibers could be adjusted by the polymer concentration and was found
to be roughly 150-300 nm. The nanofibers can contain up to 55 wt% of ZIF-8 nanoparticles em-
bedded in the polymeric matrix. TEM reveals a homogeneous distribution of the nanoparticles
inside the fibers with a smooth polymeric surface (see Figure 3-17) and XRD confirms that the

crystal structure of ZIF-8 is still intact (see Figure 3-18).

Figure 3-16: Digital photograph of a “textile” of PVP-ZIF-8 hybrid nanofibers
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Figure 3-17: SEM (left) and TEM (right) of PVP-ZIF-8 hybrid nanofibers

From N, adsorption measurements with micropore analysis, the surface area according to the
BET model was 962 m2/g for the pure ZIF-8, while the fibers possessed surface areas of up to
530 m2/g for a weight ratio of approx. 1:1 ZIF-8 to PVP. As can be seen in Figure 3-19, the ad-
sorption branch for the fibers is shifted to higher pressure. The two steps on the adsorption iso-
therms that have been ascribed to pressure-induced adsorbate reorganization [122] are less
pronounced, but still visible for the composite fibers. As can be seen from Table 3-4: Nitrogen
adsorption data, for lower loadings of ZIF-8 the surface area decreased accordingly, proving the

ZIF-8 nanoparticles to be fully accessible inside the polymeric nanofibers.
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Figure 3-18: XRD of pure ZIF-8 nanoparticles and ZIF-8 inside PVP or PS
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Figure 3-19: Nitrogen adsorption isotherms of ZIF-8 nanoparticles in PS and
PVP (with different loadings of ZIF-8)

*for clarity, the desorption branch has been omitted and the curves
have been scaled to 100% ZIF-8 content.

The results from N; adsorption measurements can be summarized as follows:

Table 3-4: Nitrogen adsorption data

ZIF-8 micropore surface area? ZIF-8
Sample concentration? volume concentration?
ZIF-8 100 wt% 0.4866 cm3/g 962 m?/g 100 wt%
ZIF-8 in PVP 56 wt% 0.1779 cm3/g 530 m2/g 55.1 wt%
ZIF-8 in PVP 22 wt% 0.0733 cm3/g 184 m2/g 19.1 wt%
ZIF-8 in PS 25 wt% 0.0694 cm3/g 209 m2/g 22.7 wt%
PVP only 0 wt% < 0.0022 cm3/g 10 m2/g n/a

. as weighed in

2: according to

the BET model

The nanofibers are stable as-prepared up to 150°C and in organic solvents, but sensitive to sol-
vents of the polymer like alcohol or water, causing the nanofibers to coalesce with a complete

loss of surface area.
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Other polymers like polystyrene (PS) are insoluble in polar solvents and insensitive to humidity,
therefore it would also be desirable to obtain PS-ZIF-8 nanofibers. A suitable approach was
found by exchanging the solvent of the ZIF-8 dispersion from pure methanol to a mixture of THF
(tetrahydrofurane), toluene and methanol with a weight ratio of 4:1:1. PS (MW = 240,000) can
be dissolved in this solution at sufficient concentrations (approx. 8 wt%) for electrospinning. To
increase the conductivity of the solution 0.2 wt% tetra-butylammoniumperchlorate needs to be

added, before electrospinning at a flow rate of 0.65 ml/h at a voltage of 5 kV.

The resulting PS-ZIF-8 nanofibers are stable in alcohols and water and the surface area is fully
accessible, even if the ZIF-8 loading up to 25 wt% is slightly lower (see Figure 3-20). Higher
loadings should be possible by tuning the synthesis parameters and functionalizing the surface

of the ZIF-8 nanoparticles with less polar molecules.

Moreover, polyethylene oxide (PEO) can also serve as carrier polymer, but the resulting fibers
are very sensitive to humidity and temperatures above 60°C can cause fusion of the fibers lead-

ing to much lower accessibility of the MOF nanoparticles inside the fused polymer film.

This shows that it is important to choose the appropriate polymer, as polystyrene fibers offer
tolerance to polar solvents and thermal stability up to 100°C, whereas PVP nanofibers are more
sensitive to solvents, but stable up to 150°C. As electrospinning is possible for many polymers, it

should be possible to find a suitable one.

The coalescence of the fibers by heat or solvents also demonstrates the major advantage of the
hybrid nanofibers: Whereas in a bulk hybrid a thick polymer film severely limits gas adsorption

in the ZIF-8 particles, in the hybrid nanofibers no loss in accessible surface area is observed.

Figure 3-20: SEM of a) PS-ZIF-8 and b) PEO-ZIF-8 nanofibers
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Yet the thin polymer layer that covers the particles in the fibers should constitute some diffusion
barrier and therefore the kinetics of adsorption were investigated. The Autosorb-1 instrument
can actually be controlled manually and a precise volume of adsorbate gas with defined pressure
can be released into the evacuated sample cell. The gas is adsorbed inside the sample and the
corresponding decrease in pressure is monitored and recorded with a self-programmed soft-

ware tool.

Thus, as shown in Figure 3-21, the adsorption kinetics of the nanofibers could be compared to
bare nano- and microparticles (hydrothermal synthesis yields particles with diameters of
2-5 pm). Due to the polymer layer, the nitrogen uptake of the fibers takes 3-4 x the time of the

nanoparticles, but is still as fast as for the microparticles.

In any case, it would be desirable to conduct a more systematic study addressing the question
how the morphology of the ZIF-8 (bulk, nanoparticles, nanofibers) affects the absorption kinet-
ics especially for more relevant adsorbates like hydrogen, carbon dioxide or monoxide. Different
carrier polymers and the degree of nanoparticle coverage by the polymer should also influence

the absorption and might allow tuning the selectivity of adsorption.

As first step, the results from N, adsorption were corroborated by room-temperature measure-

ments with CO; at higher pressures (see Figure 3-23).

Interestingly, the COz adsorption kinetics of the hybrid nanofibers are much faster than those of

the microparticles (see Figure 3-22). Taking into account the 10-20 times higher permeability
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Figure 3-21: Adsorption kinetics studied as cell pressure over time
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Figure 3-22: CO, adsorption kinetics of ZIF-8 nanoparticles in PVP and ZIF-8
microparticles

of CO2 compared to N3 in most polymers [123], it seems that the diffusion of CO; inside the mi-

croparticles is slower than through the polymeric skin of the nanofibers.

Actually, partially uncovered nanoparticles or a thinner layer of spinning polymer should result
in even better kinetics. Therefore, another approach would be to exploit the positive zeta-

potential of the nanoparticles to adsorb them onto fibers.
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Figure 3-23: CO, adsorption isotherms of ZIF-8 nanoparticles in PVP and
ZIF-8 microparticles
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It is possible to treat nanofibers of PS (polystyrene) with conc. H,SO4 to functionalize the surface
with sulfonate groups, thereby creating an anionic polyelectrolyte as described in the literature
[124]. Using their positive surface charge, the ZIF-8 nanoparticles could then be adsorbed.
However, the loading of ZIF-8 and the stability were quite low, even after a layer-by-layer ad-
sorption by alternated immersion of the fibers in ZIF-8 dispersion and a solution of the anionic

polyelectrolyte PSS (polystyrenesulfonate). Therefore, this approach was not developed further.

In conclusion, nanofibers of a metal-organic framework could be prepared for the first time by
electrospinning preformed nanoparticles, thereby creating hierarchical nanofibers with ex-
tremely high surface areas and good accessibility. With the anticipated availability of other MOF
materials as nanoparticles, a broad variety of MOF nanofibers should be accessible and result in
various applications, for example in gas adsorption and separation. Due to their low resistance
to fluid flow, the nanofiber mats could ultimately be useful to selectively adsorb specific gases,

for example carbon monoxide in gas masks.
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Chapter 4 — Novel Sol-Gel Nanofibers

4.1 The Purpose of Sol-Gel Nanofibers

Adding sol-gel precursors to the solution of a carrier polymer is the most straight-forward ap-
proach to obtain metal oxide nanofibers by electrospinning. Although it was shown in the last
two chapters that sol-gel-derived fibers have some limitations with regard to porous or doped

oxides and stability of the spinning solution, there are several advantages:

e Simplicity: Using a suitable solvent and carrier polymer, many oxides can be pre-
pared from the respective alkoxides or other uncharged precursors

e Complexes phases: Ternary or quaternary oxides can be obtained

e Phase control: Assuming miscibility of precursor and polymer, homogeneous nanofi-
bers can be produced with a “perfect” mixing of the components in a one-

dimensional confinement

In this chapter, it will be further shown how co-solvents and heat treatments allow widening the
range of precursors to nitrates and chlorides that are more readily available than alkoxides. In-

terestingly, the formation of hollow fibers can be observed and this finding is rationalized.

Moreover, electrospinning sol-gel solutions can produce complex phases like BFTO and allows
for phase control in titania nanofibers, i.e. addition of 10 at% reproducibly yields rutile instead

of anatase TiOs.
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4.2 Electrospun RuO, for Heterogeneous Model Catalysis

As pointed out in chapter 3, especially porous nanofibers are a suitable system for gas-phase

heterogeneous catalysis, as their hierarchical structure allows efficient mass transport.

Catalysis is of paramount importance for a modern economy, as catalyzed reactions are involved
in the production of 85-90 % of all chemicals, tuning the selectivity and increasing the yield of
desired products [125]. By reducing the demand in energy and raw materials, catalysis contri-
butes to both economic efficiency and ecologic sustainability of processes in the chemical indus-
try. In addition to their use in production, catalysts are often employed to recover and recycle
side-products and waste, or at least to effectively decompose toxic waste, like noxious exhaust

fumes, to less harmful substances.
There are three key properties of every catalyst:

e activity, i.e. the rate of conversion
e selectivity, i.e. the yield of the desired product over all possible products

e stability, i.e. the conservation of activity over time

Whereas most fundamental studies focus on improving the activity and selectivity, the stability
of a catalyst is often viewed as the deactivation over time due to the formation of coke and other
residues. As the catalyst itself remains unchanged, it can be reactivated by thermal treatment for
example. However, under harsh reaction conditions the catalyst itself can deteriorate or be re-
moved. A prominent example is found in the Ostwald process, i.e. the catalytic oxidation of NH3

to NOx on platinum wires at 1000-1200 K [126]:

4NH; 4+ 50, > 4NO + 6H,0

Although the Rh-stabilized Pt gauzes catalyze the reaction with great efficiency and selectivity,
regular replacements of the Pt are necessary, as it is corroded with the formation of volatile PtO,
[127]. The electrospun Pt nanofibers were briefly considered as high-surface Ostwald catalyst,

but as shown in chapter 2 their nanofiber morphology is only stable up to 900 K.

A low-temperature alternative was recently reported, as single crystalline Ru0,(110) allows the
selective oxidation of ammonia at 530 K under UHV (ultra high vacuum) conditions [105] and a

detailed reaction mechanism has been proposed [106].
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Although mechanistic studies of catalytic reactions are beyond the scope of this thesis, the use of
nanofibers as one-dimensional*! model system should be interesting to bridge the gap between
single-crystal surfaces and real-world powder catalysts. In contrast to RuO, powders, the well-
defined morphology of the nanofibers (see Figure 4-1) seems well-suited to investigate the poss-

ible corrosion of the catalyst.

As there are no reports in the literature to prepare RuO; nanofibers by electrospinning, a novel
sol-gel approach was developed. Attempts with Ru(acac)s as precursor failed due to the subli-
mation of this compound, whereas RuClz-H;0 leads to poor electrospinning due to the ionic cha-
racter of the precursor. Finally, it was found that addition of DMF and heating the solution to

125°C lead to the formation of DMF complexes and expel some HCI gas.

RuCls - Ho0 + xMeOH + y DMF = [Ru(DMF); (OMe),]Cl;_ — x HCl — H,0

Other than detecting HC], this schematic equation or the composition of the complex has not

been verified, but the formation of similar Ru-DMF complexes was already reported [128].

Surprisingly, nanotubes are reproducibly obtained from the Ru-DMF complexes with PVP (poly-

Figure 4-1: Comparison of RuO, a) commercial nanopowder and b) nanotubes
as-prepared with corresponding ¢) XRD and d) TEM

41 One-dimensional refers to the meso- and macroscopic morphology, i.e. the fiber shape. For catalysis the
microstructure (crystal facets, defects, etc.) is even more important, but it cannot be controlled by elec-
trospinning. The preparation conditions (temperature, composition, etc.) might influence the micro-
structure and are therefore kept constant.
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vinylpyrrolidone) as spinning polymer. A detailed formation mechanism and the extension to

Fe;03 and Co,03 will be presented in the next section (see chapter 4.4).

For the model catalysis experiments in collaboration with the group of Prof. Over, these tubes

present an even better system to study morphology changes.

The nanotubes were prepared at sufficiently high temperature to consist only of RuO; nanocrys-
tallites sintered together to form a well-defined hollow morphology. The crystallite size is about
9 nm according to Rietveld analysis and the tubes possess a diameter of 200-250 nm with a wall

thickness of 30-40 nm. The BET surface area from N; adsorption is 25-35 m2?/g.

During the catalytic tests in the group of Prof. Over+?, the tubes showed activity and selectivity

towards ammonia oxidation similar to the commercial nanopowder.

Although detailed investigations of the catalytic behavior are beyond the scope of the thesis, it
can be shown from SEM images that the nanotubes are stable at 573 K (see Figure 4-2 b) and
only minor recrystallization into RuO; single-crystal nanoparticles occurs at 673 K. The morpho-

logical stability corresponds to stable catalytic activity.

However, in contrast to the results from the UHV study on Ru02(110), where the selectivity to-
wards NOx (over N0 and N:) was found to be over 90% at 530 K [105], the selectivity only at-
tains about 45% for the nanotubes (as well as the nanopowders) at 673 K. An explanation might
be found in the presence of other RuO; facets due to the polycrystalline nature of the tubes and

in the higher pressure, favoring the formation of N,0O and N».

Nevertheless, the nanotubes can be useful to investigate the catalyst’s stability under harsh reac-
tion conditions. This was further demonstrated by using the nanotubes as model catalyst for HCI

oxidation.

Hydrogen chloride is a by-product of the chlorination of organic molecules and the recovery via
electrolysis is energy-consuming. The Deacon process, i.e. the direct oxidation of HCl to Cl; was
already demonstrated by H. Deacon in 1868 [129], but the application suffered from instability
of the catalyst and technical issues with the corrosive gases. Recently, a Deacon-type process has

been realized for TiO2 supported RuO; [130].

42 The catalytic tests were performed by C. Kanzler and F. Hess.

67



Novel Sol-Gel Nanofibers - Electrospun RuO; for heterogeneous Model Catalysis

Therefore, the catalytic activity and the stability of the RuO; nanotubes have been tested for HCI
oxidation and already at 573 K massive recrystallization occurs. Nonetheless, the catalytic activi-
ty remains almost constant (see Figure 4-2 d), indicating that the recrystallization does not re-
duce the catalytically active surface area. A possible explanation might be that the stable
Ru0:(110) is formed predominantly. While a detailed analysis of the catalytic properties, espe-
cially at higher temperatures, is still under investigation by our collaborators, a morphological
instability of pure RuO; in HCl oxidation could already be demonstrated. Therefore, mixed Ru-Ti

oxides and supported RuO; will be considered in chapter 4.5.
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Figure 4-2: Comparison of RuO, nanotubes:
a) as-prepared at 475°C
b) after NH; oxidation at 673 K for 70 h
c¢) after HCI oxidation at 573 K for 5.5 h
d) vield in HCI oxidation as function of temperature
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4.3 Hollow Nanotubes

The unexpected tube formation for RuO2-PVP nanofibers has not yet been reported in the litera-
ture, although hollow nanotubes could be prepared from various metal oxides by coaxial elec-
trospinning [131], [132]. Two immiscible spinning solutions are fed coaxially through the sy-
ringe and an inner capillary to obtain nanofibers with core-shell morphology (see Figure 4-3).

After removal of the core, hollow nanotubes can be obtained [131].

However, for the preparation of RuO; nanotubes a single syringe is used and the solution does
not contain any immiscible components. As elaborated in chapter 3.2, phase separations are
unlikely to occur during the fast electrospinning process that leads to rapid solidification of the
fibers. A core-shell morphology is only found, if two phases were present initially as in coaxial or
in emulsion electrospinning. By using emulsions, for example two immiscible polymers in a
common solvent, core-shell nanofibers can be obtained from a single syringe, as demonstrated
for PMMA (Poly(methyl methacrylate)) and PAN in DMF [91]. In principle, there are already two
phases present in emulsion electrospinning, a continuous phase with the polymer and the dis-
persed droplets of the second phase (typically with diameters of a few micrometers). During the
electrospinning process the emulsion is subjected to high shear forces in the Taylor cone and in

the emerging fiber that result in a core-shell morphology (see Figure 4-4).

A PVP/Ti(OiPr)
|

plastic — =— heavy

syringe mineral
oil
metallic silica
needle capillary
v high voltage coaxial jet

power supply

J’"m

Figure 4-3: Coaxial electrospinning setup: A) scheme, C) TEM and D) SEM of
hollow TiO, nanotubes prepared from PVP/sol-gel precursor [131]
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Figure 4-4: Principle of emulsion electrospinning [91]

In contrast, the spinning solution of Ru-DMF complex43 with PVP in methanol or ethanol is a
perfect solution and no phase separation is observed over time or even upon drying. Further-
more, only homogeneous compact fibers can be noticed in TEM up to 300°C. Therefore, the
composition of the fibers seems rather homogeneous#** throughout the cross section (see Figure

4-5).

a)

400 MM ——

Figure 4-5: Comparison (TEM) of RuO, nanofiber after 1 h at a) 450°C and
b) 250°C with the spinning polymer still present

43 Obtained by heating RuCls-H,0 to 125°C in DMF.
44 At least, there is no distinct core-shell morphology, a gradual shift from a (hydr)oxide-rich shell to a
polymer-rich core cannot be excluded from TEM.
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Apparently, the relative humidity has a major influence on the formation of the tubes. A low hu-
midity is beneficial to electrospinning in general, as at humidities above 40% water can con-
dense on the fibers and the evaporation of the solvents is slowed down, ultimately leading to
poor spinning with a break-up of the fibers. For the formation of the nanotubes, a relative hu-
midity below 20% seems necessary, as otherwise the tubular morphology is less pronounced.
Moreover, the addition of 1 wt% of water to the spinning solution results in completely dense

fibers (Figure 4-6).

Therefore, a mechanism can be proposed as follows:

The Ru-DMF complex is rather stable and soluble up to 5 wt% in PVP-DMF-MeOH with a lower
ratio of Ru complex to PVP giving better-defined tubes. During electrospinning homogeneous
nanofibers of the complex in PVP are obtained. Upon exposure to humidity or heat the complex
is transformed into ruthenium hydroxide or RuO- on the surface of the fibers, while the concen-
tration of Ru in the core is decreasing, leading to a radial concentration profile in the fibers with
the Ru concentration decreasing towards a polymer-rich center. Moreover, PVP is known to
crosslink under UV or thermal treatment into an insoluble cross-linked PVP [133] that might
also lead to a polymer-rich core and an oxide-rich shell of the fibers. Upon calcination the oxide

forms a stable shell, while the polymer is completely decomposed leaving behind the nanotubes.

Actually, the PVP seems to play a crucial role, as other polymers like polyvinylbutyral (PVB) or
polyethylene oxide (PEO) only form highly porous fibers upon calcination (see Figure 4-7).

+ |

200 nmi—="" S 2008 im —— -

Figure 4-6: Comparison of RuO, electrospun from PVP a) at relative humidity
of 40% and b) with 1 wt% H,O
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Figure 4-7: Comparison of RuO, electrospun from a) PVB and b) PVP

The formation of the nanotubes will be further investigated in the next section, especially eluci-
dating the role of PVP and DMF and the new preparation method will be generalized to other

oxides.
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4.4 Extension to Other Oxides and First Mechanistic Insights

To gain more insight into the formation mechanism, it was attempted to generalize the hollow
nanotubes to other oxides and to understand the interplay of the components. The same me-
thod only resulted in compact nanofibers for SiO, and TiO2, whereas nanotubes of C0203, NiO,

and especially Fe;03 could be prepared.

The higher charge density is the main difference between Ti*+ or Si*+ and the di- and trivalent
cations that lead to the hollow oxide nanotubes. Although the preparation is non-aqueous, the
hydrolysis by ambient humidity can play a significant role. Even in acid solution the hydrolysis

equilibrium

MX,, + nH,0 & MX,,_,(OH), + n HX

is much further on the right side for tetravalent cations that form hydroxides and oxohydroxides
more readily, ultimately leading to condensation through olation and oxolation [45]. For exam-
ple, electrospun SiO; fibers are hydrolyzed and condensed by an ambient humidity above 10%
to become insoluble. In contrast, up to medium pH-values divalent and most trivalent cations are
known to form stable aqueous solutions with aqua complexes M(H20), rather than hydroxides.
Replacing the aqua ligands with DMF produces complexes that are even more stable against
condensation, whereas for tetravalent cations bidentate ligands like acetylacetone are necessary

to significantly slow down condensation [45].

Similarly to RuClz-H20 as precursor for the RuO; tubes, the precursors for the cobalt, nickel and
iron oxides were hydrated nitrates and chlorides, more specifically Co(NO3)3-6H,0, NiCl,-6H-0,
and Fe(NO3)3-9H0 that were heated to 125°C in DMF to remove most water (see Figure 4-8).

Figure 4-8: Nanotubes of a) Co,0O3; and b) NiO obtained after calcination at
425°C from PVP and the corresponding DMF complexes
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Figure 4-9: a) TEM and b) SEM images of nanotubes Fe,O; obtained after
calcination at 425°C from PVP and the iron-DMF complex pre-
pared from Fe(NO3);-9H,0

The nanotubes possess a diameter around 100-200 nm and as they are prepared from highly
hydrated precursors (compared to RuClz-H>0), it is likely that the electrospinning solution still
contains some water even after heating at 125°C. Therefore, the nanotubes are not perfectly

developed and contain some compact sections as can be seen in Figure 4-9.

Using anhydrous FeCl; as precursor and an even lower Fe to PVP ratio, well-defined nanotubes

with a diameter of 150-200 nm and a wall thickness of 20-25 nm are obtained (see Figure 4-10).

The mechanism of the proposed self-templating process is further elucidated by these results
confirming that the carrier polymer acts as template during calcination and that the oxide forms
as a rough layer on the surface of the fibers. In contrast, the as-spun composite fibers of smaller

diameter possess a smooth surface before calcination. Moreover, the inner surfaces of the tubes

. e

200 M

Figure 4-10: Nanotubes of Fe,O3 from PVP-FeCl; a) SEM and b) TEM
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Figure 4-11: Evolution of Fe-PVP-DMF spinning solution after 1 day in a
sealed vial (clear solution) when exposed to humid air (the left
drop has been under air for 5 min)

are remarkably smooth.

In addition to the reasons mentioned before, the tube formation might also be influenced by the
redox chemistry of the metal cations. Ru(Ill) has to be oxidized to form RuO; and also the Fe(III)
species that possesses a yellow color, transforms into Fe(II) under Ar atmosphere or in a sealed
container. This is evidenced by a slow color change from yellow to transparent for the spinning
solution containing Fe(IIl), PVP and DMF. Upon exposure to humid air the transparent solution

quickly regains its yellow color (see Figure 4-11).

However, no significant difference in electrospinning was found between transparent and yel-
low solutions, as the re-oxidation by oxygen occurs predominantly at the surface which is great-

ly enlarged during spinning, thus accelerating the oxidation.
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4.5 Relevant Literature and Proposed Mechanism

As mentioned before, nanotubes prepared by coaxial electrospinning have been reported in the
literature, but also in some single-nozzle systems tube formation was observed at least tempora-
rily. By using highly concentrated solution of hydrophobic PS (polystyrene) in DMF, evaporation
leads to solid polymer skins on the electrospun jet. As the solvent further evaporates through
this skin, the polymer is deposited and could potentially form a tube. However, as shown in Fig-
ure 4-12 insufficient mechanical stability of the polymeric skin usually leads to the collapse of

the tube and nanoribbons or wrinkled fibers are obtained [134], [16].

A point worth mentioning is the fact that the PS nanoribbons are only obtained at low humidity,
whereas at higher humidity a significant amount of water is incorporated into the electrospin-

ning jet and the smooth fibers contain pools of water leading to some porosity*s [134], [135].

(a) (b) (d)

Figure 4-12: Morphology formation in hydrophobic PS electrospun at low
humidity, i.e. 22% (a-d) leading to wrinkled fibers and nano-
ribbons, and at higher humidity, i.e. 35% (e-f) [134], [135]

45 Demir et al. focus on the water incorporation [135], whereas Pai et al. show how low-temperature an-
nealing can smoothen the wrinkled and porous nanofibers [134].
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Therefore, it is not surprising that compact fibers are found at high humidity for the PVP-based
systems, as the water is absorbed in the hydrophilic PVP and leads to hydrolysis and condensa-

tion within the fibers.

The formation of a solid skin layer seems quite universal in electrospinning jets, as whenever the
rate of evaporation of the solvent at the surface exceeds the solvent’s diffusion rate into that
surface layer, solidification of the spinning polymer should occur [136]. In the fiber, a gradient in
the concentration of polymer develops with a polymer-rich skin. Theoretically, tubes should
occur especially when the diameter is well below 1 pum. In practice, for pure polymer systems the
low mechanical stability often leads to the coalescence of the porosity or tubular morphology.
However, in systems with metal precursors the morphology might be stabilized by the formation
of hydroxides and oxides. Some attempts were made with reactive sol-gel precursors like
Ti(OBu)4 and in chapter 3.2 it was already shown how TiO; skins can form on PS-PVP nanofibers
inducing some porosity, but not the formation of nanotubes. Although condensation takes place
this chemical sol-gel reaction is too slow to solidify a tubular morphology and the observed po-
rosity results from the PS that does not mix with neither PVP nor Ti precursor and therefore acts

as a template.

In the case of the PVP-DMF system, the rapid development of stabilizing hydroxides or oxides in
the skin during electrospinning is even less likely, therefore a physical process must occur dur-

ing solvent evaporation.

Although FeCl; and PVP are both well soluble in EtOH, a precipitation occurs when a drop of
diluted FeClz in EtOH%¢ is added to a solution of PVP in EtOH, i.e. Fe3+ ions precipitate PVP in
EtOH. As can be seen in Figure 4-13, the drop quickly develops a skin (i.e. an Fe-PVP complex

insoluble in EtOH) separating the iron-rich core from the polymer-rich surroundings.

Figure 4-13: A drop of 10 wt% FeCl; in EtOH (left) and of 30 wt% FeCl; in
DMF (right): a) after dropping, b) after mixing and c) after ad-
dition of more EtOH (left) or two of drops of DMF (right) and
mixing

46 More precisely Fe(OEt)3.xClx due to partial ligand exchange.
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Obviously, it is not possible to electrospin this system and neither mixing nor diluting with more

EtOH dissolves the skin.

In contrast, DMF is a good solvent for FeCl; and PVP and no Fe-PVP complex precipitates when
Fe3t+ in DMF is added to PVP in EtOH. Only upon mixing with excess EtOH some precipitate is
formed, but can easily be re-dissolved by adding two more drops of DMF (see Figure 4-13 b
and c). The precipitate is a Fe3+-PVP complex for which EtOH obviously is not a good solvent,

whereas DMF can dissolve the complex, possibly by forming a more stable Fe-DMF complex.

The chemical structures of DMF and PVP, more precisely the pyrrolidone moiety, are quite simi-
lar and both molecules possess a strong dipole moment with a negative partial charge on the
amide oxygen and can act as complexing ligand (see Figure 4-14). In addition to being a carrier
polymer in electrospinning, PVP of lower molecular weight therefore is a well-known stabilizing

agent for nanoparticles [137], [138].

Similarly, PVP-complexes insoluble in EtOH can be prepared from many di- and trivalent metal

cations like Ni2+ and Co2*/3+ with trivalent cations forming more stable complexes*’.
Thus, the following refined mechanism can be proposed:

Initially, Fe3+ and PVP are dissolved homogeneously in EtOH and DMF. During electrospinning
the solvents quickly evaporate*8 at the surface of the emerging fiber and a skin forms. However,
with increasing concentration of Fe3+ and PVP near the surface of the fiber, a precipitate of
Fe-PVP will form even before the fiber fully solidifies. As shown in Figure 4-13 and the respec-
tive discussion, the Fe-PVP precipitate is rather stable and can enclose a solution of lower con-

centration of Fe3+ or PVP. Therefore, a core-shell/skin morphology can develop inside the fibers

\O _____ O K )% K ’’’’’
\ /\ \ e u O N~ n -0

Figure 4-14: Chemical structures with delocalization for a) DMF and b) PVP

47 The complex constant of M3+ like Fe3+ is 10-fold higher than for M2+ like Co2* allowing to separate mix-
tures by dialysis against distilled water [139].

48 The different boiling points of DMF (150°C) and EtOH (79°C) might initially lead to enrichment in DMF,
but ultimately a skin solidifies on the fiber.
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with a polymer-rich core, as the Fe-DMF migrates towards the surface. Upon calcination the
iron-rich skin transforms into the Fe;03 shell, while the polymer-rich core acts as a template
before it is decomposed, resulting in hollow nanotubes. These observations and assumptions are
summarized in Figure 4-15 and taken together provide a reasonable explanation for the nano-

tubes formation.

It would be highly desirable to further support the proposed mechanism by additional experi-
mental data, such as a cross-sectional TEM image of fibers as-prepared and after different ther-
mal treatments. However, direct proof of the radial gradient in polymer/Fe concentration could

not be obtained due to experimental difficulties°.

In conclusion, a novel self-templating approach was found to produce hollow nanotubes from
solutions of PVP and metal cations Me2+/3+ in EtOH/DMF. The proposed mechanism involves the
formation of a solid polymeric skin upon solvent evaporation as postulated for many concen-
trated polymer solutions. The purely polymeric nanotubes are not sufficiently stable and col-
lapse to form nanoribbons and -belts. In contrast, the metal cations stabilize the tubular struc-
ture by forming insoluble Me-PVP precipitates especially near the surface. Upon calcination the

oxide-rich shell transforms into hollow nanotubes.

0,H,0
r/ g Fe,O,
EtOH, DMF
_[F EtoH, DMEM |
[Fe(DMF),J* | [FeOMF)LP*, |5
PVP
PYF Fe-PVP
electrospinning (< 100 ms) post-treatment

Figure 4-15: Proposed mechanism of tube formation: A homogeneous elec-
trospinning jet dries and a solid Fe-PVP complex precipitates to
stabilize the skin that later transforms into iron hydroxide and
upon calcination to iron oxide

49 The as-prepared hybrid Fe-PVP nanofibers could not be cut or broken at ambient temperature as the
polymer is too flexible. Under liquid nitrogen the fibers could be broken, but no internal morphology
could be observed. However, the as-prepared fibers are very sensitive to moisture and even when re-
moving the liquid nitrogen under reduced pressure in an exsiccator (10 mbar), condensation of some
humidity on the fibers could not be excluded.

In fact, low humidity during electrospinning and stabilization of the fibers at 80°C was found to help
tube formation, whereas spinning and storage under high humidity led to compact fibers.
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Although more investigations are necessary to further understand the nanotube formation, this
approach might prove useful in the preparation of continuous tubular nanostructures in a single

nozzle setup, that can be scaled up more easily than co-capillary electrospinning setups [140].
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4.6 Crystal Phase Control in TiO,:Ru Nanofibers

As already discussed above and in chapter 3, electrospinning involves rapid drying and solidifi-
cation of the emerging nanofibers, i.e. physical processes that are usually much faster than the
chemical sol-gel processes that might occur when the precursors react with ambient humidity
and oxygen. The hybrid nanofibers can be considered as solidified solution in which further
reaction of the precursors is prevented or at least slowed down by the polymeric matrix provid-
ing a confinement on the nanoscale [25]. Especially for systems with several precursors this
confinement can be exploited to produce a hierarchical nanorods-on-nanofiber morphology
when single-crystal V,0s nanorods grow on a TiO; fiber after the polymer is decomposed and
the miscibility of the crystallizing V,0s and TiO; is too low. Interestingly, the remaining TiO,
crystallizes as rutile already at low temperature (425°C), whereas usually anatase modification
is obtained for electrospun titania nanofibers [90] and can only be converted to rutile by thermal
treatment at 600°C for 6 h [141]. Even if the recrystallization does not destroy the fibers, the

surface area is usually drastically decreased.

As will be discussed below, several works on modifying the crystalline phase of titania by doping
with other transition metals can be found in the literature, with Ru,Ti;-«O2 constituting an inter-
esting system for electrochemical and catalytic purposes. Whereas TiO; can crystallize as ana-
tase, brookite or rutile and via sol-gel processes predominantly anatase is obtained, RuO; only
forms a tetragonal rutile-type phase. Therefore it was found that doping TiO, with increasing
amounts of Ru can influence the crystallization and directly leads to the rutile phase5°. Although
the detailed mechanism is not known, it can be assumed that the presence of Ru3+/4t+ in the
amorphous state prevents the formation of anatase crystallites that are usually obtained under
kinetic control>! and facilitate the crystallization to rutile. In sol-gel derived systems
of Ru,Ti1.x02 an appreciable amount of Ru (x = 0.15-0.3 depending on the conditions) is needed
to achieve such phase control, i.e. obtaining phase-pure rutile [142]. The presence of acetyl-
acetonate as complexing ligand seems to slow down fast hydrolysis and prevent anatase forma-

tion.

Ru doped TiO nanofibers were also prepared with 4-7 at% Ru [143], yet no phase control was
reported with a mixture of anatase, rutile and RuO; being observed at 600°C. Upon further heat-
ing the fibers transformed to rutile at 800°C only, before giving rutile and RuO; at 1000°C (the

XRD in the reference is probably misinterpreted to metallic Ru). As the amount of Ru doping was

50 A solid solution of Ru*+ in rutile TiO».

51 In acid aqueous solution Ti** can be hydrolyzed and converted to crystalline nanoparticles of either
anatase, brookite and rutile. Under Kinetic conditions, i.e. fast hydrolysis and condensation, only anatase
is obtained, whereas highly acidic conditions (pH < 1) prevent the formation of anatase crystallites and
allow thermodynamic control to yield rutile [45].
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too low and the preparation involved hydrated precursors and a pre-hydrolyzation step, the

presence of anatase should be expected.

If the doping with Ru was sufficient to yield the rutile phase only, it should be possible to pre-
pare nanofibers of RuO; on rutile-TiO, with the same exceptional stability and interesting cata-
lytic properties, as reported for the Deacon-type Sumitomo process (catalytic oxidation of HCI

with O) [130] (see discussion in chapter 3.6).

Therefore, nanofibers with increasing content of ruthenium from 2-50 at% were prepared and
analyzed by XRD. As can be seen in Figure 4-16, the phase composition shifts from anatase to
rutile from 2-10 at% Ru, whereas at higher Ru content RuO; is observed as separate phase. This
is consistent with reports that the limit for a solid solution in Ru,Ti1.<02 is about x = 0.1 [142].
Below x = 0.1 anatase-TiO; is present as well, whereas at x = 0.5 RuO; can be found as addition-

al phase.

Legend:

50 at% Ru

—15at% Ru

— 10 at% Ru

— b5at% Ru
— 2at%Ru
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(01-071-2273)
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(00-001-0562)
. RuO2

20/° (00-001-1292)

Figure 4-16: XRD of RuxTi; O, nanofibers after calcination at 475°C with

JCPDS references for Rutile, Anatase and RuO,
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Figure 4-17: XRD of Rug 1Tip.0O, as fibers and dried after calcination at 475°C

More interestingly, the confinement and homogeneous distribution of the precursors in the na-
nofibers also play an important role. If one simply dries the solution for x = 0.1 instead of elec-
trospinning it, the product contains anatase as well and the XRD resembles the one electrospun
for x = 0.05 (see Figure 4-17). A Rietveld analysis of the XRD data reveals that RuO; is present as
a separate phase with 6.2 wt% or 3.7 at%?52. This means that a significantly lower amount of the
ruthenium is available for the rutile-type TiO2:Ru phase and therefore anatase-type TiO; forms

as well.

The following table summarizes the results of a Rietveld analysis.

Table 4-1: Rietveld analysis (at%) of TiO2:Ru systems at 475°C

preparation Ru nominal* RuO; anatase rutile#
dried 15 5,7 63,2 31,1
dried 10 3,8 75,4 20,8
dried 5 0,5 80,6 19,0
electrospun 50 31,1 0,0 68,9
electrospun 15 0,1 0,2 99,7
electrospun 10 0,1 0,1 99,8
electrospun 5 0,2 48,7 51,2
electrospun 2 0,1 86,5 13,4
* as weighed in # RuyTi1.x02

52 Taking into account the formula weights of RuO; (133.07 g/mol) and TiO; (79.866 g/mol).
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Figure 4-18: Yield in HCI oxidation as function of temperature: Comparison
of a) RuO, nanotubes and b) Rug. 15Tip.85s02 nanofibers
(The experiments were conducted by C.Kanzler)

The rutile-type nanofibers with the composition Rug15Tio.s502 were tested as catalyst in HCI oxi-
dation and their activity based on Ru content was only slightly lower than for pure RuO; nanofi-
bers (see Figure 4-18). This finding is remarkable, taking into account that the surface area of
the mixed oxide fibers is approx. 10-15% lower than for the pure RuO; nanotubes and that only

15% of the surface atoms should be Ru atoms.

Therefore, these mixed Ru,Ti1.x0; systems still merit further investigation, especially regarding
their stability at temperatures higher than 300°C, where they might prove more stable than pure

RuO; systems53. These investigations are currently carried out by our collaborators.

In conclusion, the fast drying during electrospinning at low humidity allows to obtain homoge-
neously distributed precursors that are stabilized against hydrolysis by the polymer matrix.
Thus, phase control of TiO; to rutile at low temperature is possible by doping with ruthenium
and as expected the TiO2:Ru nanofibers show a high activity and good stability in corrosive envi-

ronments.

53 The observed 16% decrease in activity (0.29 to 0.24 mol Cl;/g Ru) between the 300°C plateaux might
be attributed to several effects, such as a migration of Ru atoms from the surface to the bulk.
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Chapter 5 — Summary and Conclusion

5.1 Summary

Over the last decade, the preparation of nanofibers by electrospinning has been demonstrated
for various materials, yet the application of these fibers has been mostly limited to the use in

filtration, where especially polymeric nanofibers are already employed successfully.

The aim of this work was to create new types of nanofibrous morphologies via electrospinning
and to study the relationship of their structure to their properties, as well as their functionality
in complex composite architectures. Many systems like catalysts, solar cells and electrochromic
devices can possibly benefit from the addition of nanofibers, as especially hybrid and inorganic

fibers possess a wide range of useful properties, such as intrinsic porosity and high conductivity.

Accordingly, electrospinning TCO nanofibers allowed preparing a three-dimensional macropor-
ous electrode that could be used for electrodeposition of metal oxides and the electrochromic
Prussian Blue. In these composite systems, the well-distributed conducting nanofibers form
conductive pathways in a less or non-conductive matrix and thereby lower the system'’s resistiv-
ity. This approach was demonstrated for ITO and ATO nanofibers that were embedded in meso-
porous titania films and tested as dye-sensitized solar cells. Although higher currents could be
obtained, the overall performance could not be improved significantly, as the voltage and fill
factor were lowered by the presence of the TCO nanofibers. It was concluded that the titania
matrix becomes sufficiently conductive under illumination, thus reducing the need for additional
conductive pathways. In contrast, the TCO fibers proved highly useful to endow conductivity to

polymer films. This novel application was patented in cooperation with BASF SE.

The preparation of ATO nanofibers was significantly improved by using preformed nanopar-
ticles to ensure the optimal stoichiometry in the fibers. The influence of the particles’ crystallini-
ty on the sintering and the conductivity of the fibers was investigated and semi-crystalline na-
noparticles were found optimal for this application, as they combine the correct stoichiometry

with sufficient sintering potential.

Higher intrinsic conductivities could only be obtained in metallic nanofibers that could be pre-
pared using the appropriate precursors and additives. The exceptional stability of Pt nanofibers
against oxidation makes them well-suited for the use in composite electrodes and for electrode-

position, but only first steps were taken to evaluate their potential.
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The nanoparticular approach from the ATO fibers was then further extended to other oxides,
especially TiO,, enabling the preparation of highly porous nanofibers that possess significantly
higher surface areas than compact nanofibers. The crystallinity of such nanoparticles and the
accompanying photocatalytic activity allowed to decompose the spinning polymer and “sinter”
the nanofibers at room temperature using UV light, as demonstrated for thermally instable

TiO2(B) particles.

These nanofiber mats possess a hierarchical morphology combining a high specific surface area
with a good accessibility, making the fiber mats an interesting system for (photo)catalysis and as

catalyst support (via the addition of metal nanoparticles or sol-gel precursors).

In addition to oxide nanoparticles, metal organic framework (MOF) nanoparticles could be in-

corporated into hybrid nanofibers endowing them with specific surface areas up to 550 m2/g.

To complement the study of nanoparticles as building blocks for nanofibers, electrospinning of
molecular precursors has been revisited as well. By preparing suitable precursors and using
appropriate additives and co-solvents, sol-gel derived fibers could be produced for the first time
for some binary and complex oxides, most notably for RuO.. The catalytic performance of the
nanofibers in gas phase oxidations was found to be similar to RuO; nanopowders, but the well-

defined fibrous morphology facilitates the study of stability and possible sintering processes.

Finally, hollow nanotubes of several oxides (RuO,, Fe;03; and C0203) could be prepared for the
first time without a co-capillary setup. The parameters of the tube formation have been analyzed
and an underlying mechanism could be proposed, based on the insolubility of a cation-polymer

complex that forms a stable skin on the electrospinning jet.
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5.2 Outlook

While the results of the TCO nanofibers in oxide matrices led to the conclusion that these nano-
fibers do not improve the conductivity sufficiently to enhance the overall performance of the
system, embedding the nanofibers into polymers resulted in transparent conducting (or at least
antistatic) films even at very low nanofiber loadings. These films might prove very interesting
for electronic devices or as antistatic packaging, because they can be made transparent or co-

lored if pigments are added>+.

Similarly, the metallic nanofibers can endow conductivity where transparency is dispensable,
and additionally they might prove more useful than the TCO fibers in composite electrodes. For
example, Pt nanofibers could replace the commonly used Pt paste of solid oxide fuel cells
(SOFC). As the reaction only takes place at the triple phase boundary (TPB) of Pt, oxide and gas
phase, the current Pt coating is a trade-off between sufficient conductivity and porosity, as most
of the electrode’s surface is covered. The Pt nanofibers with a diameter of 50-75 nm are highly
conductive and would significantly enlarge the TPB. First experiments already showed higher
exchange currents, and even if the fibers tend to break up above 600°C, their thermal stability

can certainly be improved by increasing the diameter or by doping with Re or Rh.

Apart from applications as electrodes, it is definitely worthwhile to further evaluate the nanofi-
bers for gas-phase catalysis, especially for the study of reactions where the transport is diffu-
sion-limited. Especially mixtures of nanoparticles and sol-gel precursors should be of interest, as
the electrospinning allows for a homogeneous distribution of the components in a well-defined
morphology. A prototypical system might be sol-gel-derived RuO; on preformed TiO; nanopar-
ticles (preferably rutile for phase coherency and improved stability), offering a higher surface
area than pure RuO; and an excellent dispersion of the expensive Ru0O, thereby also being an

interesting system for industrial catalysis.

Even without the availability of rutile TiO; nanoparticles, the defined structure of the nanofibers
can be useful in model catalysis. In this case, compact sol-gel-derived fibers with smooth surfac-
es are even more suitable. For example, RuO; and Ru,Ti1.xO, might prove to be good model sys-
tems to study the catalyst’s stability under harsh reaction conditions and to correlate morpho-

logical evolutions to changes in catalytic performance.

54 In contrast, the addition of carbon nanofibers always results in black films.
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Chapter 6 — Appendices

6.1 Experimental details

6.1.1 Chemicals

All chemicals were used as-received and without further purification.

Table 6-1: Solvents

Name Abbr.1 CAS No. Purity Supplier
Methanol MeOH 67-56-1 =>99% Sigma-Aldrich
Ethanol (absolute) EtOH 64-17-5 >98% Sigma-Aldrich
Isopropanol i-PrOH 67-63-0 =>99% Sigma-Aldrich
Dichloromethane CHCl, 75-09-2 =>99% Sigma-Aldrich
Trichloromethane CHCI3 67-66-3 >99 % Carl Roth
Benzyl alcohol BzOH 100-51-6 =99% Sigma-Aldrich
Diethyl ether Et,0 60-29-7 >99% Sigma-Aldrich
N,N-Dimethylformamide DMF 68-12-2 =99% Sigma-Aldrich
Acetone 67-64-1 =>98.5% Sigma-Aldrich
Diethylene glycol DEG 111-46-6 =>98% Sigma-Aldrich
Diethylamine EtNH 109-89-7 =>99.5% Sigma-Aldrich
Acetic acid AcOH 76-05-1 >98.5% VWR
Hydrochloric acid HCI 7647-01-0 =>98% Sigma-Aldrich
Formic acid 64-18-6 =>98% Sigma-Aldrich

1: Abbreviation or chemical formula
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Name Formula CAS No. Purity Supplier

Indium (III) acetylacetonate  In(acac)s 14405-45-9 =999 % Sigma-Aldrich

Tin(IV) chloride SnCly 7646-78-8 =99% Sigma-Aldrich

Tin(II) fluoride SnF; 7783-47-3 =98 % Sigma-Aldrich

Zinc(Il) acetate dihydrate Zn(0OAc)2:2H,0 5970-45-6 =>99% Sigma-Aldrich

Zinc(1I) chloride ZnCl; 7646-85-7 =>98% Sigma-Aldrich

Aluminum(III) chloride AlCl; 7446-70-0 =>98% Sigma-Aldrich

Antimony (III) chloride SbCl; 10025-91-9 =99% Sigma-Aldrich

Ruthenium (III) chloride RuCl3-H20 14898-67-0 =99 % ABCR

hydrate

Ruthenium (III) acetylaceto- Ru(acac)s 14284-93-6 =97 % ABCR

nate

Titanium (IV) chloride TiCls 7550-45-0 =>99% Sigma-Aldrich

Titanium (III) chloride TiCl3 7705-07-9 =>97% Sigma-Aldrich

Titanium (IV) isopropoxide Ti(iPr0O). 546-68-9 =>97% Sigma-Aldrich

Potassium hexacyanoferrate Ksz[Fe(CN)s] 13746-66-2 >99% VWR

(1)

Potassium hexacyanoferrate Ki[Fe(CN)s] -3 14459-95-1 >98.5% VWR

(ID) trihydrate H»0

Palladium (II) acetate Pd(0Ac): 3375-31-3 =>99.5% Heraeus

Platinum (II) nitrate Pt(NO3)2 18496-40-7 >99.5% Heraeus

Platinum (II) acetylacetonate Pt(acac); 15170-57-7 >99.5% Heraeus
Table 6-3: Polymers

Name Abbr.1 CAS No. Mw?2 Supplier

Polyvinylpyrrolidone PVP 9003-39-8 1300000  Sigma-Aldrich

Polyvinylbutyral PVB 63148-65-2 70000 Kuray

Polyethyleneoxide PEO 25322-68-3 400000 Sigma-Aldrich

Polyisobutylene-block- PIB n.a. BASF

ethylene oxide

1: Abbreviation

2: Weight-average molecular weight
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6.1.2 Characterization techniques

Scanning electron microscope (SEM)

For the morphological studies the high resolution SEM LEO Gemini 982 (Carl Zeiss Microlmag-
ing GmbH, Goettingen, Germany) was used. It is equipped with a field emission cathode allowing
low acceleration voltages (typically 2-10 kV were applied) and is equipped with several detec-
tors for secondary electrons emitted from the sample. For this work, the inlens detector that
works best at high magnifications was most suitable. Non-conducting samples were sputter-
coated on a Scancoat instrument (BOC EDWARDS GmbH, Kirchheim, Germany) with thin layers

of Platinum.

The SEM is coupled with an EDX (energy dispersive X-Ray spectroscopy) system from Oxford
Instruments (Abingdon, United Kingdom) allowing elemental analysis of the microscopic sam-
ples. The principle relies on exciting core electrons with the highly energetic electron beam (ac-
celeration voltages > 15 kV) and analyzing the X-Ray radiation emitted when the core level is
filled again. By comparing the obtained spectrum with a standard, elements in the sample can
be identified and quantified. However, especially the quantification strongly depends on the ca-

libration with the standard and was therefore interpreted with care.

Transmission electron microscope (TEM)

For microstructure investigations at higher magnifications, bright-field images were recorded
on the transmission electron microscope CM30-ST (Philips Electron Optics, Eindhofen, Nether-

lands) operated at 300 kV and a point resolution of 0.4 nm.

X-Ray Diffraction (XRD)

WAXS (Wide-Angle X-Ray Scattering) experiments in 8-26 geometry were performed using an
X’Pert PRO diffractometer (Panalytical, Almelo, Netherlands) with Cu K, radiation of
A =0.154 nm and slit of 1/2 - 1/4 inch.

SAXS (Small-Angle X-Ray Scattering) measurements were carried out on the same instrument

with a 1/16 inch slit.
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Gas physisorption

The gas physisorption measurements were mainly conducted on an AUTOSORB-1 and -6 from
Quantachrome (Boynton Beach, USA) with nitrogen as adsorbate at 77K. The software supports
the standard reduction algorithms and the BET (Brunauer-Emmett-Teller) method was used to
quantify the surface area. It extends Langmuir theory for adsorbate monolayers to multilayer
formation on the sample (which is a suitable physisorption model for non-microporous ma-
terials) and calculates the surface area from the cross section of the adsorbate on the surface.
Although the obtained results do not represent absolute values, a relative comparison especially

of similar samples is definitely permissible.

Further measurements with CO; were performed with a Rubotherm Magnetic Suspension Bal-
ance (Rubotherm GmbH, Bochum, Germany) at the Institute for Nonclassical Chemistry at the

University of Leipzig.

Conductivity measurements

A Keithley 2000 multimeter (Keithley Instruments GmbH, Germering, Germany) was used to
measure conductivities in 2- and 4-point probe mode. The samples were contacted via gold-
plated electrode tips with a distance of 1.5 mm from one another and with built-in springs to
push the tip to the surface. Alternatively, conducting silver paste was applied to the sample (es-
pecially in the case of nanofiber mats) in a defined pattern (1 cm stripes 1 cm apart) and the

resistance was metered in 2-point mode.

As can be seen from the following figure, 4-point probe measurements are not sensitive to addi-
tional resistances from the lead wires or contact resistances, as the very small sense current is

separated from the source current that is forced through the sample.

In practice, it was found that using silver paste effectively reduced contact resistances and that
the samples’ resistance was usually high enough (> 100 Ohms) to neglect the contributions

from lead wires etc. (~ 500 mOhms).
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Figure 6-1: Circuit diagram®* of conductivity measurements in a) 2-point and
b) 4-point mode

* Figure from the Keithley 2000 Manual, 2003

Profilometry

The film thickness was measured with a profilometer (Alpha-Step IQ from KLA-Tencor, Dresden,

Germany).

Electrochemical setup

Electrochemical measurements and electrodepositions were performed using an Autolab 12
potentiostat/galvanostat (Metrohm Autolab B.V., Utrecht, Netherlands) with a Platinum wire as

counter electrode and a Silver wire or TCO slide as pseudo-reference electrode.

UV/VIS

Absorbance spectra and absorbance measurements were recorded on a UVIKON XS spectro-

photometer (Kontron AG, Eching, Germany)
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6.1.3 Electrospinning setup

As mentioned in the introduction, a basic electrospinning setup consists of a high-voltage power

supply and dosage unit for the spinning solution.

For this work an electrospinning setup was built from a Spellman CZE1000R high-voltage power
supply (0-30 kV, 300 pA) connected to the spinning tip and a FUG 7-3500 (0-3.5 kV, 2 mA) high-
voltage power supply connected to the collector. One or two KDS 100 syringe pumps (KDS
Scientific Inc., Holliston, USA) were employed to deliver the solution at a constant rate (0.2-
2 ml/h) through a metallic needle. For safety reasons and to provide a homogeneous electric

field, the needle was clipped and deburred prior to use.

The whole setup was placed in a chamber in which the relative humidity could be controlled
from 5-80% by purging with dry or moist air. A glove allowed to exchange samples without

opening the chamber.

Figure 6-2: Digital image of the electrospinning setup
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6.1.4 1TO nanofibers

The spinning solution was prepared by dissolving 500 mg In(acac)z in 1 g acetone, heating until

a clear solution was obtained, then 500 mg MeOH and 40 mg SnCls (12.5 at%) were added.

To this precursor solution, 650 mg of the polymer solution of 15 %wt PVP in MeOH were added
and the resulting solution was vigorously mixed, before being loaded into a 1 mL plastic syringe

(Omnifix F from B.Braun, Melsungen, Germany).

This solution was fed at a rate of 0.4 ml/h and electrospun at 1kV/cm (7 kV, 7cm distance be-

tween tip and collector) and a relative humidity of 30-35%.

The fiber mats were collected on aluminum foil, silicon wafers, normal and FTO-coated glass

slides and calcined at 550°C for 10 min.

During calcination, a lateral shrinkage of 15-20% was observed that led to delamination of the
fiber mats from the substrate, especially for thick mats. To reduce this unwanted behavior, the
substrates were dip-coated in a 1 wt% PVP solution in EtOH to produce a polymer film with a
thickness of 500-800 nm. This film melts during calcination and the fibers that are floating on

the polymer melt can shrink with less or without rupture.
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6.1.5 ATO nanoparticle synthesis and ATO nanofibers

Several attempts of using sol-gel precursors to obtain ATO (Sn02:Sb) only led to tin oxide fibers
with high resistances (> 1MOhm/cm), probably due to an imperfect stoichiometry. The synthe-

sis of a nanoparticle dispersion effectively circumvented the problem:

A precursor solution is prepared from 0.2 mL conc. HCI, 980 mg SnCls and 65 mg SbCl; (7.5 at%)
in 12 g EtOH. This solution is added dropwise to 2.5 g of an aqueous solution of NHz (20 wt%)
under vigorous stirring. A white slurry containing preformed ATO nanoparticles is obtained,
from which the nanoparticles can be separated by repeated centrifugation and washing with

H0 until some yellowish nanoparticles remain in the supernatant solution.

By using ultrasonic agitation dispersion with up to 20 wt% of ATO in 4:1 mixture of H.0 and

diethylamine could be prepared.

In a typical electrospinning experiment, 0.5 g of ATO nanoparticles dispersion and 125 mg etha-
nol were added to 625 mg of a solution of PVP, poly(vinyl pyrrolidone) (Mw = 1,300,000), in
methanol (12 wt%).

This solution was fed through a metallic needle by a syringe pump (KDS scientific) at the rate of
0.4 ml/h. The needle was placed at a distance of 6.5 cm from the aluminum foil that served as

collector and a voltage of 5 kV was applied to produce a non-woven mat.
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6.1.6 FTO, AZO and 1Z0 nanofibers

Similarly to the ATO nanofibers, it was not possible to produce well-conducting FTO (SnOz:F),
AZ0 (ZnO:Al) or 1Z0 (ZnO:In) fibers from sol-gel precursors.

Yet, the precipitation in NH3 did not lead to the desired nanoparticles either, as the fluoride
anion F- does not co-precipitate into the hydroxide/oxide matrix. Furthermore, ZnO does not
form in ammonia solution (rather [Zn(NH3)s]?+ is obtained), but 1ZO and AZO nanoparticles
could only be obtained via a microwave synthesis in DEG (diethylene glycol) as proposed by
Feldmann et al [144]. This polyol synthesis at 200°C takes advantage of the high boiling point
and the chelating properties of DEG to produce particles that are crystalline and well-conducting

(IZO: ~ 1 Ohm-cm, AZO was less conducting) without further thermal treatment.

It was possible to synthesize IZO nanoparticles by heating 1000.9 mg Zn(0OAc).-2 H,O and
50.9 mg InCl3 in 50 mL DEG and 1 mL H20 to 200°C in an MLS rotaprep 1500 laboratory micro-

wave oven (MLS GmbH, Leutkirch, Germany). The bluish nanoparticles were recovered by

10 Ui

Figure 6-3: SEM images of nanofibers: a) 1ZO nanoparticles in PVP, b) after
calcination at 550°C, c¢) with 5% ZnCl, and d) with 10% ZnCl,
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centrifugation and used to obtain a dispersion of 10 wt% in ethanol. 250 mg of this dispersion
were mixed with 200 mg of a 10 wt% PVP in MeOH solution and electrospinning was carried out

with the following parameters:

Voltage: 5kv
Distance: 7 cm

Feed rate: 0.3 ml/h

The resulting fibers were calcined at 550°C for 10 min, but no conductivity was observed. SEM
images show that the crystalline nanoparticles did not sinter together properly and were
present as individual nanoparticles. Therefore, 5 and 10 at% of ZnCl; were added with respect to
the Zn content, resulting in fibers that were more continuous, but the resistance was still very
high (100 kOhm/cm). Obviously, there is a trade-off between adding ZnO to sinter the particles

together and the lower conductivity of the pure ZnO phase.

However, by improving the nanoparticles’ synthesis, i.e. using shorter times and lower tempera-
tures, it should be possible to obtain partially amorphous particles and thereby improve the

conductivity of the resulting fibers.
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6.1.7 Spray pyrolysis of ATO and FTO

As will be pointed out in the next section, the thermodynamic stability of the different TCO ma-

terials varies due to their structure and composition.

In order to form the desired phase with the correct stoichiometry, sol-gel processes are not the
most suitable choice and the best conductivities are usually observed by gas-phase deposition
techniques. In order to evaluate the various TCO materials, spray pyrolysis onto glass substrates
was employed with excellent results (usually the resistivity was only one order of magnitude

higher than reported in the literature).

The setup consisted of a Schott SLK hotplate with glass-ceramic panel (Schott AG, Mainz, Ger-
many) and an airbrush gun (OBI GmbH, Wermelskirchen, Germany) that was loaded with a pre-
cursor (1-2 wt%) solution in ethanol. A compressor and a valve with meter flow were used to

adjust the pressure to 5-50 mbar.

By applying a very thin layer of ATO or FTO, the conductivity of nanofiber mats could be im-

proved, as individual fibers were contacted with one another and the conducting substrate.

Thereby, highly conducting fibrous electrodes could be obtained that were used as substrates

for electrodeposition.

compressor

precursor selution

substrate

heating plate \
\‘_

Figure 6-4: Basic setup of thin film deposition by spray pyrolysis
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6.1.8 Comparison of the TCO materials

Whereas sputtering and vapor deposition techniques produce thin films of all TCO materials,

only ITO can be reproducibly prepared as sol-gel derived films and fibers.

The following table shows the lattice energies of the various TCO materials and the ionic radii of
their constituents. Without doping, the oxides of indium, tin and zinc are wide-band gap semi-
conductors and the corresponding thin films possess a good transparency, but only a low con-
ductivity. By doping with cations additional acceptor levels are created near the valence band,

whereas anions with lower charge provide donor levels near the conduction band. To replace an

ion of the host lattice with a foreign ion, the ionic radii must be similar.

Ideally, the lattice energy of the constituting oxides should also match, otherwise it is thermody-

namically more favorable to form two distinct phases rather than the doped TCO phase.

Table 6-4: Comparison of TCO materials [145]

TCO ITO ATO FTO MZO
Formula In,O3:Sn Sn0O,:Sb SnO,:F ZnO:M
5 s s 5
g | § g | § e | § £ 5
2| & 2| & 2| ® 2 |
o | > o | > o | > 5 >
i T o T & T & T o
Lattice = = = =
energies
of the In,O5 | 924 | 4.8 | SnO, | 581 | 6.0 | SnO, | 581 | 6.0 | ZnO 347 | 3.6
oxides
SnO, | 581 | 6.0 | Sh,05 | 978 | 5.1 AlLO; | 1676 | 8.7
F does not co- Ga,O; | 1104 | 5.7
precipitate,
HF is volatile
INn,O3 924 | 4.8
lonic In* 0.81 sn* 0.71 0% 1.36 zZn** 0.74
i 4+
radii U W4 Sb® 0.62 F 1.28 AP 051
(10%°m) 3+
Ga 0.62
In*  0.81
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In the case of ITO (and ATO to a lesser extent) the conditions are fulfilled and the desired phase

is obtained rather easily.

For AZO, the radii do not match and it is more favorable to form the very stable aluminum oxide,
therefore AZO can only be prepared by vapor techniques or at high temperature. Doping zinc
oxide is less difficult with Ga3+ or In3+, as confirmed experimentally for the polyol synthesis. For
slower sol-gel processes like dip-coating or the pyrolysis of electrospun nanofibers, it is unlikely

to generate the correct crystalline phase.

Similarly, doping with F- is not possible in normal sol-gel processes, as fluoride will not co-

precipitate with the hydroxides and HF might escape during calcination.
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6.1.9 Pt and Pd nanofibers

After the promising results with In(acac)s; as precursor for ITO nanofibers, it was attempted to
use Pt(acac); for Pt nanofibers. Accordingly, 33 mg Pt(acac); in 350 mg DCM were added to
150 mg of a solution of 12 wt% PVP in MeOH and successfully electrospun at 1 kV/cm. How-
ever, after thermal treatment in both air or nitrogen, no fiber was formed, as probably most of

the Pt(acac)s; sublimated.

Using the more ionic Pt(NO3)2 was not possible, as the conductivity of the solution was too high

to allow electrospinning.

These problems were comparable to those with Ru(acac)s [see Chapter 6.1.17], therefore 30 mg
of Pt(NO3), were similarly dissolved in 300 mg DMF and refluxed at 125 °C for 15 min to form a
Pt-DMF complex. The recipe could be improved by adding 35 mg AcOH before refluxing.

The solution was then diluted with 150 mg of MeOH and 350 mg of 12 wt% PVP in MeOH.

Electrospinning could be carried out at a feed rate of 0.25ml/h, a voltage of 3.5 kV and a distance

of 6-7 cm.

Surprisingly, the nanofibers could be converted to pure Pt via a thermal treatment of 10 min at
400°C in air and a reduction in N or Ar did not improve the conductivity. It is assumed that the
polymer aids in reducing the Platinum and is decomposed in this reaction at a rather low tem-

perature.

For Palladium nanofibers, 40 mg of Pd(OAc) could be used in 50 mg DMF and 250 mg of MeOH
in the above recipe without refluxing. However, to obtain metallic fibers, the as-spun fibers must

be stabilized in air at 350°C for 15 min, before reducing in H2(10%) /N at 400°C for 30 min.
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6.1.10 Electrodeposition of Prussian Blue and TiO;

For the electrodeposition of Prussian Blue, Fell,[Fe!l(CN)¢]s, the following solution was used

(recipe adopted from the literature [146]):

- 5mLof0.05 M HCl
- 10 mL 0f 0.05 M Ks[Fe(CN)¢]
- 10 mL 0f 0.05 M FeCls * 6H,0

The above solution must be prepared freshly (the respective stock solutions could be used for
several weeks) and could be used for some hours. Afterwards precipitates of Prussian Blue

formed.

The substrate (FTO and glass slides with ITO, ATO and Pt nanofibers) was immersed in the solu-
tion and a reduction current of ca. 40 mA/cm? vs. Pt electrode was passed through this 2-
electrode system (the potential should be -300 to -500mV). The growth rate was about

500 nm/min and Prussian Blue was formed according to the following reaction:

4 FeCl; + 3 K3[Fe(CN)g] + 3 e — Fey[Fe(CN)g]s + 9 KCI + 3 CI

After the electrodeposition was completed, the electrode was carefully washed with H;0 and

EtOH.

As the conductivity of Prussian Blue is sufficient (fast oxidation and reduction of films of several
micrometers), the purpose of the electrodeposition was only to prove that the fibrous electrodes

were suitable for electrodeposition onto the fibers.

A detailed study of the electrochromic behavior was therefore not carried out, although the

charge efficiency might be improved by the presence of especially the metallic nanofibers.
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6.1.11 TiO2 nanoparticle synthesis

The amorphous TiO2 nanoparticles were synthesized after the following recipe:
- 3.43 g TiCls was dissolved in 10 g EtOH
- 480 mg 1,3-propanediol in 42 g Benzyl alcohol were added

The mixture was stirred at 80°C for 8 h, before precipitating it in 120 g Et,0. The precipitate was
collected by centrifugation at 5500 rpm and washed once with Et,0. By adding MeOH the nano-

particles were redispersed to a concentration of 7-8 wt%.

With H;O the nanoparticles dispersed much better, but the dispersion gelled within several
hours to days. This indicates that these amorphous nanoparticles were rather partially con-

densed Ti(IV) complexes than particles.
Using DMF instead of H,0, concentrations up to 20 wt% could be obtained without any gelation.

To obtain more crystalline nanoparticles, a variation of the synthesisss was carried out at 110°C
for 2 h.

To further improve the crystallinity and obtain larger nanoparticles, the EtOH to dissolve the
TiCls was replaced with toluene, preventing the formation of Ti(OEt).Cl; and increasing the reac-

tivity towards the oxide.

Especially for nanoparticles synthesized at 110°C it was found that the addition of up to 25 wt%

of DMF greatly helped to form stable and highly concentrated dispersions.

55 Proposed by Christoph Weidmann.
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6.1.12 TiO> nanofibers

In a typical electrospinning experiment, 500 mg of a solution of 12 wt% PVP (MW = 1,300,000)
in methanol were added to 600-1500 mg of the TiO, nanoparticle dispersion and mixed tho-
roughly. If necessary, 100 mg DMF were added and the solution was concentrated under re-
duced pressure to yield a final concentration of 4 wt% of PVP. Alternatively, DMF was already

used as co-solvent for the dispersions.

The spinning solution was fed through the metallic needle to produce a non-woven mat with

these parameters:

Voltage: 7 kV
Distance: 6-8 cm

Feed rate: 0.35 ml/h
The relative humidity could be in the range from 5-40% without major effects on fiber quality.

The nanofibers were calcined at 550°C for 30 min (with a ramp of 10°C/min).

6.1.13 UV treatment of TiO, nanofibers

Another possibility to remove the spinning polymer from the nanofibers with crystalline TiO.,
was to irradiate a fiber mat for several hours with UV-C light (200-290 nm, 343 mW cm~2) from
a UV-F 250 B (Hartmann Feinwerkbau GmbH, Obermoerlen, Germany). During irradiation, the
samples were kept at a constant temperature of 25°C by cooling the supporting tray with a

thermostat.

Typically, the treatment was carried out for 2h at a distance of 10 cm, leading to a complete de-
composition of the spinning polymer and a sintering of the TiO; fibers. When using amorphous
nanoparticles or sol-gel derived TiO; the conversion was much slower and even after 24h, most

of the fibers dissolved in H-O.
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6.1.14 TiO2(B) nanoparticles and nanofibers

These nanoparticles were kindly provided by S. Sallard.

Briefly, 400 mg CismimCl and 600 mg CsmimBF, were mixed at 95 °C in a flask before 0.2 mL
TiCls was slowly added. After 5 min, 0.45 mL water was added dropwise and stirring was con-
tinued for 14 h. The temperature was then decreased to 80 °C and 10 mL of ethanol were used to
extract the ILs. After another 8h, the suspension was cooled down to room temperature, centri-

fuged and washed once with ethanol.

To functionalize the nanoparticles for electrospinning the wet powder was redispersed in 10 mL
ethanol with 200 mg 1,3-propanediol. This suspension was stirred at 80 °C for 8 h and then
cooled down to room temperature. After precipitation with diethyl ether, the particles were col-
lected by centrifugation and redispersed in methanol/dimethylformamide (DMF) (90:10

weight %) to get a suspension with a concentration of around 7-10 wt% TiO2(B).

For the electrospinning, the 380 mg of the TiO,(B) dispersion were mixed with 130 mg DMF and
160 mg of 12 wt% PVP in EtOH. The dispersion was concentrated under vacuum (45 mbar) to
half of the volume. Then the dispersion was mixed with 81 mg EtOH, 8 mg AcOH and 12 mg

Ti(OBu)4 as sol-gel derived “glue” to help sinter the particles together.
The electrospinning was operated as follows:

Voltage: 7 kV
Distance: 8-10 cm
Feed rate: 0.3 ml/h
Relative humidity: < 40%

A non-woven mat was collected for up to 5 min on a silicon wafer (resulting in a layer with
3-4 pm thickness, thicker layers did not allow the UV light to pass through) and the polymer was
removed by UV-C irradiation (200-290 nm, 343 mW cm~2) for five hours.
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6.1.15 SiO> nanofibers

Most of the properties of the oxide nanofibers presented in this work result from their cry-
stallinity, e.g. the photocatalytic properties of anatase TiO; and Ti02(B) or the conductivity of the
TCO fibers. However, crystalline metal oxides are brittle and even if it is reasonable to assume
that nanofibers are more flexible than a similar thin film, the fibers may still break when sub-
jected to mechanical deformations (bending and stretching)sé. Typically, a strain of only 1-2%

can be tolerated before breaking of the oxide fibers [148].

It was found that the non-woven nanofiber mats were quite stable and even self-supporting as
free-standing structures and subjecting them to a gas flow for gas phase catalysis did not break
any fibers. However, when immersed into solution and especially under agitation (e.g. a stirred
solution) the fibers were slowly broken and small fragments were washed out from the non-
woven mat. This problem was found to some extent during electrodepositions where the con-
ductivity of the nanofiber structure decreased, but most pronounced during photocatalysis
where the catalyst was slowly washed out. Although this might have even increase the photoca-

talytic performance, it became more complicated to remove the catalyst from the solution.

Applying a thin layer of polymeric nanofibers effectively retained all fragments, but this ap-

proach was not suitable for photocatalysis, as the polymer would also be degraded.

An alternative was found in SiO; nanofibers that do not crystallize and show remarkable me-

chanical strength and flexibility.

A solution of Si(OEt)s was prehydrolyzed under acidic conditions to form oligomeric SiO, i.e.
2000 mg Si(OEt)4 and 370 mg of 1M HCl was added to a solution of 230 mg H>0 and 1000 mg
EtOH and stirred at 70°C for 45 min. The resulting solution needed to be kept at 5°C and was
stable for 3-4 weeks.

500 mg of this solution and 100 mg DMF were added to 400 mg of a solution of 12 wt% PVP in

EtOH and electrospinning was carried out with the following parameters:

Voltage: 6 kV
Distance: 7 cm

Feed rate: 0.3 ml/h
Relative humidity: 20-40%

56 In contrast, polymeric or hybrid nanofibers were shown to be extremely flexible, tolerating high defor-
mations and strain up to 70-80% [147].
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The nanofibers further hydrolyzed after spinning upon contact to ambient moisture. This
process took 10-60 min depending on the relative humidity and was accompanied by a marked

increase in tensile strength57.

Applying a thin layer (500-800 nm) of SiO; nanofibers proved very useful for photocatalysis of

titania fibers and electrodeposition on fibrous ATO electrodes.

57 The increase in tensile strength was outside the scope of this work and was therefore not quantified.
Directly after spinning, the fiber mat could be easily stretched with tweezers, after 60 min the stiffness
was comparable to a thick polymer film.
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6.1.16 Z1F-8 nanoparticles and nanofibers

The colloidal suspensions of ZIF-8 nanoparticles in methanol were kindly provided by ]. Cravil-
lon. Briefly, a solution of Zn(NO3)2 -6H20 (2.933 g) and 2-methylimidazole (6.489 g) in 200 mL
methanol was stirred at room temperature for 1 h, before separating the resulting nanocrystals
by centrifugation. The ZIF-8 nanoparticles were then redispersed in fresh methanol by vortex
mixing and ultrasonic agitation, and a part of the solution was dried at 80°C under reduced pres-
sure to determine the concentration to be 3.5-4.5 wt% of ZIF-8. In a typical electrospinning ex-
periment, 500 mg of a solution of 12 wt% PVP in methanol were added to 400-2000 mg of the
ZIF-8 dispersion and mixed thoroughly. The solution was diluted or concentrated under reduced
pressure to yield a final concentration of 3.5 wt% of PVP. This solution was electrospun at a vol-
tage of 5 kV and a distance of 6-8 cm at a rate of 0.35 ml/h. [t was necessary to keep the relative

humidity below 40%.

The nanofibers were obtained as non-woven mats and were stable up to 60% relative humidity

air, but sensitive to water.

Similarly to PVP, it was possible to electrospin the ZIF-8 nanoparticles from PEO and PS with the
following parameters:
a) PEO (MW = 300,000) 2.5 wt% in H,0
3 wt% ZIF-8 nanoparticles
Voltage: 6 kV
Distance: 5-6 cm
Feed rate: 0.45 ml/h
Relative humidity: < 20%

b) PS (MW = 240,000), 8 wt% in 4:1:1 THF (tetrahydrofurane) : toluene : methanol
(via solvent exchange, i.e. after adding toluene the solution was evaporated under re-
duced pressure)
~ 2.5 wt% ZIF-8 nanoparticles
0.2 wt% tetrabutylammoniumperchlorate
Voltage: 5kV
Distance: 6 cm
Feed rate: 0.65 ml/h
Relative humidity: < 20%
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Measurement of adsorption Kinetics

A method was developed for measuring adsorption kinetics on a Quantachrome Autosorb-1 in-
strument operated in manual mode. This instrument possesses a manifold with calibrated vo-
lume separated from the measurement cell by a magnetic valve. Both manifold and measure-
ment cell are equipped with pressures gauges. Sorption kinetics are determined by setting a
defined nitrogen pressure in the manifold with subsequent expansion into the evacuated sample
cell cooled to 77K. The sample cell pressure during the adsorption process was recorded every

250 ms until equilibrium was reached.

We were aware that especially at the beginning of this experiment, the adsorption was superim-
posed by transport effects into the cell and therefore we focused on the evolution of pressure
near the equilibrium and the time to attain equilibrium. We adjusted the initial manifold pres-
sure to obtain the same final pressure (4 torr) corresponding to the equivalent characteristic

point in the adsorption isotherm for all samples irrespective of ZIF-8 content.

The evolution of pressure was reproducibly recorded in this manner and showed significant
differences among the various polymers which were used to identify PVP to be the best carrier
polymers for the desired application. Nevertheless, the exact interpretation on a molecular scale
was obviously more difficult, as no model exists and the contributions from the superimposed

processes are hard to separate.
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6.1.17 RuO> nanotubes and RuxTii-xO> nanofibers

Similarly to the case of Pt(acac), [see chapter 6.1.9], it was possible to electrospin nanofibers
containing Ru(acac)s, but no RuO; fibers were obtained after calcination, as most of the precur-

sor sublimated.

Using RuCl; - H;0 as precursor led to electrospray rather than to electrospinning, as the con-

ductivity of spinning solution was too high.

To decrease its conductivity, a solution of 50-90 mg (0.22-0.4 mmol) RuCl; - H,0 was refluxed in
200 mg DMF at 125 °C to produce a Ru-DMF complex and HCl gas was expelled. By adding 20 mg

AcOH before refluxing, it was possible to increase the release of the HCL

Then 300 mg ethanol and 200 mg of 12 wt% polyvinylpyrrolidone in methanol were added and
mixed vigorously. After calcination at 475°C for 30 min (ramp of 5 °C/min) hollow nanotubes

were observed, especially if low amounts of precursor were used.

Adding 25 mg H;0 or using polyvinylbutyral (PVB, Mowital® B60 H) as spinning polymer re-

sulted in compact nanofibers instead of nanotubes.
The electrospinning parameters were as follows:

Voltage: 5kv
Distance: 6 cm

Feed rate: 0.3 ml/h
Relative humidity: < 25%

The Ru,Tii1 <02 nanofibers could be prepared by adding the appropriate amount of Ti(OiPr), af-
ter refluxing. In case of x < 0.2 it was also possible to use RuCl; - H20 as precursor without ref-

luxing.
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6.1.18 Fe>,O3z; nanofibers and nanotubes

After initially using Fe(NO3)3 - x H20 to prepare a Fe-DMF complex, it was observed that the re-

sulting nanotubes were better developed if anhydrous FeCl; was employed as precursor.

In a typical experiment, 50 mg FeCl; were refluxed in 250 mg DMF at 125 °C for 15 min, before
adding 500 mg EtOH and 1200 mg 12 wt% PVP in EtOH.

When left in a sealed container, the yellow solution turned colorless (which did not affect the

spinning).
The electrospinning parameters were as follows:

Voltage: 4.5kV
Distance: 6 cm

Feed rate: 0.55 ml/h
Relative humidity: < 20%

Directly after electrospinning, the composite fibers were stabilized at 125°C for 30 min, before

heating them to 425°C for 60 min (rate of 5°C min).
The obtained nanotubes were of bright red color.

Increasing the amount of iron precursor or adding water to the recipe resulted in compact nano-

fibers.

Furthermore, it was possible to substitute a fraction of the iron precursor with RuCls - H20 to

prepare mixed RuxFeyO, nanotubes, but their structure was not investigated in detail.
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6.1.19 NiO and Co0,03 nanotubes

Similarly to Fe;03, nanotubes of NiO and Co203 could be obtained from PVP nanofibers contain-

ing the respective DMF complexes.

Most work was focused on the iron oxide nanotubes and the analogue nickel and cobalt oxides
have only been prepared from the respective nitrates. The higher water content led to the for-
mation of less defined tubes. However, it should be possible to improve the results by using an-

hydrous precursor.

75 mg Ni(NO3); - x H,0 were refluxed in 250 mg DMF at 125 °C for 15 min, before adding 500
mg EtOH and 1200 mg 12 wt% PVP in EtOH.

The electrospinning parameters were as follows:

Voltage: 4.5 kV
Distance: 6 cm

Feed rate: 0.45 ml/h
Relative humidity: < 20%

Directly after electrospinning, the composite fibers were stabilized at 125°C for 30 min, before

heating them to 425°C for 60 min (rate of 5°C min).

Similarly, Co,03 nanotubes could be prepared from 70 mg Co(NO3)> - x H20.
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6.2 Abbreviations and Glossary

AcOH

ATO

AZO

CHCl3

DCM

DMF

DSSC

Et,0

EtOH

FTO

H.0

iPrOH

ITO

1Z0

MeOH

min

MOF

NP

Appendices - Abbreviations and Glossary

Acetic acid

Antimony Tin Oxide
Aluminum Zinc Oxide
Chloroform
Dichlormethane
Dimethylformamide
Dye-sensitized solar cell
Diethylether

Ethanol

Fluorine Tin Oxide
hour(s)

Water

Isopropanol

Indium Tin Oxide
Indium Zinc Oxide
Methanol

minute(s)

Metal Organic Framework

Weight average of mole-

cular weight

nanoparticle

PEO

PVB

PVP

RH

RhB

SAXS

SEM

TCO

TEM

TiO:

vol%

WAXS

wt%

XRD

ZIF

Polyethylene oxide
Polyvinylbutyral
Polyvinylpyrolidone

relative humidity

Rhodamin B

Small-angle X-Ray scattering

scanning electron micro-

scope

Transparent Conducting

Oxide

tunneling electron micro-

scope
Titanium dioxide

volume percent

Wide-angle X-Ray scattering
weight percent

X-Ray diffraction

Zeolitic imidazolate frame-

work
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