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Abstract

Abstract

This thesis is a contribution to the rapidly evolving area of research, manipulating
materials at the nanoscale, called nanotechnology. It focuses on the design and synthesis
of transition metal oxide nanoparticles and characterizing them using various methods
involving like X-ray spectroscopy and microscopy. The interest in the synthesis of
nanoparticles stems due to the fact that nanparticles show enhanced applications in
various fields ranging from catalysis to nanomedicine because of their size dependent
properties and their high surface-to-volume ratio. Several novel synthetic protocols
for tantalum and vanadium oxide nanoparticles with different morphologies and com-
positions were developed. In addition, the influence of the reaction parameters like
precursors concentrations, surfactants, solvent, temperature etc. on the morphology of
the nanoparticles were investigated systematically.
In particular, a solvo-/hydrothermal method was established to get vanadium oxide
nanoparticles with different morphologies ranging from rods, sheets to hierarchically
structured urchin-like particles. The influence of the solvent on the nanoparticle mor-
phology was thoroughly investigated. As vanadium is present in the active center of
several enzymes including peroxidase, vanadium oxide nanoparticles were tested for their
role as a peroxidase mimicking using 2,2´-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS) as a substrate in the presence of H2O2. The catalytic activity was related
to the surface area and structure of the nanoparticles. All investigated vanadium(IV)
oxides showed peroxidase-like activity, however, whereas urchin-shaped nanoparticles
had the highest activity due to their high surface area.
In addition, nanosized Ta2O5 rods and MTaO3 cubes (M =Na, K, Rb) were synthesized
hydrothermally especially exploring the influence of the pH on their morphology as
well as on crystallinity. Low and neutral pH values favored rod-shaped tantalum oxide
nanoparticles. High base concentrations resulted in cube-shaped tantalate nanoparticles
with a pyrochlore structure. The pyrochlore structure is characterized by a tunnel
structural motive that allowed a complete ion exchange of the alkali metal ions for H+

while retaining their morphology. Those nanoparticles showed promising photocatalytic
properties.
Furthermore, mesoporous materials are highly desirable with their high surface areas
due to their porous structure. On this account, spherical mesoporous tantalum oxide
(mTa2O5) nanoparticles with high surface areas and a narrow pore size distribution
were synthesized using a template free approach utilizing self-assembly process. The
heat treatment of the mTa2O5 allowed to expand the pores as well as to crystallize
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Zusammenfassung

the nanoparticles. Furthermore, palladium nanoparticles were grown onto the mTa2O5

in a sonochemical reaction. The palladium nanoparticles are linked to the surface of
the mTa2O5 via amine groups exploiting the Pearson hardness matching. For amine
functionalization the mTa2O5 surface was coated with an amine bearing silane, 3-
aminopropyltriethoxysilane (APTES).
Tantalum oxide nanoparticles can also be employed as contrast agents for X-ray com-
puted tomography. In order to expand the contrast enhancement to magnetic resonance
imaging (MRI) the mTa2O5 nanoparticles were doped with varying concentrations
of paramagnetic ions, namely Gd3+. For biocompability and water solubility the
mTa2O5:Gd nanoparticles were functionalized with methoxy(polyethyleneoxy)propyltri-
methoxy silane PEG-TES and APTES whereas the latter enabled the introduction of
further functionalities like dyes. It was confirmed that the mTa2O5:Gd can simultane-
ously act as MRI and CT contrast agents, whereby the best MRI contrast enhancement
was realized for low Gd3+ percentages.

Zusammenfassung

Diese Dissertation ist ein Beitrag zum ständig wachsenden Forschungsgebiet Materialien
auf Nanoebene zu beeinflussen, der Nanotechnik. Der Fokus liegt dabei auf dem Design
und der Synthese von Übergangsmetalloxidnanopartikeln und deren Charakterisierung
mit einer Vielzahl an Methoden wie Röntgendiffraktion und Mikroskopie. Das Interesse
an Nanopartikeln basiert auf deren vielfältigen Anwendungsgebieten von der Katal-
yse bis zur Nanomedizin, aufgrund ihrer größenabhängigen Eigenschaften sowie des
großen Oberflächen-zu-Volumen Verhältnisses. Mehrere neue Synthesevorschriften für
Tantal- und Vanadiumoxidnanopartikel mit unterschiedlichen Morphologien und Zusam-
mensetzungen wurden entwickelt. Darüber hinaus wurde der Einfluss verschiedener
Reaktionsparameter wie Precursorkonzentrationen, Surfaktanten, Lösungsmittel, Tem-
peratur usw. auf die Morphologie der Nanopartikel systematisch untersucht.
Im Speziellen wurde eine solvo-/hydrothermale Methode etabliert, die es erlaubt Vana-
diumoxidnanopartikel unterschiedlicher Morphologie von Stäbchen und Plättchen bis
zu hierarchisch strukturierten seeigelförmigen Partikeln zu erhalten. Der Einfluss des
Lösungsmittels auf die Form wurde gründlich untersucht. Da Vanadium im aktiven
Zentrum von Enzymen wie Peroxidasen verbreitet ist, wurde die Rolle der Vanadiumox-
idnanopartikel als als Peroxidasemimetika mit 2,2´-Azino-bis(3-ethylbenzothiazolin-6-
sulphonsäure) (ABTS) als Substrat in der Gegenwart von H2O2 getestet. Die katalyti-
sche Aktivität wurde mit der Oberfläche und Morphologie der Partikel in Verbindung

viii



Zusammenfassung

gesetzt. Es zeigte sich, dass alle untersuchten Vanadium(IV)oxide Peroxidasereaktionen
katalysieren, wobei die seeigelförmigen Partikel die höchste Aktivität besitzen, da diese
die größte Oberfläche haben.
Darüber hinaus wurden nanometergroße Ta2O5-Stäbchen und MTaO3 (M=Na, K, Rb)-
Würfel hydrothermal synthetisiert, wobei insbesondere der Einfluss des pH-Wertes auf die
Morphologie sowie die Kristallinität untersucht wurde. Niedrige und neutrale pH-Werte
führten zu stäbchenförmigen Tantaloxidnanopartikeln. Bei hohen Basenkonzentrationen
wurden würfelförmige Tantalatnanopartikel mit einer Pyrochlorstruktur erhalten. Der
Pyrochlor zeichnet sich durch eine tunnelförmiges Strukturmotiv aus, welches einen voll-
ständigen Ionenaustausch von Alkalimetallionen durch H+ unter Erhalt der Morphologie
erlaubte. Die untersuchten Nanopartikel haben vielversprechende photokatalytische
Eigenschaften.
Mesoporöse Materialien sind von großem Interesse, da sie aufgrund ihrer porenför-
migen Struktur über eine große Oberfläche verfügen. Aus diesem Grund wurden
kugelförmige mesoporöse Tantaloxidnanopartikel (mTa2O5) mit einer großen Oberfläche
und einer engen Porengrößenverteilung templatfrei unter Ausnutzung eines Selbstor-
ganisations (self-assembly)-Prozesses synthetisiert. Durch das Tempern der mTa2O5

Nanpartikel erweiterten sich deren Poren und die Nanopartikel kristallisierten. An-
schließend wurden Palladiumnanopartikel mit einer Ultraschallsynthese auf den mTa2O5

angebracht. Dabei wurden die Palladiumnanopartikel über Amingruppen an die Ober-
fläche der mTa2O5 unter Ausnutzung der ähnlichen Pearsonhärte aufwachsen gelassen.
Für die Aminfunktionalierung wurde ein Amin mit einer Silangruppe, namentlich 3-
Aminopropyltriethoxysilan (APTES), kovalent an die Tantaloxidoberfläche gebunden.
Tantaloxidnanopartikel können darüber hinaus als Kontrastmittel für die Comput-
ertomographie genutzt werden. Um diese Nanopartikel auch als Magnetresonanzto-
mographie (Magnetic Resonance Imaging, MRI) einsetzen zu können, wurden die
mTa2O5 mit verschiedenen Konzentrationen paramagnetischer Ionen, oder genauer
Gd3+, dotiert. Zwecks Biokompabilität und Wasserlöslichkeit wurden die mTa2O5:Gd
mit Methoxy(polyethylenoxy)propyltrimethoxysilan (PEG-TES) und Aminopropyltri-
ethoxysilan (APTES) funktionalisiert, während letzteres auch dafür genutzt wurde
weitere Funktionalitäten wie Farbstoffe anzubinden. Es konnte gezeigt werden, dass
mTa2O5 simultan als MRI- und CT-Kontrastmittel verwendet werden kann, wobei die
beste MRI-Kontrastverstärkung bei niedrigen Gd3+-Konzentrationen auftrat.
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1
Introduction

Nanomaterials are an integral part of our life as they are added to everyday consumables
like toothpaste, sun-screen or band-aids. [1] Still, the possible applications of nanopar-
ticles expand on a broad range of different fields such as catalysis, [2,3] biotechnology, [4,5]

electronics, [6] medicine [7,8] and energy. [9,10] These applications mostly stem from the
unique physical properties of nanoparticles. Due to their size between 1-100 nm (at least
in one dimension), their properties are between that of molecules and bulk materials.
Moreover, size-dependent effects come into play at this length scale that are either
related to the large fraction of surface atoms or quantum-size effects. [11] Hence this
size dependence inspired the synthesis of a wide range of nanoparticles with different
compositions and sizes.
Nowadays the toolbox in nanoparticle synthesis is not only limited to composition and
size control but it expands to morphology control, recombination of diverse materials
into even complex structures, hybrid materials and (self-)assembly of nanoparticles
facilitating new functionalities. [12–15] Next to size-dependent effects, many nanoparticle
properties, e.g. magnetic [16] and catalytic properties, [15,17] are dependent on various
factors and their interplay. Therefore not only the size but the shape of nanoparticles
can influence their properties which opened a new avenue for further tailoring the
properties of nanoparticles. [18] As a consequence, various different morphologies have
been synthesized with progressively complex shapes e.g. rods, cubes, stars, plates,
tetrahedrons and many more. [19–21]

One of the current challenges is the tailor synthesis of nanoparticles that suit the
intended applications precisely and open even more avenues for new applications. For
catalysis there are several key features governing the catalytic activity of nanomateri-
als like surface area, composition, defects and shape. As the catalysis occurs at the
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surface, it is one of the major challenges to synthesize stable nanoparticles with high
surface areas. In one approach, high surface materials are achieved with mesoporous
nanoparticles characterized by their pores between 2 and 50 nm, that contribute to
the overall surface area. [22] As a consequence, the surface area of mesoporous particles
exceeds even those of small nanoparticles with high surface-to-volume ratio while they
are more stable. Therefore mesoporous materials are readily applied in catalytic applica-
tions. [23–25] However, the synthesis of metal oxide mesoporous nanoparticles, other than
silica, remains a challenge due to the high reactivity of their precursors [26,27] that often
leads to bulk materials instead of mesoporous nanoparticles. Hence great efforts are put
in the development of synthetic routes for mesoporous transition metal nanoparticles.
Moreover, the surface area of nanoparticles is a function of their shape as different
morphologies have varying surface-to-volume ratios. [28,29] This is why high surface areas
can be realized in nanoparticles with high surface-to-volume ratios. Additionally, the
shape itself features in the catalytic activity of nanoparticles because different facets
and active sites with different activity are exposed. [30,31] Therefore the synthesis of
nanoparticles with different shapes is desirable.
Another highly evolving field is the nano-biotechnology or nanomedicine. Nanomaterials
have been investigated for their potential applications in biomedical imaging, diag-
nostics and therapy. [8,32–34] As their size is comparable to many biological structures
like enzymes they can be transported via bloodstream and internalized in cells. [35]

Nanoparticle surfaces can be functionalized to assure biocompability and achieve tar-
geted delivery through moieties capable of recognizing miscellaneous complementary
biomolecules. [36–38] The intrinsic physical and chemical properties of inorganic nanoma-
terials contribute the contrast for common biomedical imaging such as X-ray computed
tomography (CT) and magnetic resonance imaging (MRI). Each imaging modalitiy has
its own intrinsic strengths and limitations. As a consequence, different imaging methods
are combined to circumvent their complement weaknesses and exploit their full capacity
which is also referred to as multimodal imaging. [39,40] However, the requirements for
contrast enhancement differ for every imaging method. For example, nanoparticles
containing elements with high atomic numbers can provide a CT contrast enhancement
whereas magnetic particles generate a MRI contrast and different concentrations of
contrast agents are used. [41–44] Therefore much effort has been put in the design of
nanomaterials that simultaneously fulfill the contrast enhancement requirements of
various imaging techniques.
This doctoral thesis is a contribution to the ever growing field of nanoparticle synthesis
with a focus on group five porous and non-porous metal oxide nanoparticles together
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with their morphology control. Further the particles are screened for catalytic and
medical applications.

• First the theoretical background for the nanoparticle synthesis is given in chapter
2. The LaMer model is presented as a simple model that is used to explain the
formation of monodisperse (same size) nanoparticles by separating the nucleation
and growth of the particles. Further typical syntheses for non-porous and porous
nanoparticles are surveyed together with the advantages as well as drawbacks of
each method. For non-porous nanoparticles microemulsion, thermal decomposition
and hydrothermal synthesis are elucidated as examples for the best size and
morphology control. Hard- and soft-templating methods are explained that lead
to mesoporous nanomaterials.

• In chapter 3 the synthesis of VO2(B) nanorods as well as VOx nano-urchins and
-sheets is described using a solvothermal method. This chapter demonstrates the
influence of the solvent and solvent composition on the particle morphology for
solvothermal reactions. The morphology ranges from rods in water, over sheets
in EtOH/H2O to nano-urchins in pure ethanol. Applying alcohols with longer
chains as solvent and surfactant, the morphology of the nanoparticles changes
from urchins to sheets. The catalytic activity of VO2(B) rods, VOx urchins and
sheets is evaluated for peroxidase mimicked reactions. Moreover, the surface area
of these nanoparticles is related to their surface area.

• Chapter 4 presents a new hydrothermal synthesis for Ta2O5 nanorods, MTaO3

(M=Na, K, Rb, H) and Ta2O5 cube-shaped nanoparticles. The influence of pH
value as well as of the counter cation of the used base on particles morphology and
composition is investigated. The MTaO3 (M=Na, K, Rb) nanoparticles exhibit a
pyrochlore structure which makes them prone to ion exchange. This is exploited
when the alkali ions are exchanged for protons to gain cubic Ta2O5 nanocrystals
upon heat treatment. Additionally the photocatalytic activity of the nanoparticles
is investigated which was tested by the degradation of Rhodamine B.

• Chapter 5 describes the synthesis of mTa2O5 nanoparticles and their subsequent
decoration with palladium nanoparticles. At first the synthesis parameters of
mTa2O5 are established in terms of temperature, template concentration and
solvent. Additionally, the formation mechanism of the mTa2O5 nanoparticles is
revealed to be a self-assembly mechanism. Upon heat treatment the mTa2O5

nanoparticles crystallize while the pore-sizes expand from 3.7 to 8.1 nm. The
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mTa2O5 nanoparticles are functionalized with amine groups via surface silanization
with an aminosilane for further functionalization. Palladium nanoparticles are
formed in situ and attached to the mTa2O5 via coordination to the amine groups
to yield Pd@mTa2O5.

• In chapter 6 the mTa2O5 nanoparticles introduced in chapter 5 are doped
with various amounts of gadolinium to yield mTa2O5:Gd nanoparticles. The
mTa2O5:Gd nanoparticles are investigated as multimodal imaging agents for
fluorescence imaging, CT and MRI. For this the nanoparticles are biofunctionalized
with PEG groups and their biocompability is confirmed by cytotoxicity assays.
For imaging purpose the mTa2O5 nanoparticles are further functionalized with
dye molecules which makes them observable in fluorescence imaging. This is
demonstrated by fluoresence images of cells incorporated with dye functionalized
mTa2O5. The CT as well as the MRI contrast of the mTa2O5:Gd are demonstrated.
Furthermore the mTa2O5 nanoparticles are tested for drug delivery by observing
the release of diclofenac.

• Finally, chapter 7 summarizes and concludes the findings of this doctorate work
in the chapters 3 to 6. In addition, it gives an outlook to future projects.
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2
Synthesis of non-porous and mesoporous nanoparticles

2.1. Introduction

For the last three decades, there has been a tremendous effort to synthesize nanoparticles
with defined composition, size and shape. [45] Nanoparticles are defined by their dimension
between 1 and 100 nm in at least one dimension. The interest in nanoparticle synthesis
originates from their unique physical properties as compared to their bulk counterparts
and molecular species. [19] Additionally, the exact size as well as the shape of nanoparticles
influences their properties, too. [15,18]

In principle, there are two different approaches to obtain nanomaterials. On the one
hand the starting materials are bulk materials that are physically scaled down. On the
other hand molecular species are assembled until they are in the nanometer size regime.
The former is called "‘top down", whereas the latter is named "bottom up". [14,46–48] For
industrial purposes the top down methods are preferred as they are easily upscalable and
cheap. Yet they lack in size and shape control which is essential for many applications.
In contrast, monodisperse and shape controlled nanoparticles can be synthesized with
colloidal solution bottom up methods. One major drawback, however, is the small
nanoparticle output and high effort necessary in this kind of synthesis. [14,46] Since the
properties of nanoparticles can be highly dependent on their size and shape only bottom
up methods will be considered in the following.

2.2. General considerations

Up to today the growth mechanism of nanoparticles is not completely elucidated. Albeit
different theories are proposed to explain the nucleation and growth of nanoparticles.
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Classically the formation of nanoparticles is described by the LaMer model with sub-
sequent Ostwald ripening. [19,49,50] In the 1940´s LaMer and Dinegar proposed this
mechanism based on micrometer sulfur sols that is also applicable for many other
nanomaterials. The key point of this model is a short nucleation burst followed by a
slow growth step meanwhile no further nucleation occurs. According to LaMer the
generation of nanoparticles is divided in three distinct phases as depicted in Figure 2.1.
At first the concentration of monomers, which are defined as minimal building blocks

Figure 2.1.: Schematic LaMer diagram featuring the three reaction phases that in-
clude nucleation and growth that have to be separated for monodisperse
nanoparticle formation. S symbolizes supersaturation and Sc critical
supersaturation.

of a nanoparticle, increases rapidly. This continues beyond supersaturation (S). The
concentration, however, can exceed supersaturation due to the energy barrier of ho-
mogeneous nucleation that is given by the Gibbs free energy (∆G). As the nucleus is
regarded as a sphere with the radius r, the Gibbs free energy can be expressed as:

∆GS = 4πr2γ + 4
3πr

3∆Gv (2.1)

Here γ is the surface free energy per unit area and ∆Gv is the change of free lattice
energy, when the crystallites are formed. Since ∆Gv is always negative and γ always
positive, ∆GS has a maximum at the critical radius rc that can be expressed as:

rc = −2γ
∆Gv

= 2γVm
RT lnS (2.2)
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∆Gv is also given by ∆GS = (−RT lnS)/Vm, with R as gas constant, T as temperature
and Vm as the molar volume of the bulk crystal. The critical radius marks the threshold
for stable nucleus, for r ≤ rc the nuclei dissolve again whereas for r ≥ rc the nuclei can
grow. In phase II the concentration rises beyond the critical supersaturation Sc. Above
this point, the energy barrier for stable nucleus formation is exceeded. This energy
∆GSc can be determined when the value for rc (see equation 2.2) is pluged in equation
2.1:

∆GSc = 16πγ3

3(∆Gv)2 = 16πγ3V 2
m

3(RT lnS)2 (2.3)

At this point, there is a nucleation burst where a great number of nuclei is formed
simultaneously. The rate of nucleation (dN/dt) can be estimated with the Arrhenius
equation:

dN
dt = A exp

[
−∆GSc

kBT

]
= A exp

[
16πγ3V 2

m

3(kBT )3(lnS)2

]
(2.4)

Herein, N is the number of nuclei, A is a pre-exponential factor and kB is the Boltzmann
constant. As many nuclei form, the concentration of free monomers in the solution
reduces significantly. After this point, the monomer concentration drops rapidly below
the critical supersaturation. Hence no more nucleation can occur. In the third phase,
the nuclei grow slowly which is controlled by diffusion of monomers in solution. Since
all nuclei were virtually formed at the same time all nanoparticles have identical
growth histories leading to a narrow size distribution. This concept also illustrates the
importance of separate nucleation and growth, because otherwise the growth history
would be different and the sizes would vary.
It should be noted, that this theory was developed for microparticle systems, where the
values for Vm and γ resemble the used bulk values better than nanomaterials whereas
they can differ more for nanoparticles. [51] In addition, for nanoparticles their high surface-
to-volume ratio has to be considered. The high ratio of surface atoms accompanies
a high surface energy. This is the driving force for uncontrolled growth and particle
agglomeration. Commonly surfactant molecules are used to stabilize the nanoparticles
in solution. Typically these molecules have a functional group that can attach to the
nanoparticle surface and a long hydrocarbon chain for steric stabilization. [14,45]
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2.3. Synthesis methods of metal oxide nanoparticles

There are many different colloidal synthesis methods for the fabrication of metal
oxide nanoparticles such as microemulsions, thermal decomposition of organometallic
precursors, solvothermal reactions, spray-pyrolysis, co-precipitation and sol-gel. [52–54]

The following section will focus on thermal decompostion, microemulsions and hydro-
/solvothermal synthesis which allow the highest degree in size as well as shape control.

2.3.1. Microemulsions

In a microemulsion synthesis the formation of nanoparticles takes place in micelles
which act as "nanoreactors". As opposed to conventional emulsions, microemulsions are
thermodynamically stable solutions. They consist of two initially immiscible liquids
stabilized by a surfactant. In case of a reverse microemulsion or water-in-oil emulsion
the majority phase consists of an organic solvent, like cyclohexane, while water is
dispersed in nanometer-sized (1-20 nm) droplets. [55,56] The size of the reverse micelle,
and therefore also the size of the synthesized nanoparticles, is determined by the ratio of
water relative to the surfactant (or co-surfactant). [15,57,58] While most nanoparticles from
microemulsions are spherical other shapes such as rods can be obtained as well especially
at high surfactant concentrations. [59,60] A wide variety of metal oxide nanoparticles can
be synthesized with microemulsions among them are TaOx, [61] TiO2, [62] CeO2. [59] One
of the major drawbacks of this method is the low yield when compared to the reaction
volume.

2.3.2. Thermal decomposition

Various inorganic nanoparticles can be synthesized through thermal decomposition of
organometallic precursors in organic high boiling solvents in the presence of stabilizing
capping agents. Those nanoparticles can be highly monodisperse with controlled mor-
phology. The key to monodisperse nanoparticles is to ensure a short burst of nucleation
(see the LaMer model in chapter 2.2). In practice this burst of nucleation is either
achieved by hot injection, where a thermally instable precuror, e.g. metal carbonyls, [63]

is rapidly injected into the hot reaction mixture. Alternatively the reaction mixture is
heated with the precursor in a controlled manner. [46,47,51]

One well known example of a heat up synthesis is the thermolysis of iron(III) oleate
to form monodisperse Fe3O4 nanoparticles reported by Park et al.. [64] The size of the
Fe3O4 nanoparticles is changed by varying the amount of oleic acid, which acts as
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capping agent. Furthermore, the nanoparticle size increases with the boiling point of the
solvent as depicted in Figure 2.2. [65] Additionally cubic nanoparticles are obtained when
sodium oleate is added to the reaction. This synthesis was also adapted for other metal
oxides like MnO, [66] where manganese(II) oleate was used. Thermal decomposition is a

Figure 2.2.: TEM images of Fe3O4 nanoparticles synthesized via thermal decompos-
tion of Fe(Oleate)3 with different sizes a) 8 nm b) 15 nm and c) 20 nm
by variation of the used solvent. The solvent is a) 1-octadecene b) 1-
octadecene:tri-n-octylamine 1:1 and c) tri-n-octylamine.

versatile method for nanoparticle synthesis, as there are many parameters that influence
the size and morphology such as heating rate, capping agents, precursors and solvents.
One of the disadvantages of thermal decomposition is the low yield of those reactions
(typically around 10mg) that cannot be upscaled in most cases. Furthermore nano-
particles synthesized by thermal decomposition are not dispersible in water due to
the unpolar capping agents like oleic acid, 1,2-hexadecanediol or oleylamine. [64,66,67]

Therefore an additional step is required for water solubility. Mostly the unpolar ligands
are replaced by polar, water soluble ligands in a ligand exchange reaction. [68]

2.3.3. Solvothermal methods

Solvothermal/hydrothermal methods have been applied in the synthesis of a large
variety of nanomaterials. They take advantage of elevated reaction temperatures above
the standard boiling point of the respective solvent which increases the solubility and
reactivity of the precursors considerably. On that account, the reaction mixture is
placed in a sealed teflon vessel in an autoclave for high-pressure reactions. With
water as a solvent solvothermal reactions are also referred to as hydrothermal. The
composition, size and shape of the nanoparticles are typically controlled by: reaction
time, temperature, pressure, pH, reactant concentrations and the applied capping
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agents. This variety of reaction parameters gauges the versatility of solvothermal
methods. As an example, Figure 2.3 illustrates how the reaction conditions can be
altered to tune the composition as well as shape and size of the reaction products. At
temperatures below 160◦C monoclinic ErOOH microspheres are obtained whereas cubic
Er2O3 wrinkled microspheres and flowers are procured above 160◦C. When the decanoid

Figure 2.3.: ErOOH and Er2O3 micro- and nanostructures obtained from a solvother-
mal route with different sizes, shapes and phases as a function of the
reaction temperature and the decanoid acid (DA)/erbium molar ratio.
Reproduced from Nguyen et al.. [20]

acid (DA)/erbium molar ratio is altered at higher temperatures the product morphology
changes from microflowers over dog-bone nanoparticles to nanospheres with increasing
DA amount compared to the erbium precursor.
Frequently water is used as a solvent like in the example previously discussed. In most
cases it is not necessary to run hydrothermal reactions above the critical point (374◦C,
22.1MPa). But under supercritical conditions, the physical properties of water change
considerably, e.g. the solubility of unpolar molecules increases distinctly. This provides
different reaction opportunities that are readily used. [69] Nevertheless, many reactions
are carried out under non-aqueous conditions as the hydrolysis rates are often high in
water. Especially for doped metal oxides and ternary oxides it is hard to match the
reactivity of different precursors. One commonly used solvent is benzyl alcohol (BzOH)
which acts as solvent and surfactant at the same time. [70–72] Compared to other solvents
the "benzyl alcohol" route has the advantage that the reaction mechanism is relatively
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well investigated and it is possible to synthesize complex oxides as well. [72,73]

One of the advantages of solvothermal synthesis is that most of the obtained products are
crystalline. Compared to thermal decomposition solvothermal methods can be upscaled
more easily up to gram amounts. Additionally, nanomaterials can either be soluble in
polar or unpolar solvents depending on the capping agent used during synthesis.

2.4. Synthesis of non-siliceous mesoporous metal oxide
nanoparticles

Mesoporous materials are characterized by pores in the size range between 2-50 nm
according to IUPAC. [22] They possess many attractive properties like a high surface
area (up to 1000m2/g for mesoporous silica), tunable pore sizes in various shapes
and structures. [26,74–76] This makes mesoporous materials suitable for a wide range of
applications such as catalysis, drug delivery, lithium ion batteries, solar cells, gas sensors
and adsorption. [2,23,24,32,77–81]

Mesoporous silica is the prototype for other mesoporous materials since it has been
discovered in the early 1990s. [82,83] There are, however, significant differences between the
synthesis of mesoporous silica and other metal oxides especially transition metal oxides.
The hydrolysis and condensation of silica precursors can be well controlled whereas
the hydrolysis of transition metals is faster and their chemistry is more versatile. [24,84]

Furthermore the obtained mesoporous silica is stable while other oxides can be susceptible
to various reactions like hydrolysis, redox reactions or phase transitions. Hence the
focus of this chapter will be on non-siliceous mesoporous metal oxides.

2.4.1. Soft-templating method

As soft-templating with surfactants or block copolymers is the typical synthesis route
for mesoporous silica, it is also adapted for other mesoporous oxides. The general idea
of the soft-templating method is that the used template assembles into mesostructured
micelles. Those micelles are the negative template for the mesoporous oxide. Typically
soft templates are surfactants such as alkylamines and cetyl trimethylammonium bro-
mide (CTAB) [75,85–87] or coblock polymers [88] like Pluronic. [89–91]

Figure 2.4 illustrates the typical steps for the soft-templating approach. Either the
surfactants and the inorganic precursors assemble together to form a mesostructured
phase or it is already organized in a so called liquid crystal mesophase and the inorganic
precursors are impregnated later. [92,94] Then the precursors transform into mesostruc-
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Figure 2.4.: Schematic illustration of the soft-template method for mesoporous oxides
via two different synthetic approaches. Top: cooperative self-assembly
assisted by surfactants. Bottom: "true" liquid-crystal templating pro-
cess. [92,93]

tured composites mostly by a hydrolysis-condensation reaction. In the last step the
template has to be removed to obtain mesoporous oxides with an open pore structure.
In this step the samples are either heat-treated or the templating agent is washed out
with a suitable solvent. In practice soft-templating is often realized via an aqueous
solution synthesis or evaporation induced self-assembly (EISA). [90,96–98] For the former
the key factor of the synthesis is the control over the hydrolysis and condensation ratio.
To do so the interactions between the inorganic precursor and the surfactant need to be
strong like a coulomb interaction. Furthermore, chelating ligands like acetylacetone can
be added to slow the hydrolysis rate down which is called "ligand assisted". [99] In case
of EISA the used non-aqueous solvents possess a relative low polarity for a controlled
hydrolysis. During the reaction the volatile solvent evaporates and the surfactants form
liquid-crystal mesophase with the inorganic precursors amidst them. [26]

As an example, Figure 2.5 presents some SEM and TEM images of mesoporos metal
oxide spheres synthesized by a soft-template approach. [95] In this case TiO2, Al2O3 and
ZrO2 were synthesized by a combined EISA and aerosol-spray process. The pores can
clearly be observed as areas of lower constrast in the TEM images.
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Figure 2.5.: Examples for mesoporous metal oxide spheres synthesized by a soft-
template approach. a) SEM image of mesoporous TiO2. TEM images of
b) mesoporous ZrO2 c) Al2O3 and d) TiO2 where the inset magnifies the
pores. Taken from Tsung et al.. [95]

2.4.2. Hard-templating method

The main difference between soft- and hard-templating methods is the choice in tem-
plates. [100] Hard templates are solids with a rigid structure in contrast to soft tem-
plates like polymers. Typical hard templates for mesoporous materials are mesoporous
silica [21,78,101,102] and carbon. [74,103–105] Further hard templates like alumina mem-
branes [106] and carbon tubes [107,108] can be used to obtain other morphologies like
rods that will not be discussed in this section. Hard-templating, which is also called
nanocasting, can be used to obtain mesoporous materials that are not accessible via soft-
templating. [27] Furthermore, nanocasting often leads to crystalline mesoporous products
whereas soft-templating is mostly limited to amorphous products. hard templates can
be subjected to higher temperatures and still stabilize the mesopores.
Basically every hard template synthesis consists of four different steps that are depicted
in Figure 2.6. In a first step a suitable mesoporous template has to be supplied. The
mesoporous structure of the product depends on the pore structure of the chosen tem-
plate as the hard template acts as a mold. This allows to determine the mesostructure of
the product through the choice in template. [24] In order to obtain mesoporous materials,
the pores of the template need to be interconnected, because the former voids will make
up the new product. At times it is possible to reproduce the morphology of the template
as well. [109]
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Figure 2.6.: Schematic illustration of the single steps during hard-templating (nano-
casting) to obtain mesoporous materials.

Secondly, the precursors are impregnated into the template. In the mostly used wet
impregnation approach the liquid precursor, either as a melt or dissolved in a solvent,
gets into the pores by capillary forces. As the solvent evaporates it does so faster outside
of the templates forcing the remaining liquid into the pores. [110] Full impregnation,
however, is not easily achieved due to limited wetting of the surfaces. [111] An incomplete
filling may lead to a structural instability in the product. [21] Another requirement is that
the precursor does not react with the template, as this would destroy the integrity of the
structure. In the next step the precursor transforms into the product. This can either
happen by calcination like in most cases or any other chemical reaction. For example,
when mesoporous silica is used as template direct calcination in air is possible whereas
inert gas has to be used for oxygen sensitive materials or carbon templates. [103,104]

During the final step the template gets removed. For this the reactivity of both the
template and the product has to be considered. When a silica framework was utilized it
can either be dissolved in HF [102,112] or NaOH. [21] In case of a carbon-template it can
be burned away in air. [74]

One major drawback of the nanocasting method is that the synthesis is rather cumber-
some and costly. Especially, as the template has to synthesized prior to the reaction
itself. Moreover, the removal of the templates is arduous and limits the choice in
materials. [24]
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3
Synthesis and catalytic performance of vanadium oxide

nanoparticles

3.1. Abstract

Vanadium oxides nanoparticles are promising catalysts and enzyme mimetics as vana-
dium is present in many enzymes. Vanadium(IV) oxide nanoparticles, however, have
not been investigated as such. Here we describe a hydro-/solvothermal method to
obtain VO2(B) nanorods as well as VOx nano-urchins and sheets. On that account
it was examined how the water:ethanol ratio influences the morphology and compo-
sition. At high water concentrations, rod-shaped VO2 nanoparticles formed whereas
high ethanol amounts led to VOx sheets and pure ethanol yielded VOx nano-urchins.
Additionally, alcohols with different chain lengths were used as solvent and surfactant.
The morphology of the nanoparticles changed from urchin-like to sheets with increasing
chain length due to steric hinderance. The catalytic activity of the vanadium oxide
nanoparticles was assessed for the peroxidase activity in the oxidation of 2,2´-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS). All vanadium(IV) oxide nanoparticles
showed promising peroxidase activity which was the highest for the VOx nano-urchins.
The surface area of the VO2 nanorods and VOx nano-urchins and sheets was determined
with BET. Subsequently, the catalytic activity of the vanadium oxide nanoparticles was
related to their surface area.

3.2. Introduction

Vanadium oxide nanoparticles have garnered great interest over the last years, as they
have versatile applications in catalysis, [113–115] as thermochromic/elctrochromic/electro-
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optic devices, [116,117] electrodes for lithium/sodium ion batteries, [118–120] gas sensors, [121]

supercapacitors [122] and electrochemistry. [123] Recently nanoparticles have also been
investigated as enzyme mimics due to their similar sizes, reactivity and same metals as
in the active centers of enzymes. [124,125] Compared to enzymes nanoparticles have the
advantage of longer half life time, lower cost and higher chemical stability. [126] Among
nanopmaterials Fe3O4

[127] and Au [128] nanoparticles show promising enzyme mimetic
properties. Another likely candidate for enzyme mimetic behavior are vanadium-based
nanoparticles. Vanadium is in the active center of many enzymes like peroxidases,
haloperoxidases and nitrogenases. [129–132] This is due to the fact that vanadium can
readily change between different oxidation states. Thus vanadium can participate in
redox-reactions. André et al. [113] successfully demonstrated, V2O5 nanowires exhibit
halo- and peroxidase activity. Yet, the catalytic activity of other vanadium oxides has
not been examined. Well known for many applications [114,133] VO2 nanoparticles hold
promise to act as enzyme mimetics as well.
Generally, there are many parameters that factor in the catalysis of nanoparticles such
as structure, surface area, shape/morphology, wetting of the surfaces and interface
interactions. [28,31,134–137] This myriad of factors complicates the systematic study of
nanoparticle systems. However, one of the key parameters in catalysis is the accessible
surface area that is always cited for the high reactivity of nanoparticles, as the catalysis
occurs on the surface of the particles. [28] Despite this fact, the actual surface area of
the nanoparticles is rarely determined. In most cases the catalytic activity is plotted
over the concentration disregarding that only the surface atoms are available for the
reactions. Therefore it is worthwhile to directly correlate the actual surface area of
nanoparticles with their catalytic properties to determine the impact of the surface area.
There are several reported methods for the synthesis of VO2 as well as for other vanadium
oxide nanoparticles. The most common way to synthesize vanadium oxide nanoparticles
are hydrothermal and solvothermal routes [138–141] (see also chapter 2). Solvothermal
synthesis are versatile as they have many tunable experimental parameters such as
temperature, solvent, precursor, capping agents [142] which can all determine the shape of
the synthesized nanoparticles. In particular, the choice of solvent controls the reactivity,
solubility and diffusion of the precursors. [143] In binary mixed solvents these factors can
be tuned accurately which leads to different morphologies when the volume ratio of
the solvents is varied. [144] Thereby vanadium oxide nanoparticles with different shapes
e.g. spheres, [138,145] rods, [146–149] sheets [141,150] and urchin/flower-like [151–154] can be
obtained. The most promising structures in terms of high surface areas are the sheets
and urchin-like particles. In many cases, however, the size of those particles exceed
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several hundreds of nanometers leading to a relatively small surface area. Thus it is
a major challenge to synthesize urchins in the nanometer regime. As a consequence a
synthesis of nanometer-sized urchins and sheets is highly desirable to increase the surface
area. For this purpose the reactivity has to be finely adjusted to avoid uncontrolled
growth to larger particles.
This chapter describes the synthesis of VO2(B) nanorods and VOx nano-urchins and
sheets via a versatile solvo-/hydrothermal route. On that account the influence of
the solvent composition is systematically investigated in regard of the nanoparticle
morphology and phase. The solvent composition, namely the water:ethanol ratio, has
a pronounced effect on the particle morphology. The morphology changes from rods
over sheets to urchins with an increasing ethanol amount. Additionally alcohols with
varying chain lengths are employed as solvent capping agents. The parameters of the
VOx nano-urchin formation are investigated more closely in the terms of temperature
and Pluronic F127 concentrations. The VOx nano-urchins are heat treated to obtain
V2O5 nanoparticles with different morphologies. Furthermore the catalytic activity of
the VO2(B) nanorods and VOx urchins and sheets is studied using 2,2´-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS) as model substrate for the peroxidase
activity. Revealing all investigated vanadium oxide nanoparticles possess a peroxidase-
like activity. Then the surface area of the sheet, rods and urchin-shaped vanadium oxide
nanoparticles is determined using BET which reveals a pronounced effect of the surface
area on the catalytic activity.
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3.3. Experimental Section

Materials All starting marterials were used without further purification or treatment.
Pluronic F-127, Vanadyl acetylacetonate (98%, VO(acac)2), ethanol (p.a.), 1-propanol
(p.a.) and 1-octanol (≥99%) were purchased from Sigma Aldrich. Benzyl alcohol (BzOH,
99%) and 1-dodecanol (98%) were obtained from Acros Organics. The used tert-butanol
(99%) was purchased from abcr.

Synthesis

Synthesis of VO2(B) nanorods In a typical synthesis 150mg of Pluronic were dis-
solved in 5mL of ethanol before 140mg of VO(acac)2 were added and stirred for 3 h.
The solution was poured into 20mL water in a 50mL Teflon-lined autoclave and kept
at 453K for 24 h. The product was separated by centrifugation (15min, 9000 rpm)
and further purified by washing with 15mL ethanol. Then the nanoparticles were
precipitated by centrifugation, dried in a vacuum oven at 313K for 12 h. The product
was stored at ambient temperature.

Synthesis of VOx sheets After 150mg of Pluronic F127 were dissolved in 24.7mL
of ethanol, 140mg of VO(acac)2 were added and the solution was stirred for 4 h. Then
0.3mL of water were added and the solution was transferred into a 50mL Teflon-
lined autoclave and kept at 453K for 1 d. When the content was cooled to ambient
temperature the product was centrifuged (15min, 9000 rpm). In a final washing step
15mL of ethanol were added to the nanoparticles and the product was collected by
centrifugation (15min, 9000 rpm). Subsequently, the product was dried in a vacuum
oven (313K) for 10 h.

Synthesis of VOx urchins Typically, 150mg of Pluronic F-127 were dissolved in
25mL of ethanol prior to the addition of 140mg of VO(acac)2. After stirring for 4 h
the solution was given into a 50mL Teflon-lined autoclave and heated to 453K for 24 h.
The obtained product was precipitated by centrifugation (9000 rpm, 15min) and washed
with 15mL ethanol once before the particles were precipitated again by centrifugation
(15min, 9000 rpm). For storage the nanoparticles were dried in a vacuum oven (12 h,
313K) and stored at ambient temperature.

Synthesis with dodecanol Pluronic F127 (150mg) were dispersed in 25mL of dode-
canol (25mL) in a water bath at 313K. Then 140mg of VO(acac)2 were added and the
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solution was stirred for 4 h at the same temperature. Subsequently the reaction mixture
was transferred into a 50mL Teflon-lined autoclave and heated to 453K for 24 h. The
brown product was precipitated by centrifugation (9000 rpm, 10min) and washed with
15mL of ethanol.

Heat treatment of the VOx urchins The dried VOx were heated to 453K in a corun-
dum boat with a heating rate of 2K/min. This temperature was kept for 4 h before the
sample was allowed to cool down at a rate of 2K/min.

Materials characterization

TEM, HRTEM, EDX Nanoparticles were characterized by transmission electron mi-
croscopy (TEM) using a Philips EM420 instrument with an acceleration voltage of
120 kV. Alternatively a Zeiss LEO 906e was used. For sample preparation a dilute
ethanolic suspension of the nanoparticles was deposited on a carbon coated copper grid.
High resolution (HR) TEM images, and energy dispersive X-ray (EDX) spectroscopy
images were acquired on a FEI Tecnai F30 S-Twin microscope with a 300 kV field
emission gun.

X-ray Diffraction X-ray diffraction patterns were recorded with a Bruker AXS D8
Discover diffractometer equipped with a HiStar detector using graphite monochroma-
tized Cu Kα radiation. Samples were glued on top of glass using a VP/VA copolymer
(vinylpyrrolidone/vinylacetate) solution in isopropanol. Crystalline phases were identi-
fied according to the PDF-2 database using Bruker AXS EVA. [155]

X-ray Photoelectron Spectroscopy The samples were measured with an ESCA from
PREVAC equipped with an SCIENTA R4000 X-ray photoelectron spectrometer using
Mg Kα radiation (330W, 15 kV, 22mA).

Infrared and Raman Spectroscopy Fourier-transformed infrared (FT-IR) spectra
were measured on a Bruker Tensor 27 spectrometer. The samples were prepared in a
KBr pellet. Raman spectra were recorded using a Horiba Jobin Yvon LabRAM HR 800
spectrometer equipped with a CCD-detector. Further the Raman spectrometer was
coupled to an Olympus BX41 optical microscope applying 50x magnification with a slit
width of 100µm. A HeNe laser with a wavelength of 632.8 nm and a spotsize of 2×2µm
was employed for excitation.
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N2 sorption experiments Nitrogen sorption experiments were performed using a
Quantachrome autosorb 6B instrument using N2 as the adsorbate at 77K. The multipoint
Brunauer-Emmett-Teller (BET) method was used to determine the specific surface area.
Before analysis the samples were dried in a vacuum oven at 313K for 12 h.

Peroxidase activity The peroxidase activity of the VO2 nanorods, VOx nano-urchins
and sheets as well as bulk V2O5 was determined spectrophotometrically using 2,2´-
azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) as an electron donator by
measuring the formation of the radical ABTS cation at 405 nm (ε420nm=36.8mM−1

cm−1) [156] on a Cary 5G UV-IS-NIR spectrophotometer (Varian Inc., Palo Alto, CA,
USA) after hydrogen peroxide (H2O2) addition. [113] Typically, the peroxidase activity
was measured in Milli-Q water by varying the concentration of the analyte (0-5µg/mL)
and keeping the concentrations of ABTS (0.5mM) and H2O2 (0.2mM) constant for 120 s
at 298±2K. The slight background reactions between the nanomaterials and ABTS as
well as H2O2 and ABTS were determined and subtracted from the obtained reaction
rates. Mean values of the initial ABTS oxidation rates of three traces were used in the
calculations.

3.4. Results and Discussion

3.4.1. Influence of the solvent composition

There are many reaction parameters that influence the shape, phase and composition
of nanoparticles in solvothermal reactions (see chapter 2.3.3). Here we elaborate
the influence of the used solvent or solvent composition, respectively, [15,143] on the
morphology of vanadium oxide nanoparticles. It has been reported that the solvent plays
a crucial role in the shape evolution of nanoparticles. [141,157] Therefore, different mixtures
of water and ethanol were employed to synthesize vanadium oxide nanoparticles while
the other parameters (reaction time, temperature, amount of Pluronic and precursor
concentration) were kept constant.

Morphology The morphology in dependence of the solvent composition is monitored
using TEM as shown in Figure 3.1. The water:ethanol ratio was varied systematically
between pure water and pure ethanol. Figure 3.1a depicts the nanoparticles obtained
in pure water. There are nanorods with a highly polydispers aspect ratio. The length
of the rods alters between 150 nm and several microns whereas the width is between
20 nm and 200 nm. When a water:ethanol ratio between 4:1 (20mL:5mL) (Figure 3.1b)
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Figure 3.1.: TEM micrographs of the reaction products with different water:ethanol
ratios. a) 25mL:0mL b) 20mL:5mL c) 15mL:10mL d) 10mL:15mL e)
5mL:20mL f) 2.5mL:22.5mL g) 0.5mL:24.5mL h) 0.3mL:24.7mL and i)
0mL:25mL water:ethanol.
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and 3:2 (15mL:10mL) (Figure 3.1c) is used nanorods are formed as well. Those rods,
however, are distinctly smaller and less polydispers than the ones in pure water. The
width of the rods is in the range between 20 nm and 80 nm and the length between
100 nm and 220 nm. There is no discernable difference in the nanorod morphology for
mixtures between a 4:1 and 3:2 water:ethanol ratio. The particles remain rod shaped
with an increasing ethanol concentration. Albeit the polydispersity rises again as is
demonstrated for a water:ethanol ratio of 2:3 in Figure 3.1d. In contrast the rods
agglomerate into disordered bundles for a 1:5 ratio which is depicted in Figure 3.1e.
At a water:ethanol ratio of 1:9 the nanoparticles are no longer rod shaped but more
isotropic although without a distinct shape (see Figure 3.1f). A significant morphology
change occurs at high ethanol (above water:ethanol 1:49) concentrations. In that case
plate- or sheet-like nanoparticles with a narrow size distribution are obtained which
are shown in Figure 3.1h and Figure 3.1g. For the latter there are some remnant small
nanoparticles reminiscent of the morphology gained with a 1:9 water:ethanol ratio (see
Figure 3.1f). The dimension of those plates is about 50-70 nm in both cases. The
thickness of the sheets can be determined from plates that are accidentally vertically
oriented on the grid. It is about 5 nm. Figure 3.1 displays the nanoparticles synthesized
in pure ethanol. They exhibit a morphology like a sea urchin. The size of the urchins is
around 200 nm. The structure of the sea urchin shaped nanoparticles can be derived
from the sheets which is illustrated in Figure 3.2. Basically, a single urchin consists of

Figure 3.2.: Schematic representation of the morphological relation between the sheets
and urchins.

multiple sheets that coalesce together disorderly. The driving force for this process might
be the different colloidal stability of the sheets depending on the solvent. Additionally,
the sheets that build up the nano-urchins seem to be smaller than the free standing
ones which facilitates congregation.
In summary, three distinct morphologies, rods, sheets and urchins, can be synthesized
by varying the water:ethanol ratio. Therefore, the solvent composition is a powerful
tool to affect the shape of vanadium oxide nanoparticles.
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Crystallinity Figure 3.3 summarizes the X-ray diffraction patterns of the products
prepared with different water:ethanol ratios. X-ray diffraction patterns of the products
prepared with water, and water:ethanol ratios between 5:1 and 1:4 exhibit the reflections
of VO2(B) (JCPDS 812392) see Figure 3.3 a-e. Some reflections have significantly
sharper reflection profiles than others. This points to anisotropic crystallite sizes as
the reflections become sharper with increasing crystallite size according to Scherrer´s
formula. Anisotropic crystallite sizes are in good agreement with the rod-shaped
morphology of the nanoparticles as depicted in Figure 3.1a-e where the reflections along
the length of the rods are expected to be sharper. Further for the rods obtained in
pure water as a solvent the reflections in the (00l) direction are weak. For the product
with a water:ethanol ratio of 1:9 (see Figure 3.3f) the profiles of the X-ray diffraction
pattern are distinctly broader and less pronounced than for VO2(B) in Figure 3.3a-e.
The main reflex, however, comes nearly at the same 2Θ value as VO2(B) suggesting
the product is VO2(B) as well albeit with very poor crystallinity. The X-ray diffraction
patterns of products with high amounts of ethanol, above a water:ethanol ratio of 1:49
(see Figure 3.3g-i), share the same reflections, except for the one at 15.7◦ 2Θ which is
not present in the sample with pure ethanol. The matching reflections make it highly
likely that those products share the same main crystalline phase, although the exhibited
reflections are distinctly broad and weak. The broad reflections, however, fit to the
morphology observed in the TEM images as shown in Figure 3.1g-i. Those samples
consist of nanostructures with thin layers that either form sheets or urchins. It is typical
for layered structures to have very broad reflections that merge into each other making
it hard to allocate individual reflections. In addition, the overall crystallinity of the
samples is weak leading to a high background. Therefore it is not possible to assign the
crystalline phase of the products due to poor crystallinity of the sample and layered
morphology. To conclude the change of the underlying motif in morphology observed
using TEM from rods to layered structures is accompanied by different crystalline phases
from VO2(B) for the rods to a presumably layered structure.

Reaction parameters of the urchin formation

As the urchin-like VOx nanoparticles have the most intriguing morphology of the
synthesized nanoparticles, the reaction parameters of the nano-urchin formation are
examined further in terms of temperature and influence of Pluronic F127.
The influence of the reaction temperature on the VOx urchin formation is investigated
using TEM. Figure 3.4 shows the reaction products obtained at 423K and 473K in
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Figure 3.3.: X-ray diffraction patterns of the reaction products with different wa-
ter:ethanol ratios. a) 25mL:0mL b) 20mL:5mL c) 15mL:10mL
d) 10mL:15mL e) 5mL:20mL f) 2.5mL:22.5mL g) 0.5mL:24.5mL
h) 0.3mL:24.7mL and i) 0mL:25mL water:ethanol.
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Figure 3.4 a and b, respectively. The urchins synthesized at 453K are depicted in
Figure 3.1i. In all images VOx urchins are in esse confirming temperatures as low as

Figure 3.4.: TEM micrographs of the VOx nano-urchin formation at different reaction
temperatures, namely a) 423K and b) 473K.

423K are sufficient for urchin formation. The size of the urchins, however, is dependent
on the reaction temperature. At 423K most of the urchins are small, below 100 nm,
although there are also bigger agglomerates. The VOx urchins enlarge with increasing
temperature up to several microns and coalesce at 473K due to a higher growth rate.
On the other hand the spines/petals of the urchins nearly retain their size despite the
temperature variation.
Moreover, the influence of the Pluronic F127 amount was determined with the aid
of TEM. The products without and with 1000mg of Pluronic F127 are depicted in
Figure 3.5a and b. A TEM image of the urchins synthesized with 150mg of Pluronic is
displayed in Figure 3.1i. There are also flower-like nanoparticles with their typical petals

Figure 3.5.: TEM images of the VOx nano-urchin formation in dependence on the
amount of Pluronic F127 used. a) 0mg and b)1000mg of Pluronic F127.
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without the aid of Pluronic. Yet, several nanoparticles tend to coalesce. This leads to
multipod-shaped particles with petals. Thus Pluronic is not essential in the formation
of the urchins but rather their stabilization against agglomeration. In contrast, very
high concentrations of Pluronic F127 (1 g) disrupt the nano-urchin formation. Instead
ill-defined particles without any particular morphology are obtained that are obviously
smaller than the urchins.

Heat treatment of the urchins

There are several reasons to heat treat nanoparticles. For example, the crystallinity
usually improves upon heat treatment which is desirable for weakly crystalline particles
like the urchins. When the heating is done in air nanoparticles can be oxidized leading
to other oxides either retaining or changing the morphology of the pristine particles.
The morphology change upon heat treatment is monitored with TEM as depicted in
Figure 3.6a and b. After heating to 453K for 3 h (heating rate 2K/min) the morphology
of the product resembles balls of paper (see Figure 3.6a). Basically, the petals of the
as synthesized nano-urchins have started to roll up and sinter together retaining their
approximate shape. The same morphology is obtained when the sample was heated to
523 and 623K for 3 h. In contrast rod-shaped nanoparticles with a short aspect ratio
are obtained when the sample is heated to 723K for 3 h with a heating rate of 2K/min.
The X-ray diffraction patterns of the heat treated samples are illustrated in Figure 3.6c.
Both products show the reflections typical for V2O5 (JCPDS: 01-0777-2418), see tic
marks at the bottom of Figure 3.6c. The reflections are sharper and more pronounced for
the product heated to 723K which is typical for higher annealing temperatures. Further,
the sharper reflections are in good agreement with the observed particle morphology as
the rods are bigger than the product heated to 423K. To conclude, the diffractograms
confirm a phase transition of the VOx urchins to V2O5 at temperatures as low as 423K.
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3.4.2. Influence of the type of alcohol used

The influence of the water:ethanol ratio on the morphology is discussed in chapter 3.4.1.
When ethanol is used as a solvent nano-urchins are obtained. In a next step the effect
of different alcohols will be investigated as the chain length and bulkiness of the solvent
molecules often plays a crucial role in particle morphology. [15,70,158] To determine the
influence of the chain length linear alcohols are used which are ethanol, propanol, octanol
and dodecanol. Tert-butanol was applied as a typical example of a bulky alcohol as was
BzOH which is commonly used in the synthesis of various nanoparticles [71,159]

Morphology Figure 3.7 presents the TEM images of the vanadium oxide nanoparticles
synthesized with different alcohols. As demonstrated before nanoflowers with many
disordered petals are obtained (see Figure 3.7 a). When propanol is used as solvent the
reaction also yields nanoflowers as depicted in Figure 3.7. These nanoflowers, however,
are smaller and have fewer petals than the ones with ethanol. Further, the whole
nanoparticles are smaller. Going to even longer alcohols such as octanol and dodecanol
there are no nanoflowers as illustrated in Figure 3.7c and Figure 3.7d, respectively.
Instead, sheets (around 100 nm) are formed for octanol, whereas crumpled sheets are
obtained in dodecanol. The structural evolution of the nanoparticles with increasing
chain length of the alcohols is schematically illustrated in Figure 3.8. With growing
chain length of the alcohols the steric hinderance gets more pronounced. With the
alcohols attached to the nanoplates formed during the reaction limit how close two
petals can get. Therefore there are less petals for propanol compared to ethanol as a
solvent. For the longest alcohols the chain length is long enough to completely avoid
congregation of the plates. This steric hindrance leads to isolated plates in case of
octanol and dodecanol .The different petal sizes may be attributed to distinct reactivity
of the VO(acac)2 in different alcohols. For comparison alcohols with different sterics the
bulky tert-butanol and BzOH were used as solvents as well. The obtained nanomaterials
are depicted in Figure 3.7f and e respectively. When tert-butanol is used rod-shaped
nanoparticles form that agglomerate into microparticles. In case of BzOH rod-shaped
nanoparticles are obtained as well. The length of the rods is polydisperse. In contrast
to the rods with tert-butanol the amount of agglomeration is lower. These results show
that the sterics of the solvent plays a crucial role in nanoparticle morphology. Depending
on the alcohol either two- or one-dimensional nanobuilding blocks make up the obtained
nanomaterials.
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Crystallinity For further characterization X-ray diffractograms are recorded from the
products obtained with different alcohols as solvents. The X-ray patterns are summa-
rized in Figure 3.9. The X-ray patterns of the products obtained with ethanol, propanol
and octanol exhibit the same broad reflections which can be seen in Figure 3.9a-c. As
discussed in chapter 3.4.1 it is not possible to assign the crystalline phase of the products
unambiguously due to the broad reflections and poor crystallinity. Nevertheless the
products have the same phase which is in good agreement with their similar morphology
depicted in Figure 3.7 a-c. In case of dedecanol the diffraction pattern is very broad
with some weak reflections that deviate from the reflections observed for short-chain
alcohols (see Figure 3.9 d). Here it is not possible to assign a definite crystal structure
due to the weak crystallinity and broad reflections. Both, the X-ray diffraction patterns
of the products synthesized with tert-butanol and BzOH exhibit no reflections and can
be described as amorphous. Altogether all products are only weakly crystalline (or
amorphous) independent of the used alcohol.
To conclude, the chain length of the alcohols influences the morphology of the nanopar-
ticles from nano-urchins to sheets probably due to steric influences. This morphology
change is not connected to a phase transition as the nanoparticles have the same phase
(with exception for dodecanol). For bulky alcohols like BzOH and tert-butanol different
shapes are obtained and no crystalline phase can be observed. Thus the solvent has a
clear influence on the particles morphology if not crystallinity.

3.4.3. Rods, Sheets and Urchins

The following subsection concentrates on the further characterization of the VOx urchins,
sheets and VO2 rods as those nanoparticles have the most promising morphologies.
Therefore, these nanoparticles are characterized using FT-IR, Raman, EDX, HR-TEM
and XPS measurements.

FT-IR measurements Figure 3.10 shows the FT-IR spectra of the VO2 nanorods,VOx

sheets and urchin-like morphology. For the rods the IR spectrum shows the strong
edge-sharing V-O stretching vibration at 548 cm−1 and the weaker V-O-V bending
vibration at 924 cm−1. [138,160] The remaining bands are very weak and that might be
due to some remaining ligands at the surface. The IR spectra of the nano-sheets as well
as the urchins share all bands and their relative strength to each other - albeit some
bands are slightly shifted. Thus the urchins and sheets are chemically very similar with
reference to their IR spectra. The edge-sharing V-O stretching vibrations cause the
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band at 516 cm−1 for the sheets and at 524 cm−1 for the nano-urchins. Additionally the
band at 1050 cm−1 is probably due to V=O stretching vibration in the nano-urchins and
nano-sheets. [161]The CH2 symmetric and asymmetric stretching bands of alkyl moieties
appear at 2876, 2925 and 2973 cm−1. Further, the bands at 898 cm−1 and 852 cm−1

might be assigned to the C-CH3 stretching vibration. Compared with the nanorods the
nano-urchins and sheets have a higher degree of organic moieties. Although the exact
structure of the urchins and sheets is unknown, it can be ruled out that the IR spectra
of the urchins as well as the sheets resemble those of the precursor VO(acac)2. Both
spectra are lacking the strongest bands of VO(acac)2 at 1533 cm−1 and 1560 cm−1 that
can be assigned to the C=C and C=O stretching bands (see Figure A.1 as reference
FT-IR spectrum of VO(acac)2). [162]

Raman measurements Furthermore, the VO2 nanorods as well as the VOx urchins
and sheets are also characterized utilizing Raman spectroscopy as depicted in Figure 3.11.
For the nanorods the Raman spectrum shows peaks at 283 as well as at 406 cm−1 that can
be assigned to the V=O bending vibration. The band at 477 cm−1 belongs to the V-O-V
bending vibration. Further, the broad peak at 526 cm−1 corresponds to the stretching
mode of triply coordinated V3-O. The V2-O band is located at 695 cm−1 whereas
the V-O stretching band appears at 878 cm−1. Additionally, there is another peak at
929 cm−1 which is attributed to V4+=O. [163] The strong Raman peak at 995 cm−1 is
caused by the V=O stretching mode with a terminal oxygen. [164,165] Thus the Raman
data corroborates that the rods consist of VO2. The different signal-to-noise ratios
between urchins and sheets on one hand and rods on the other hand, is attributed
to varying filters. The sheets and urchins decompose at the measuring conditions for
rods. Therefore the beam intensity is diminished for the sheets and urchins when the
same was done for the rods no peaks were observed. As the crystalline structure of the
sheets as well as the urchins is unknown it is difficult to assign bands unambiguously.
Both, urchins and sheets, exhibit their strongest band at the same wavenumber namely
855 cm−1. This position is typical of V-O stretching. Additionally, a weak band appears
at 366 cm−1 which is caused by V-O bending modes. [166] In good agreement with the
XRD and IR data the Raman spectra suggest the sheets and urchins have the same
structure as they have the same characteristic peaks. The difference in full width at
half maximum of the VOx urchins and sheets is due to their respective morphology.
The urchins show a higher degree of disorder as the petals are randomly oriented which
leads in turn to a peak broadening in the Raman spectrum.
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EDX and Electron diffraction For further characterization of the nano-sheets the
composition is investigated using EDX as depicted in Figure 3.12a. The EDX confirms
the presence of vanadium, oxygen, carbon and copper in the sample. The copper
signal originates from the copper grid on which the sample is measured. Additionally,
the carbon signal might be partially caused by the carbon coating of the grid. The
carbon signal partly stems from the organic moieties that act as capping agents for
the nanoparticles as the FT-IR spectrum of the sheets indicate the presence of alkyl
groups (see Figure 3.10). Therefore the sheets themselves consist of vanadium and
oxygen whereas the carbon is likely from the ligands surrounding the nanoparticles.
Figure 3.12b shows a darkfield image of the nano-sheets with a size between 50 and
70 nm. Here upended sheets with a thickness of 5 nm can be observed. Some electron
diffraction pattern of the nanoplates can be seen in Figure 3.12c and d. Figure 3.12c
thereby depicts the patterns in plate direction. The distances are 6.6 and 23.8Å with
extinctions along the short axis. A diffraction pattern from the side of a platelet can
be seen in Figure 3.12 and shows distances of 14.7Å. Overall the reflections are very
broad and the crystallinity is very poor additionally. Unfortunately it was not possible
to determine the cell parameters of the VOx sheets with electron diffraction, especially
since the crystallinity is poor and the material is beam-sensitive. The sheets decompose
under the beam. There is either bubble formation or hole etching like in Figure 3.12e
(in the red circle) prohibiting a structure determination with electron diffraction.

XPS measurements XPS spectra of the nanorods, urchins and sheets are recorded in
order to determine the oxidation state of the vanadium oxide in the nanoparticles. They
are depicted in Figure 3.13. For XPS spectra the peak position is dependent on the
oxidation state of the compound. The rods, urchins and sheets exhibit the vanadium
2p peak at the same energy namely 516.4 eV. Further, the oxygen 1s peak concurs at
530 eV for all of them. The matching peak positions suggest that the rods, urchins
and sheets have the same vanadium oxidation state. Since the crystalline phase of the
rods is known to be VO2 from XRD and Raman investigations (see Figure 3.11 and
Figure 3.3) the investigated samples have a V4+ oxidation state ,accordingly. Further
the obtained energies are in good agreement with the literature values where vanadium
2p is 516.9 eV and oxygen 1s comes at 530 eV according to Mendialdua et al.. [167]
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3.4.4. Peroxidase activity

Vanadium is in the active center of various enzymes like haloperoxidases or peroxi-
dases which catalyze a two-electron oxidation in a substrate utilizing hydrogen perox-
ide. [113,129,130] Therefore, vanadium oxide nanoparticles are likely candidates for the
catalysis of peroxidase reactions. One established method to determine peroxidase
activity is whether particles catalyze the oxidation of ABTS with the aid of of H2O2.
Figure 3.14 illustrates the chemical structure of ABTS and the reaction scheme of its
oxidation. Upon oxidation a metastable radical cation (II) is formed fast which will be
referred to as radical ABTS cation. Slowly the radical ABTS cation disproportionates
yielding the initial ABTS as well as an azodication (III). ABTS possesses an adsorption
maximum at 340 nm while the radical ABTS cation has its adsorption maximum at
405 nm [168,169] and 652 nm in the presence of H2O2 which allows to monitor the reaction
by means of UV-VIS spectroscopy.
In order to gauge the influence of the nanoparticles on the ABTS oxidation, UV-VIS
spectra of ABTS are recorded after incubation with the VO2 rods, VOx urchins and
sheets and subsequent centrifugation. These spectra are depicted in Figure 3.15a in
comparison to an ABTS blank. All UV-VIS spectra show the typical absorption band
of ABTS at 340 nm as well as the absorption of the radical ABTS cation in the 405 nm
range. While ABTS gets oxidized the absorption at 340 nm drops and increases around
405 nm (see arrows). The UV-VIS spectra of the ABTS blank and the VO2(B) sample
are close together. In contrast there is a higher amount of the radical ABTS cation when
VO2(B) is applied as the adsorption is discernibly higher around 410 nm. In contrast the
samples with the nano-urchins and -sheets both show a significantly lower adsorption at
340 nm and a higher adsorption at 405 nm compared to the ABTS blank. For further
quantification a steady-state kinetic assay of the VOx urchins, sheets as well as the VO2

rods is measured which is shown in Figure 3.15b. Bulk V2O5 is used as reference as it
has a reported peroxidase activity. [113] Here the reaction velocity (V0) is plotted over the
nanoparticle concentration which is varied between 0 and 5µg/mL while the ABTS and
H2O2 concentrations are kept constant. For the determination of the reaction velocity
the formation of the radical ABTS cation is monitored at 405 nm and is converted
regarding the extinction coefficient and Lambert Beer´s law. The reaction velocity rises
with increasing vanadium oxide concentration for all samples. This rise shows that the
reaction velocity is dependent on the the vanadium oxide concentration confirming the
catalytic activity of all samples. Bulk V2O5 has the lowest ascent followed by VO2(B)
where the slope is considerably higher which is in good agreement with the observed
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UV-VIS spectra. The slope is steeper for both the urchins and sheets with the highest
rate for the urchins.
The surface areas of the nanoparticles and bulk V2O5 were determined using a multi-
point BET measurement in order to relate the observed catalytic activities with their
surface areas. The BET data is summarized in Figure A.2 in the appendix. For VO2(B)
nanorods the surface area is measured to be 21.7m2/g which is in the typical size
regime for nanorods. [170] In contrast the surface area for the urchins and sheets are
distinctly higher with 124.6 and 73.9m2/g, respectively. Here the thin sheets with a
high surface-to-volume ratio are responsible for the high surface values. Especially
the surface area of the VOx urchins is remarkably high compared with the surface
areas reported in the literature for most of the flower- and urchin-like particles. For
example, Xu et al. [154] synthesized urchin-like V2O3 particles with a surface area of
48.57m2/g and Pan et al. [153] produced flower-like V2O5 with 33.64m2/g surface area.
The disparity in surface area is caused by the different overall size of the particles which
is in the nanometer regime for the VOx urchins whereas the other ones have sizes in the
micrometer regime. Another factor is the thickness of the ‘petals‘, the thinner the petals
the higher the surface area. Pang et al. [151] obtained flower-like V4O9 microparticles
with a surface area of 107.9m2/g due to thin layers of 2 nm that form the flowers.
Typically for nanoparticles their surface areas are much higher than the value for bulk
V2O5 which is 8.4m2/g.
Thus taking the surface areas into account the catalytic activity increases with the
surface area. The nanoparticles with the highest surface area, urchins and sheets, exhibit
the highest rates (see Figure 3.15) while those for the rods and bulk V2O5 with smaller
surface areas are lower. For quantification the reaction velocity was normalized to the
surface area and plotted against the nanoparticle concentration. These steady-state
kinetics are depicted in Figure 3.16. Here in contrast the lowest rate belongs to the VOx

urchins followed by that of the sheets. The rate is higher for bulk V2O5 and topmost
for VO2(B) nanorods. This findings highlight the strong influence of the surface area of
the nanoparticles. The urchins and sheets are not such good catalysts in reference to a
given surface area but this is overcompensated by their high surface area which gives
them the highest activity overall. It is not possible to pinpoint which other factors are
responsible for the difference in the activity between urchins/sheets and rods. Further,
the catalytic activity of VO2(B) is promising for a given surface area as it even surpasses
that of V2O5.
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3.5. Conclusions

To summarize, a new hydro-/solvothermal synthesis was established which yielded vana-
dium oxide nanoparticles with various morphologies. The impact of the water:ethanol
ratio was investigated in terms of composition and morphology. At high water concen-
trations VO2(B) nanorods are obtained, that are highly polydispers in pure water and
gives the best results at a water:ethanol ratio between 4:1 and 3:2. In contrast, VOx

nano-sheets evolve, when a water:ethanol ratio of 1:9 is employed. In pure ethanol, VOx

nano-urchins form that can be described as congregated sheets. The reaction conditions
for the urchin-formation were more closely examined in terms of reaction temperature
and Pluronic F127 concentration. In a seperate step, the urchins were subjected to
annealing which lead to V2O5 crumbled spheres and rods. The nanorods, sheets and
urchins were characterized with TEM, IR, Raman, XRD and XPS.
Additionally, the influence of the solvent was investigated. For this alcohols with different
chain lengths were used. With increasing chain length the morphology changes from
urchin-like to sheets. The morphology change is likely induced by the steric hinderance
of longer-chained alcohols. In contrast with bulky alcohols (tert-butanol) and BzOH
rod-shaped vanadium oxide nanoparticles were obtained that tend to agglomerate.
In order to assess the catalytic activity, the peroxidase activity was investigated for the
VOx nano-urchins, sheets and VO2(B) rods by oxidation of ABTS. All vanadium(IV)
oxide nanoparticles exhibit peroxidase activity that is higher than for bulk V2O5. The
VOx nano-urchins thereby have the highest absolute peroxidase activity closely followed
by the VOx nano-sheets. As the surface area of nanoparticles is one of the key factors
in catalysis the surface area of the vanadium oxide nanoparticles was determined using
BET. The VOx urchins and sheets have high surface areas of 124.6 and 73.9m2/g,
respectively. In contrast, the rods possess a lower surface area of 21.7m2/g. Those
surface area values are in good agreement with the impact of the surface area on the
catalytic activity as the nanoparticles with the highest surface area show the highest
activity. Then the peroxidase activity was normalized to the surface area of the rods
that is distinctly higher than the similar activity of the urchins and sheets. This result
confirms the strong effect of the surface area.
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Figure 3.6.: TEM micrographs of the VOx urchins heated with 2K/min to a) 453K
and b) 723K for 3 h each. c) X-ray diffraction pattern of the urchins
heated to 453 and 723K, respectively, and tic marks of V2O5 at the
bottom.
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Figure 3.7.: TEM micrographs of the VOx nanoparticles in dependence on the used
solvent that is a) ethanol b) propanol c) octanol d) dodecanol e) BzOH
f) tert-butanol.

Figure 3.8.: Schematic illustration of the gradual morphology change of the VOx

nanoparticles from urchin-like to sheets obtained with alcohols having
different chain lengths.
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Figure 3.9.: X-ray diffractogramms of the reaction products obtained with different
alcohols as solvents. a) Ethanol b) propanol c) octanol d) dodecanol e)
BzOH and f) tert-butanol.

Figure 3.10.: IR spectra of the VO2 nanorods (black), VOx nano-sheets (red) and
VOx nano-urchins.
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Figure 3.11.: Normalized Raman spectra of the VO2 rods (black), VOx nano-sheets
(red) and nano-urchins (green).
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Figure 3.12.: a) TEM EDX and b) darkfield image c) and d) electron diffraction
pattern and d) darkfield image showing radiation damage of the VOx

nano-sheets.
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Figure 3.13.: XPS data of the VO2 nanorods (black), VOx nano-sheets (red) and
nano-urchins (green).

Figure 3.14.: Chemical structure of ABTS and its oxidation products and their emis-
sion maxima that occur during the ABTS oxidation with H2O2 according
to Childs and Bardsley. [168]
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Figure 3.15.: a) Steady state kinetic study of VOx urchins, sheets and VO2 rods
compared to bulk V2O5. The reaction rate is determined for different
nanoparticle concentrations. b) UV-VIS spectra of ABTS (50µL, 10mM)
with 20µL H2O2 (10mM) in 880µL acetate buffer (pH=4, 100mM) after
incubation with 50µL (1mg/mL) VOx urchins, sheets and VO2 rods for
60min and centrifugation as well as a blank without nanoparticles with
the same concentration. (Diluted 1:10)

Figure 3.16.: Steady-state kinetic assay of VOx urchin, sheets and VO2 rods compared
to bulk V2O5 by variation of the NP concentration normalized to the
surface area.

40



4
Synthesis of crystalline tantalum oxide and tantalate

nanoparticles and their photocatalytic behavior

4.1. Abstract

Alkali metal tantalates are of interest for applications in photocatalysis as well as in high
temperature resistance or for capacitor dielectric materials. We have synthesized nano-
sized Ta2O5 rods and MTaO3 cubes (M=Na, K, Rb) hydrothermally and demonstrate
the pH dependence of the synthesis of Tantalum oxide and tantalate nanoparticles. The
morphologies of the nanoparticles range from particle agglomerates in acidic reaction
media over rods at neutral pH to tantalate cubes in basic reaction media. Whereas
there is no apparent influence of the base cation on the particle morphology, there is
a pronounced effect on the particle composition. At high base concentrations cubic
tantalate particles with a pyrochlore structure are formed. The pyrochlore structure
allows a complete ion exchange through the tunnels in the structure by replacing the
alkali metal ions by H+ while retaining the particle morphology. The as-synthesized
particles show promising photocatalytic properties.

4.2. Introduction

One of the challenging issues in nanotechnology is the ability to establish protocols
for the scalable synthesis, and enhanced properties of nanoscale engineered advanced
materials. Many improved pathways for the synthesis of such nanomaterials with
tunable properties have been reported recently. [171] Among transition metal oxides,
tanalum pentoxide (Ta2O5) has proven as a potential candidate in electronics and
photoelectrics due to its high dielectric constant, high refractive index, low internal
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stress and high resistivity. [172–174] Ta2O5 has also been used as an anti-reflection layer
in solar cells and for nonlinear optical applications. [175] Moreover, it shows very good
thermochromic properties, and its optical properties can be altered by raising the
temperature. Furthermore, such systems can be employed in solid electrolyte fuel
cells and waste water recovery. [176,177] However, unlike for other metal oxides, reports
on a controlled synthesis of tanalum oxide in the nanoregime are scarce. Hydrother-
mal, [178–184] solvothermal, [159,185–187] sol–gel approaches [188,189] ultrasonic methods, [190]

reactions in microemulsions, [61,191,192] and templating methods [193,194] have been applied
to synthesize Ta2O5 and alkali metal tantalate (NaTaO3 and KTaO3) nanoparticles
and powders. [195–201] The majority of the reported NaTaO3 and KTaO3 particles ex-
ceed the size of 100 nm. As a major drawback of most of these synthesis methods of
nanoparticles is the lack of crystallinity of the tanalum oxide nanoparticles since only
amorphous particles can be recovered. Therefore, these nanoparticles always require a
thermal post-treatment above 873K [185] to improve crystallization. Only recently Ta2O5

nanorods [178] and flowerlike Ta2O5 nanostructures [179] were obtained by a hydrothermal
method using hydrofluoric acid. Hence, synthetic routes avoiding the use of toxic
chemicals are highly desirable.
In this chapter a versatile hydrothermal method is introduced, which allows us to
obtain crystalline Ta2O5 nanorods without further heat treatment. In addition, various
cubic alkali metal (Na, K, Rb) tantalate nanoparticles are obtained, of which especially
Rb2Ta2O6 has not been reported before. Additionally, cubic Ta2O5 nanoparticles are
synthesized via fast ion exchange of the tantalates and subsequent heat treatment.
Moreover, we present a systematic study to evaluate the influence of the reaction pH
value as well as the respective precursor base for the composition and morphology of the
nanoparticles. The reactivity of the tantalates in terms of ion exchange is monitored,
and the photocatalytic activity of the prepared materials is studied by monitoring the
degradation of Rhodamine B (RhB) as a model substrate.
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4.3. Experimental section

Materials All chemicals were used without further purification. Tantalum (V) ethoxide
(99.98%), sodium hydroxide (pellets, p.a.), potassium hydroxide (flakes, p.a.), and
rubidium hydroxide hydrate were purchased from Sigma Aldrich. Tantalum(V) n-
butoxide (95%) and rubidium hydroxide solution (50 wt%, 99%) were obtained from
ABCR, ethanol (p.a.) from VWR and a 0.1N sodium hydroxide stock solution from
Roth.

Synthesis

Synthesis of alkali tantalates with cubic morphology In a typical reaction
0.335mL (0.80mmol) of tanalum(V) n-butoxide was added to a beaker to 4mL of
ethanol. The sol was aged in a desiccator under a humid atmosphere by keeping a
Petri dish containing water at the bottom of the desiccator over a period of 20 h. The
formed gel was mixed with 20mL of a solution containing 0.1M of the alkali hydroxide
(potassium hydroxide, rubidium hydroxide or sodium hydroxide solution, respectively).
The resulting solutions were transferred into a 50mL Teflon-lined autoclave and kept
at 473K for 60 h. Finally, the contents of the reaction vessels were cooled to room
temperature, then the product was separated by centrifugation at 9000 rpm for 15min.
The obtained product was further purified by washing twice with 20mL water each
time.

Synthesis of HTaO3 by ion exchange of the alkali tantalate nanoparticles The
as-prepared samples were sonicated with 20mL of (2M) hydrochloric acid for 30min,
centrifuged, and washed with 25mL water followed by 25mL ethanol. The particles
were dried in vacuo for 12 h.

Annealing of the HTaO3 nanoparticles HTaO3 nanocubes were heated to 1023K
over 3 h and maintained at that temperature for 12 h.

Synthesis of the Ta2O5 nanorods Ta2O5 nanorods were synthesized by gelation of
tanalum(V) n-butoxide, carried out as described above for the synthesis of cube-shaped
alkali tantalates. The formed gel was transferred to a 50mL Teflon-lined autoclave
together with 20 mL of a 5mmol base solution, sealed, and kept at 473K for 60 h. The
resulting colorless solid was centrifuged (15min, 9000 rpm) and washed twice with 20mL
water.
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Annealing of the Ta2O5 nanorods The as-synthesized nanorods were dried using a
vacuum line overnight, and subsequently heated to 1123K in a corundum boat with a
heating rate of 5K per minute and kept there for 12 h.

Materials characterization

TEM, HRTEM, and EDX The nanoparticles were characterized by transmission elec-
tron microscopy (TEM) using a Philips EM420 instrument with an acceleration voltage
of 120 kV. TEM samples were prepared by dropping a dilute ethanolic suspension of
the nanoparticles on a carbon coated copper grid. High resolution (HR) TEM images,
and energy dispersive X-ray (EDX) spectroscopy images were acquired on a FEI Tecnai
F30 S-Twin microscope with a 300 kV field emission gun. TEM/HRTEM images and
FFT patterns were acquired with a CCD camera (14-bit GATAN 794MSC). For a
quantitative EDX analysis carbon coated gold or nickel grids were used to avoid the
overlap of the Ta L-lines (11.67 – 7.173 keV) with the Cu K-lines (8.048 – 8.028 keV).
EDX spectra were acquired and quantified with the Emispec ESVision software.

X-ray techniques Powder X-ray diffraction patterns were recorded with a Siemens
D5000 diffractometer equipped with a Braun M50 position sensitive detector in trans-
mission mode using Ge (200) monochromatized CuKa radiation. Samples were prepared
between two layers of Scotch Magic. Phase analyses were performed according to
the PDF-2 using Bruker AXS EVA 10.0. Rietveld refinements for quantitative phase
analysis, determination of the composition and evaluation of crystallite sizes, respec-
tively, were performed according to reported structure models using Topas Academic
V4.1. [202] Reflection profiles were generated according to the fundamental parameter
approach [203] applying a correction for anisotropic crystallite morphologies. Within this
model individual crystallite (CSh) sizes are computed for each reflection (hkl) according
to the quadratic form CSh = 1/norm{hT × Cij × h} in which h is the reciprocal lattice
vector corresponding to (hkl) and Cij = (ai)

1
2 × (aj)

1
2 is the symmetric second rank

tensor of the square roots of the crystallite dimensions in direction i and j in the basis
of the crystal lattice. X-ray fluorescence (XRF) measurements were carried out on a
PANalytical aXios 4 kW instrument using SuperQ/OMNIAN V 5.0D PANalytical B.V.,
Almelo, the Netherlands (2009). The samples (20mg) were measured in a boric acid
pellet (2 g) as matrix.

Photocatalytic measurements Freshly prepared solutions (0.5mg/mL) of as syn-
thesized nanoparticles mixed with rhodamine B (RhB) solution (0.001 mg/mL) were
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irradiated under a 8W UV-Lamp using UV light of wavelength λ= 254 nm and 366 nm.
UV-VIS spectra were measured using a Cary Varian 5G UV-VIS-NIR spectrometer.

4.4. Results and Discussion

4.4.1. Influence of the pH value

In order to demonstrate the effect of pH on the morphology, various experiments were
performed by changing the amount of added base (NaOH) while keeping all other
parameters constant. This resulted in reaction pH values between pH=3 and pH=13.
The products were characterized using TEM. TEM and representative overview TEM
images shown in Figure 4.1 depict the particle morphologies in dependence on the pH
value. In acidic media (pH=3 in Figure 4.1a) and pH=4 (see Figure 4.1b) a mixture
of small needles along with big agglomerates were obtained. A snapshot after 12 h
was taken which also yielded agglomerates. Therefore it is not possible to obtain non
agglomerated nanorods at acidic pH. At pH=7 (Figure 4.1c) and pH=8 (in Figure
4.1d) rod-shaped nanoparticles were formed with a broad distribution of size and aspect
ratio. The average width of the rods is about 9 nm for pH=7 and pH=8 whereas the
length of the rods varies between 30 nm and 600 nm. In contrast to an acidic reaction
medium there is no agglomeration of the nanorods at near neutral pH values. Both,
Figure 4.1f and Figure 4.1g, show the cube-shaped morphology of the nanoparticles
produced at pH=12 and pH=13. The cuboidal nanoparticles at pH=13 exhibit a higher
polydispersity and are more distorted than the ones obtained at pH=12. Additionally
the particles are smaller and have a mean length of 12±6nm (histogram see Figure A.3).
In Figure 4.1e (corresponding to a pH value of 9) nanorods and parallelepiped-shaped
nanoparticles coexist. Figure 4.1h compiles the NaOH concentrations used to obtain
the different pH values in the reaction mixture before hydrothermal treatment. There
is no change of the pH values during the reaction as confirmed by pH measurements
before and after the reaction.
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Figure 4.1.: (a-g) TEM micrographs of the tanalum oxide nanoparticles at different
pH values. a) pH=3 b) pH=4 c) pH=7 d) pH=8 e) pH=9 f) pH=12 and
g) pH=13. h) shows the pH values of the reaction mixtures before (and
after) the hydrothermal treatment based on the NaOH concentration.
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The X-ray diffraction patterns of the products obtained at different pH values are
summarized in Figure 4.2. According to the X-ray diffraction investigations, that are
depicted in figure 4.2 the crystalline products formed upon reaction at pH=3 and pH=4
are single phase Ta2O5. The (00l) reflections exhibit significantly sharper reflection
profiles than reflections of general (hkl). This points to anisotropic crystallite sizes
and was therefore taken into account in the corresponding refinements. The crystallite
sizes determined this in this way are 41(1) nm in the a,b plane and 70(1) nm in c
direction for the nanorods obtained at pH=3 and 47(1) nm in a,b plane vs. 75(1) nm
in c direction for the nanorods obtained from the reaction carried out at pH=4. The
X-ray diffraction patterns of the products prepared at pH-values of 7 and 8 exhibit
still the reflections corresponding to Ta2O5. Yet, the profiles of the Ta2O5 phase are
broader and in addition, very broad intensities of a non-identified phase appeared. X-ray
diffraction patterns of the products prepared at pH values of 9, 12 and 13 exhibit the
reflections of defect-pyrochlore-type tantalic acid "HTaO3". [204] The product prepared
at pH=9 is a mixture of tantalic acid with Ta2O5 (15(1) %wt, crystallite size 48(2) nm)
whereas the one prepared at pH=13 is a mixture of tantalic acid with NaTaO3

[204]

(17(2) %wt, crystallite size > 100 nm). The product prepared at pH=12 is single phase
pyrochlore-type tantalic acid and exhibits the highest crystallinity within the series of
different pH values, i.e. 47(1) nm at pH=12 vs. 33(1) nm at pH=9 and 21(1) nm at
pH=13. The crystal chemistry and in particular the exact structure and composition of
the defect-pyrochlore-type group V and VI metal acids is a complex matter that cannot
be resolved from laboratory X-ray diffraction data of nanoparticular samples. On the
other hand, the Rietveld refinements for the pH=9, pH=12 and pH=13 samples point
to substantial amounts of sodium cations on the proton positions. The refinements were
therefore performed assuming an idealized composition H2−xNa2xTa2O6[2219]yH2O
with protons and sodium cations on the 16d site and water molecules of crystallization
on the 8b site. At pH=9 virtually all protons are substituted (x=2.00(6)), increasing the
pH value their amount decreases to x=0.84(1) at pH=12 and x=0.78(2) at pH=13, which
are identical within 1σ. For further details see Table A.1 in the appendix. Kanhere
et al. reported that a higher NaOH concentration favors the formation of perovskite
NaTaO3 over the pyrochlore Na2Ta2O6 described in this work. The perovskite however
appears only at base concentrations higher than the ones used in this work.
For large-scale synthesis reactions can be carried out in a 250mL autoclave yielding
up to 800mg in one batch. Here the morphology of the products remains is unaltered
by upscaling which is one of the advantages of hydrothermal reactions as previously
discussed in chapter 2.3.3.
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Figure 4.2.: X-ray diffraction patterns and corresponding Rietveld fits (red dots: ob-
served intensity, black line: fit, red line: difference curve) of the products
prepared at different pH values and corresponding tic marks of HTaO3
(top), NaTaO3(middle) and Ta2O5 (bottom).
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In summary, there is a strong dependence of the morphology as well as the composition of
the tanalum oxide species on the pH value. This influence can partially be understood as
analogous to the Stöber process with silica. [205,206] The occurrence of agglomerates at low
pH values can be assigned to a fast hydrolysis rate at low pH values compared to higher
ones. Additionally the acidic surface of tanalum oxide facilitates the agglomeration of
nanoparticles. With increasing pH the sodium concentration rises and the formation of
sodium tantalate occured rather than that of tanalum oxide. The cubic unit cell of the
nanoparticles is responsible for the cube-like morphology of the product instead of rods
obtained at lower pH. Hence the pH value is a valuable tool for tuning the morphology
of the product.

4.4.2. Influence of the base (counter cation) at pH=7 and pH=12

As we observed neutral or basic pH values of 7 and 12 resulted in the formation
of well-defined nanorods and cube-shaped nanoparticles. Therefore these conditions
were used to further explore the effect of the counter cation while keeping the other
parameters constant. In order to evaluate the influence of the cation, NaOH, KOH
and RbOH were used as precursor bases with concentrations of 5mM and 100mM,
respectively. The pH value before and after the reaction was neutral for all used bases
with a base concentration of 5 mM. When a 100 mM base solution was used the pH
was 12 for all precursor bases, before and after the reaction. In order to clarify the
phase composition of the as synthesized products with 100 mM NaOH, KOH and RbOH
X-ray powder diffraction data were collected. The X-ray diffraction patterns shown
in Figure 4.3 resemble that of the defect-pyrochlore tantalic acid. According to the
Rietveld refinements (cf. Table A.2 in the appendix), the approximate composition of the
samples is Na0.88H1.12Ta2O6×0.37 H2O, K0.97H1.03Ta2O6 and Rb0.2H1.8Ta2O6×H2O.
XRF measurements were carried out to determine the ratio between the tantalates and
tantalic acid in the nanoparticles. For details see Table A.3 in the appendix. For RbOH
an atomic ratio of Rb:Ta of 1:1.27 was found. When KOH was used as a base to keep
the pH constant, an K:Ta atomic ratio of 1:2.19 was obtained. The discrepancy between
the compositions determined from the XRD and the XRF data indicates the principal
limits of X-ray diffraction for the analysis of nanomaterials. TEM images (Figure 4.5)
show the morphologies of the nanoparticles synthesized at pH 7 with 5mM KOH (in
Figure 4.5a) and RbOH (Figure 4.5c).
The powder X-ray patterns of products obtained with 5mM NaOH, KOH and RbOH are
summarized in Figure A.5 (see appendix). The crystalline phase of all rods is identical

49



Synthesis of crystalline tantalum oxide and tantalate nanoparticles and their
photocatalytic behavior

Figure 4.3.: X-ray diffraction patterns and corresponding Rietveld fits (red dots: ob-
served intensity, black line: fit, red line: difference curve) of the products
prepared with 0.1 m RbOH, KOH or NaOH respectively. Bottom tick
marks for the pyrochlore structure.
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as they exhibit the same broad reflexes that cannot be assigned to a phase due to the
weak crystallinity. For further characterization EDX was performed on the rods to
confirm the elemental composition illustrated in Figure 4.4. Only tantalum and oxygen

Figure 4.4.: EDX of the tanalum oxide rods obtained with 5mM RbOH.

are contained in the samples without any trace amounts of rubidium. This is due to the
low alkali metal concentration in the solutions. Thus this confirms that the rods are
indeed tantalum oxide.
TEM images show the morphology of the products with different bases, KOH and
RbOH, synthesized at pH=7 and 12 (see Figure 4.5). In each case (e.g. for NaOH
in Figure 4.1) non-agglomerated nanorods were obtained. The product exclusively
contained anisotropic particles. The mean width of the nanorods is 8 nm for both RbOH
and KOH. Hence there is no discernable morphological difference between the rods
synthesized with different bases. Figure 4.5c and d show TEM images of nanoparticles
obtained from solutions containing 100mM of KOH and RbOH, respectively. With
KOH, cubic nanoparticles with almost round edges were obtained having an average
length of 34±7 nm. No differences in morphology were found between products with
either KOH or NaOH. However, when RbOH was used to adjust the pH cube-shaped
nanoparticles with a slightly broader size distribution of 26±13 nm were obtained
(compared to nanoparticles obtained using KOH)(see Figure A.4).
The HRTEM images in Figure4.6 reveal details of the crystal structure of the cubes
as well as the rods. The HRTEM image of the nanoparticles from 100mM RbOH
solution (Figure 4.6a) indicates that the particles are mesocrystalline, i.e. they consist
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Figure 4.5.: TEM micrographs of the nanoparticles yielded with different bases at
different pH values. a) pH=7 with KOH and b) RbOH as applied base
and c) KOH at pH=12 and d) RbOH at the same pH.

of individual small crystallites. The crystallinity of the nanocubes was confirmed by
fast Fourier transform (FFT, Figure 4.6b). A HRTEM image of the nanorods reveals
stacking and lateral disorder in the rods as depicted in Figure 4.6c. The fast Fourier
transform image (Figure 4.6d) corroborates the model of crystallinity even though the
reflections are blurred due to disorder in the observed area.

4.4.3. Ion exchange in the tantalates and heat treatment

Ion exchange in the pyrochlore structures is a known phenomenon where the alkali
metal ions on the intra-channel positions of the pyrochlore framework can be replaced
by other cations like H3O+ [204] or Pb2+. [176] This offers the opportunity to change
the composition of the nanoparticles from tantalates to tantalic acid without a change
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Figure 4.6.: a) HRTEM image of the cubes with 0.1M RbOH and corresponding FFT.
c) HRTEM micrograph of the Ta2O5 nanorods synthesized with 5mM
RbOH and associated d) FFT of the nanorods.

in morphology. Hence the tantalates were treated with dilute HCl (2M) to replace
M+ (M=Na, K, Rb) in the structure by H3O+. For ion exchange experiments the
tantalate nanoperticles synthesized with 100mM KOH, NaOH and RbOH, respectively,
are used. TEM measurements of the HCl-treated tantalate nanoparticles (Figure 4.7a)
reveal no apparent change in morphology or size distribution during the treatment with
HCl. The nanoparticles maintain their cubic shape and remain faceted. The particles,
however, appear to have rounded edges after the treatment. The extent of the ion
exchange was monitored by XRF. The K:Ta ratio of the nanoparticles, synthesized with
100 mMKOH, dropped to K:Ta 1:30 after acid treatment. The corresponding X-ray
diffraction patterns are composed in Figure 4.8. The X-ray diffraction pattern of the
ion exchanged sample exhibits significant changes of the intensity of some reflections,
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i.e. (311), (222), (044) and (622), and a slight shift of all reflection towards higher
scattering angles corresponding to a decrease of the lattice parameter from 10.6324(2)Å
to 10.6014(2)Å (see Table A.4 in the appendix). According to the results of the Rietveld
refinements the composition changes from K0.97H1.03Ta2O6 to H2Ta2O6×0.45H2O. Thus,
the K+ions are fully replaced by protons and additional water molecules of crystalization.
The same effect was found for NaTaO3 and RbTaO3, where virtually no traces of alkali
metal were found (see Table A.3 in the appendix). This data corroborates an ion
exchange in the tantalate nanoparticles. Ion exchange opens a route to cube-shaped

Figure 4.7.: TEM images of a) the tantalate nanoparticles after acid treatment, b)
heat treated cubes after 12 h at 923K, and c) annealed nanorods after
12 h at 1023K.

tantalum oxide nanoparticles via thermal dehydration of HTaO3. TEM images of a
sample heated to 923K for 12 h confirm that the nanoparticles retain their morphology
(Figure 4.7b) after heat treatment. The tantalum oxide nanorods were annealed for
12 h at 1023K to improve their crystallinity. TEM data (see Figure 4.7c) reveals
the calcinated product to retain a rod-like morphology although the aspect ratio has
decreased in comparison to the as-synthesized samples. TEM studies show a smaller
aspect ratio as the length of the rods decreases while the width increases.
Quantitative phase analyses (see Figure 4.8) reveal both heat treated samples to be phase
pure orthorhombic Ta2O5 (Ta2O5-oP14). The crystallite sizes of the cubic nanoparticles
correspond to an aspect ratio of 1.5, while 2.9 is found for the rods in agreement with the
higher anisotropy of the rods compared to the cubes, even at elevated temperatures. The
details of the Rietveld refinement as well as the measuring parameters ae summarized
in Table A.4 in the appendix. Without prior acid treatment of the cubes, no phase
transformation occurs up to 1023K for all tantalates.
The HRTEM images of the annealed rods and cube-shaped tantalum oxide nanoparticles
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Figure 4.8.: X-ray diffraction patterns and corresponding Rietveld fits (red dots: ob-
served intensity, black line: fit, red line: difference curve) of (i) tantalum
oxide rods after annealing at 1123K for 12 h, (ii) cubes after annealing at
1023K for 12 h, and (iii) tantalates after and (iv) before acid treatment.
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revealed the detailed crystal structure through their corresponding FFT patterns as
depicted in Figure 4.9. For the annealed rods the predominant growth direction is along

Figure 4.9.: a) HRTEM image of the heat treated rods (12 h, 1123K) with b) the
corresponding FFT pattern. c) HRTEM micrograph of the heat-treated
cubes (12 h, 1023K) synthesized with 0.1M KOH and the corresponding
FFT pattern in d).

the [010] direction. Additionally the annealed rods (Figure 4.9a) show a high degree of
disorder orthogonal to the growth direction illustrated by the drawn-out spots in the
FFT image in Figure 4.9b. The disorder is less pronounced in the annealed cubes that
are shown in Figure 4.9c. However, they are not single crystalline but rather consist of
various crystallites which is reflected in the FFT patterns (see Figure 4.9d). The FFT
analysis confirms for both samples that the heated cubes as well as the rods consist of
orthorhombic Ta2O5 in agreement with the PXRD data.
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4.4.4. Photocatalytic activity

The photocatalytic activity of the nanoparticles is explored by mixing dispersions with
a RhB solution and irradiation with UV light. Figure 4.10a shows the UV-VIS spectra
of the solutions after centrifuging the nanoparticles exposed to UV-light for 18 minutes.
Figure 4.10b shows a photograph of the corresponding vials. Cube-shaped KTaO3,

Figure 4.10.: a) UV-VIS spectra of the samples after UV-light irradiation for 18 minu-
tes and centrifugation of the nanoparticles. b) Digital photograph of the
corresponding solutions from the left to the right: control RhB solution,
KTaO3, HTaO3, Ta2O5 (rods), Ta2O5 (cube shape)(750◦C), and Ta2O5
(rods) (850◦C)

HTaO3 and as-synthesized Ta2O5 nanorods lead to a complete degradation of RhB
dye; no absorbance of RhB could be observed. Virtually no RhB absorbance is found
after 8 minutes irradiation for the rods, after 4 minutes for cube-shaped HTaO3 and
after 12 minutes for cube-shaped KTaO3. The activity difference between cube-shaped
HTaO3 and KTaO3 can be attributed to the acidic groups on the surface of HTaO3,
which facilitate the degredation of the dye. An absorbance of RhB can be observed
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for both heat-treated samples. The absorbance dropped to 22% and 34% compared
to the RhB control for the Ta2O5 cubes and rods, respectively. As control experiment
the samples were stirred with RhB in the dark for 18min. There was virtually no dye
degradation in the dark for all samples as can be seen in Figure A.6 in the appendix.
Possible reasons, why the heat treated Ta2O5 did not degrade RhB as fast as their
as-synthesized counterparts (in spite of their higher crystallinity) might be that this
crystalline phase is not as catalytically active as the as-synthesized phases. Additionally,
it is likely that the surface area of the samples decreased upon annealing. Additionally,
the wetability of the Ta2O5 surface might decrease during the heat treatment.

4.5. Conclusions

In summary, we synthesized nanosized Ta2O5rods and MTaO3 cubes (M=Na, K, Rb) by
a facile hydrothermal route. Furthermore we demonstrated the pH dependence in the
synthesis of tantalum oxide and tantalate nanoparticles. Similarly as for titanates [207]

the obtained morphologies range from particle agglomerates in acidic reaction media to
rods. With varying pH value the obtained morphologies range from particle agglomerates
in acidic reaction media over rods at neutral pH to tantalate cubes at neutral pH to
tantalate cubes in basic reaction media. Whereas there was no apparent influence of
the base cation on the particle morphology, [208] there was a pronounced influence on
the particle composition. At high base concentrations cubic tantalate particles with a
pyrochlore structure formed. The pyrochlore structure allowed a complete ion exchange
through the tunnels in the structure replacing all alkali metal ions with H+ while
retaining the morphology. Thereby cube shaped HTaO3 nanoparticles were obtained.
In addition the as-synthesized particles showed promising photocatalytic properties. For
this their catalytic activity towards RhB degradation was tested.
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5
Synthesis of mesoporous tantalum oxide and loading

with palladium nanoparticles

5.1. Abstract

Noble metal nanoparticles supported on mesoporous oxides have garnered the interest
of researchers and scientists for catalytic applications. They show promising synergystic
properties as they surpass the catalytic properties of their individual compounds. We
synthesized mesoporous tantalum oxide (mTa2O5) nanoparticles with high surface area
(over 165m2/g) and monomodal pore sizes (3.7 nm) via a template-free self-assembly
process. The annealing of as synthesized mTa2O5 resulted in increased pore diameters
(up to 8.1 nm) and crystallinity. The mTa2O5 were functionalized with amine groups
using 3-aminopropyltriethoxysilane (APTES) to facilitate as subsequent binding of noble
metal nanoparticles. Palladium nanoparticles grew onto mTa2O5 in a sonochemical
reaction to form a nanocomposite (Pd@mTa2O5) with an intact mesoporous structure.

5.2. Introduction

Noble metal nanoparticles have attracted great interest over the last decades due to
their formidable catalytic, electrical and optical properties. [3,45,209] In particular, they
catalyze a myriad of different reactions and various substrates. [28,210,211] Since small
nanoparticles tend to agglomerate and lose surface area. Noble metal nanoparticles are
commonly dispersed on solid oxide supports which improves their thermal stability. [212]

Moreover, the supports can also play an active role in catalytic reactions through
synergistic interfacial interactions. The supports provide either surrounding acid/base
and redox sites or an active metal/metal oxide interface which improves the catalytic
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performance of the noble metal nanoparticles. [213–216] Additionally metal nanoparticles
might enhance light absorption and charge-carrier separation in semiconducting metal
oxide supports. Often mesoporous oxides are used as solid support owing to their high
surface area and pores in the same size regime as the metal nanoparticles. Due to
their high surface area mesoporous oxides are used as catalysts to catalyze various
reactions such as redox reactions, [24] photocatalytic hydrogen evolution [21,174,217,218]

and Acetal-/Ketalization. [219] In turn noble metal particles can improve those reactions
as well as alter the chemoselectivity. [220]

While there are several methods used for the synthesis of bulk mesoporous transition
metal oxides [26,84,85,219,221–224] the preparation of mesoporous transition metal nanopar-
ticles remains a challenge due to their high reactivity compared to silica. [26,93] Especially
for mTa2O5 nanoparticles there are a few protocols reported so far. The high hydrolysis
rate leads to bulk [85,91,218,222,225–227] or large size mTa2O5 microparticles [217,228,229] or
poorly shaped mTa2O5 nanoparticles. [223,230] The most common way to synthesize
mesoporous materials are template-assisted routes where the mesoporous structure is
predetermined by either a hard (like nanocasting) or soft (e.g. Pluronic F127) template
as discussed in chapter 2.4. One of the advantages of syntheses without auxiliary
templates is that there are no arduous subsequent steps required for template removal.
Additionally, mesostructures may collapse upon template removal. [231] Sometimes the
reactivity of mesoporous materials is not only linked to their surface area but to the
pore size and crystallinity as well. Therefore, mesoporous materials are subjected to
a subsequent heat treatment to induce crystallization which can also alter the pore
size. [220,222]

In general, there are two different approaches to load metal nanoparticles onto meso-
porous supports: i) co-precipitation and ii) impregnation. For the former, the metal
nanoparticles and the support are synthesized simultaneously whereas for the latter
the metal nanoparticles are loaded onto the pre-formed supports. [216,232–234] One of
the major drawbacks of the co-precipitation is the deviating condensation and growth
kinetics as well as the chemistry of the metal oxide and metal precursors. Often this
prohibits co-assembly and leads to a phase separation at the macro scale . For the
impregnation approach either the pores are impregnated with a liquid precursor and the
nanoparticles form in situ or preformed nanoparticles are deposited onto the mesoporous
support. [235,236] The main problem is the limited wetting/distribution of the nanopar-
ticles resulting in inhomogeneous or low nanoparticle loading. Here the mesoporous
support is functionalized with amine groups first. The amine groups facilitate the
impregnation of the palladium precursor as well as a homogeneous nucleation and
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growth of nanoparticles.
This chapter describes a simple template-free method which allows to obtain spherical
mTa2O5 nanoparticles with high surface areas (over 165m2/g) and narrow pore size
distributions. First the reaction parameters (acid/base, Pluronic amount, temperature)
are optimized to get uniform, reproducible mTa2O5. In addition, a subsequent heat
treatment yields crystalline mTa2O5 nanoparticles retaining a mesoporous structure.
The average pore size of the nanoparticles can be controlled via the heating time as
the pore sizes increase with heating time. Furthermore, the mTa2O5 nanoparticles
are decorated with palladium nanoparticles after a foregoing amine functionalization.
The Pd@mTa2O5 retain their mesoporous structure and high surface area values as
measured using nitrogen sorption experiments (according to Brunauer, Emmett and
Teller (BET)).

5.3. Experimental

Materials All starting materials were used without further treatment or purification.
Pluronic F-127, tantalum(V)-n-butoxide (Ta(OnBu)5), 3-aminopropyltriethoxysilane
(APTES) (≥98%), absolute ethanol, toluene (p.a.), and sodium tetrachloropalladate(II)
(98%) were purchased from Sigma Aldrich. Toluene (extra dry, 99.85% was obtained
from Acros Organics.

Synthesis

Synthesis of mTa2O5 Typically Ta(OnBu)5 (0.23mL, 0.53mmol) was added dropwise
to 5mL of ethanol. After the solution was stirred for 4 h, it was rapidly poured into
a 50mL Teflon lined autoclave filled with 20mL of water. The autoclave was kept
at 473K for 8 h. After cooling to room temperature, the obtained colorless product
was centrifuged (15min, 9000 rpm) and the supernatant was discarded. Subsequently,
the product was washed with 15mL of ethanol twice and recovered by centrifugation
(15min, 9000 rpm). The particles were dried in vacuo at 313K for 12 h and stored at
ambient temperature.

Calcination of mTa2O5 The dried as synthesized mTa2O5 were heated to 923K in a
corundum boat with a heating rate of 3K/min and maintained at this temperature for
1, 3 or 6 h, respectively.
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Amine functionalized mTa2O5 The reaction was carried out in an argon atmosphere.
For amine functionalization, 5mg of mTa2O5 nanoparticles were dispersed in 25mL of
dry toluene and heated to 363K. Then 50µL of APTES were added and the reaction was
stirred overnight. The product was precipitated by centrifugation (10min, 9000 rpm),
washed with 10mL of toluene and redispersed in 5mL of ethanol.

Palladium functionalization of amine-functionalized mTa2O5 (Pd@mTa2O5) The
palladium nanoparticle decoration of mTa2O5 followed the method previously reported
by Lee et al. with slight modifications. [237] The freshly synthesized amine-functionalized
mTa2O5 in 5mL of ethanol were mixed with 11.7mg of Na2PdCl4 in 15mL of ethanol.
Then the dispersion was sonicated at ambient temperature for 1 h. The resulting brown
product was collected by centrifugation (15min, 9000 rpm) and washed with 500µL of
water twice, before it was redispersed in 5mL of ethanol.

Materials Characterization

TEM, HRTEM, EDX. The nanoparticles were characterized by TEM with a Philips
EM420 instrument with an acceleration voltage of 120 kV. Alternatively, a Zeiss LEO
906e was used. For sample preparation a dilute ethanolic or aqueous solution was
dripped on a carbon coated 300 mesh copper grid. 1

XRD X-ray diffraction patterns were recorded with a Bruker AXS D8 Discover diffrac-
tometer equipped with a HiStar detector using graphite monochromatized CuKα ra-
diation. Samples were glued on top of glass using a VP/VA copolymer (vinylpyrroli-
done/vinylacetate) solution in isopropanol. Additionally, powder X-ray diffraction
patterns were recorded with a Siemens D5000 diffractometer equipped with a Braun
M50 position sensitive detector in transmission mode using Ge (200) monochromatized
CuKa radiation. Samples were prepared between two layers of Scotch Magic. Phase
analyses were performed according to the PDF-2 using Bruker AXS EVA 10.0. Rietveld
refinements for quantitative phase analysis, determination of the composition and evalu-
ation of crystallite sizes, respectively, were performed according to reported structure
models using Topas Academic V4.1. [202] Reflection profiles were generated according to
the fundamental parameter approach [203] applying a correction for anisotropic crystallite
morphologies. Within this model individual crystallite (CSh) sizes are computed for
each reflection (hkl) according to the quadratic form CSh = 1/norm{hT × Cij × h} in
1HRTEM measurements were performed by Ingo Lieberwirth
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which h is the reciprocal lattice vector corresponding to (hkl) and Cij = (ai)
1
2 × (aj)

1
2

is the symmetric second rank tensor of the square roots of the crystallite

N2 sorption. Nitrogen sorption experiments were performed with a Quantachrome
autosorb 6B instrument. The adsorbate was N2 at 77K. The multipoint Brunauer-
Emmett-Teller (BET) method was employed to determine the specific surface area. The
pore size distribution and volume were calculated with the Barrett-Joyner-Halenda
(BJH) method of desorption. Before analysis the samples were dried in a vacuum oven
(318K) overnight. 2

Fourier-transformed infrared spectroscopy FT-IR spectra were measured on a
Bruker Tensor 27 spectrometer. The samples were prepared in a KBr pellet.

Zeta potential Zeta potential (ζ-potential) measurements were conducted with a
Malvern Zetasizer Nano-ZS. Nanoparticles were either dissolved in ethanol or water
before they were filterd with a Millex-GS syringe filter (pore-size 0.22µm). The surface
potential was determined by 2x15 single measurements at T=298K. 3

2BET measurements were performed by Martin Klünker
3Zeta potential measurements were performed by Jan Hilgert and Heiko Bauer.
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5.4. Results and Discussion

The synthesis scheme of the Pd@mTa2O5 is depicted Figure 5.1. It illustrates the for-
mation process of mTa2O5 nanoparticles and their subsequent amine-functionalization
as well as the binding of palladium nanoparticles to the tantalum oxide surface. At

Figure 5.1.: Schematic representation of the synthesis and heat treatment of mTa2O5
and their subsequent amine-functionalization and decoration with palla-
dium nanoparticles.

first Ta(OnBu)5 was mixed with ethanol and aged under constant stirring for several
hours. This yields a tantalum-containing colloid. Upon addition to water mTa2O5

nanoparticles form through a self-assembly process as the small tantalum oxide colloid
particles congregate into hierarchical spheres. In a second step mTa2O5 nanoparticles
are functionalized with APTES via a condensation of silane groups onto the hydroxyl
groups of the tantalum oxide surface. The presence of amino groups on the surface
is essential for the attachment of palladium nanoparticles onto the particles. Subse-
quently palladium nanoparticles are prepared and attached to mTa2O5 in situ using an
ultrasonic synthesis. [237] Analogously, crystalline mTa2O5 nanoparticles with palladium
nanoparticles are synthesized except for an additional heating step (6 h, 923K) prior to
the amine functionalization.
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5.4.1. Synthesis of mesoporous tantalum oxide

The following section deals with the relevant reaction parameters for the synthesis of
mTa2O5 and their influence on the morphology of the nanoparticles.

Influence of bases and acids Commonly, most of the aqueous nanoparticle syntheses
are either base or acid catalysed. [74,75,90,93,238] For this reason the Tantalum containing
colloid is transferred into different acids e.g. acetic acid, HCl and bases like NH3,
NaOH for hydrolysis with the aim to obtain mesoporous tantalum oxide nanoparticles.
The TEM images of those products are compiled in Figure 5.2. Figure 5.2a shows

Figure 5.2.: TEM images of the synthesis with 0.5mL a) HCl b) acetic acid c) only
with water d) 0.5mL and e) 19mL NH3 and f) 0.5 g NaOH.

the products synthesized with 0.5mL of HCl. The TEM images reveal large particle
assemblies that consist of small particles. These assemblies, however, lack a distinct
shape. In contrast Figure 5.2b depicts the yielded product with 0.5mL acetic acid. On
the one hand there are also small particles that agglomerate randomly like with HCl.
On the other hand spherical nanoparticles are present that are between 30 and 180 nm
in diameter. Those particles are composed of a myriad of small particles which cause the
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grainy texture in the TEM images. When more acetic acid is used the amount of spheres
decreased while the agglomerates increased. As opposed Figure 5.2d and e illustrate the
reaction products with 0.5 and 19mL NH3 respectively. For both the samples consist
of small nanoparticles that construct hollow particles occasionally. In case of 0.5mL
of NH3 nanorods can be observed additionally. Those rods have the same phase as
the rods described in chapter 4.4.1. Other NH3 (between 1 and 5mL) concentrations
were investigated as well but they yield the same results as the examples described here.
Figure 5.2e illustrates the reaction product with 0.5 g NaOH. The sample comprises
cuboid-shaped particles with rounded edges in the size regime between 20 and 100 nm.
The particles resemble the NaTaO3 nanoparticles as described in chapter 4.4.1 and have
the same crystalline phase which is a pyrochlore structure. Figure 5.2 c depicts the
nanoparticles synthesized without the aid of either acid or base. The whole sample is
made up of spherical particles formed of a multitude of smaller particles. There are no
other agglomerates present.
The acids and NH3 primarily influence the small nanoparticles assembly into irregular
shapes. To conclude the best mesoporous nanoparticles are obtained with water because
the small particles assemble into regular spheres then. Henceforth only synthesis with
water will be considered in the following paragraphs.

Variation of the Pluronic F127 amount As most synthesis of mesoporous materials
are template assisted co-block polymer Pluronic F127 is chosen as a template agent. The
Pluronic F127 amount is varied to gauge its influence as depicted in Figure 5.3. When

Figure 5.3.: TEM images of the mTa2O5 nanoparticles in dependence on the Pluronic
amount. a) 600mg b) 100mg and c) 0mg Pluronic F127.

600mg of Pluronic F127 is used the product contains small randomly agglomerated
particles. Thus a high Pluronic F127 concentration hinders the assembly of the tantalum
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oxide nanoparticles into well defined mTa2O5 nanospheres. An example for 300mg of
Pluronic can be found in figure 5.2 c where the sample consists of spherical mTa2O5

nanoparticles. Figure 5.3 b shows that spherical mTa2O5 nanoparticles form with 100mg
of Pluronic F127. There is virtually no difference between 100 and 300mg Pluronic
when it comes to morphology (150mg is tested as well and yields the same morphology).
At least the reaction is carried out without Pluronic F127 and is illustrated in Figure
5.3 c. Surprisingly there are spherical mTa2O5 nanoparticles with a grainy texture as
well. Additionally some dumbbell-shaped particles appear that are also mesoporous.
Thus the formation of mesoporous particles is not dependent on Pluronic F127. As a
consequence the underlying mechanism cannot be a classical template mechanism as
no template is required. Alternatively the formation of mTa2O5 nanospheres might be
according to a self-assembly mechanism. [239] A common feature in the synthesis attempts
of mTa2O5 is that most samples consist of small particles. Merely the arrangement
of those small particles differs. Hence those particles are probably preformed in the
tantalum oxide colloid. [240] In a second step the Ta2O5 nanoparticles are poured into an
aqueous solution. There they assemble into spherical particles depending on the solvent
composition. The driving force behind the self-assembly process is the minimization of
surface energy which is the lowest for spheres. This explains why high Pluronic F127
concentrations disturb the assembly. Since they stabilize the Ta2O5 nanoparticles the
gain in surface free energy is reduced. The same is true for high acid concentrations. At
low pH the tantalum oxide surface is protonated and the charge prevents the assembly
of single particles due to electrostatic repulsion.

Other parameters As the tantalum oxide colloid precipitates immediately when
poured into water, the solid was investigated using TEM 4. Figure 5.4 b shows the
precipitate as spherical particles that resemble the particles after hydrothermal treatment
using autoclaves. Thus the mTa2O5 form promptly which is unexpected. Usually the
assembly of mesoporous materials is governed by slow processes like EISA (see chapter
2.4.1) as the high reactivity needs to be moderated for ordered mesoporous materials. [26]

In a next step the influence of the water temperature was determined. Figure 5.4 a and
c show the mTa2O5 precipitated from water at 279K and 318K respectively. For both,
mesoporous spherical particles are obtained. Yet at 318K some of the particles are
either agglomerated or dumbbell-shaped. Thus the assembly of mTa2O5 nanoparticles
cannot proceed in a regular fashion leading to uncontrolled agglomeration at higher
4It is common that the precursors precipitate in water prior to a hydrothermal treatment. Those

precipitates are agglomerates mostly.
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Figure 5.4.: TEM images of the mTa2O5 nanoparticlesin dependence of the water
temperature. Water temperature in a) 279K b) 298K and c) 318K.

temperatures. This is probably due to higher reaction rate at elevated temperatures.
In the following sections the mTa2O5 are synthesized at ambient temperatures as the
yield is reduced at 279K. Despite these findings the mTa2O5 the mTa2O5 are subjected
to hydrothermal treatment as the long time stability increased upon the hydrothermal
treatment. Since the particles are already formed it does not matter whether the
nanoparticles are heated to 473K or 453K.
Moreover the influence of the stirring time of the Tantalum containing colloid was
monitored. The stirring time was varied between 1 h and 30 h. There is no difference in
the mTa2O5 nanoparticle morphology. The morphology is independent of the stirring
time in this time interval.
To conclude the best mTa2O5 particles can be synthesized with water without additional
acid or bases at room temperature. An Pluronic F127 amount between 150 and 300mg
leads to the best spherical mTa2O5.
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5.4.2. Structural characterization

Morphology of the as synthesized an annealed mTa2O5 nanoparticles The mor-
phology of the as synthesized and heat treated mTa2O5 nanoparticles was characterized
using TEM . Representative overview TEM images are shown in Figure 5.5 for the as
synthesized (see Figure 5.5 a) and annealed for 1, 3 and 6 h respectively (see Figure 5.5
b-d) mTa2O5 nanoparticles. All samples consist of spherical particles in a size regime

Figure 5.5.: TEM micrographs of the mTa2O5 a) as synthesized and after b) 1 h c)
3 h and 6 h at 923K.

between 20 nm and 180 nm. Hence the mTa2O5 retain their shape and overall size
distribution upon annealing. Taking a closer look the mTa2O5 nanoparticles do not
have a uniform TEM contrast but are mottled. This texture originates from a myriad
of smaller (about 5 nm) Ta2O5 nanoparticles that assemble to form the mTa2O5. The
driving force behind the self-assembly into mesostructured spheres is the reduction in
free surface energy as the spheres have the lowest surface to volume ratio.
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As the annealing time increases, the texture of the mTa2O5 nanoparticles coarsens. The
diameter of the cavities (areas of lower color contrast in the TEM images) enlarge in
the particles. At the same time the small Ta2O5 building blocks grow especially in
the sample after 6 h at 923K. Furthermore after annealing for 6 h some of the whole
mTa2O5 start to sinter together.
When even higher temperatures (973K or 1073K) are employed the mTa2O5 nanopar-
ticles sinter together to a higher degree. At 1173K the mTa2O5 nanoparticles lose the
texture and shape of the as synthesized particles as can be seen in Figure 5.6. The
single mTa2O5 building blocks are completely sintered together under these conditions.
Therefore all pores are collapsed which is a common occurrence upon heat treatment. [222]

The overall size of the particles, however, is still in the nanometer regime.

Figure 5.6.: TEM micrograph of the mTa2O5 heat treated at 1123K for 6 h.

The HRTEM images in Figure 5.7 reveal the detailed structure of the as synthesized as
well as the annealed (6 h, 923K) mTa2O5 nanoparticles. In Figure 5.7 the amorphous
structure of the as synthesized can be observed as there is a random arrangement of
atoms. In addition there are areas of a low color contrast in the TEM images that
correspond to areas with (more) cavities. The SAED pattern of the as synthesized
mTa2O5 in Figure 5.7 b has neither distinct reflexes nor Debye Scherrer rings. These
findings promote the lack of crystallinity in the as synthesized samples which is in
good agreement with the X-ray diffractogram. In contrast the SAED of the heat
treated mTa2O5 (see Figure 5.7 d) exhibit distinct Debye Scherrer rings confirming
the crystallinity of the sample. Furthermore this signifies the polycrystallinity in the
observed area. Figure 5.7 c presents a HRTEM image of the heat treated nanoparticles.
As opposed to the as synthesized mTa2O5 these particles exhibit lattice fringes typical
for crystalline substances. Additionally the nanoparticles also feature cavities. Those
cavities, however, are distinctly larger than those for the as synthesized mTa2O5. Yet it
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Figure 5.7.: a) HRTEM micrograph of the as synthesized mTa2O5 and b) an associated
SAED pattern. c) HRTEM image of annealed mTa2O5 (6 h at 923K) and
d) associated SAED pattern.

is not possible to determine the exact cavity size based on the HRTEM images as the
cavities are superimposed.

Crystallinity In order to determine the crystallinity of the as synthesized and heat
treated samples, powder XRD diffractograms were recorded that are illustrated in Figure
5.8. The as synthesized mTa2O5 exhibit no crystalline phase and thus can be desribed
as amorphous. This turns out as expected since most as synthesized Tantalum oxides
nanoparticles are amorphous prior to a heat treatment. [185] Additionally there is no
crystalline phase observable for the samples heated for 1 h and 3 h at 923K, respectively.
In contrast when the mTa2O5 were annealed for 6 h the sample is crystalline. The
reflexes can be assigned to phase pure orthorhombic Ta2O5 (Ta2O5-oP14, see tic marks
in Figure 5.8). According to Rietveld refinement the average crystallite size is 23(1) nm.

71



Synthesis of mesoporous tantalum oxide and loading with palladium nanoparticles

Figure 5.8.: X-ray diffraction patterns and corresponding Rietveld fits (red dorts:
observed intensity, black line: fit, red line difference curve) of the (i) as
synthesized mTa2O5 and heat treated mTa2O5 for (ii)1 h, (iii) 3 h and (iv)
6 h at 923K. Bottom: tic marks of Ta2O5.
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This is bigger than a single nanoparticle building block of the mTa2O5 as observed in the
TEM images in Figure 5.5. Therefore it is likely that two or more nanoparticle building
blocks sinter together to form a crystallite. The details of the Rietveld refinement are
summarized in table A.5 in the appendix.

Mesoporous structure. The surface area and mesoporosity of the as synthesized
mTa2O5 as well as the heat treated samples (1, 3 or 6 h at 923K) was determined with
N2 sorption isotherms as shown in Figure 5.9 a. The slope of the isotherm between
0.05 and 0.3 p/p0 (linear region) is used to calculate the surface area (SBET ) of the
particles with the with N2 sorption utilizing the BET method. Those surface areas for
all samples are listed in table 5.1. For the as synthesized mTa2O5 nanoparticles the
surface area is 166 m2/g. This value is higher than those reported for mTa2O5 in the
literature [222,225,228,230] that are between 95, 132 and 153 m2/g whereas the latter is
reported for bulk mTa2O5. When the samples are heat treated at 923K the surface
area decreases over time. After 1 h the surface area is 110m2/g, 100m2/g after 3 h and
goes down to 65m2/g in 6 h time. Upon heating the particles start to coalescence. This
leads to a loss in surface area when two seperate particle join surfaces to form a single
particle which is in good accordance to the TEM data discussed earlier in this chapter.
A schematic representation of this process is shown in Figure 5.10.

Figure 5.9.: a) N2 soprtion isotherms and b) BJH desorption pore-size distributions
of the mTa2O5 as synthesized and heat treated at 923K for 1, 3 and 6 h.

The shape of isotherms especially at higher relative pressures is related to the mesoporous
structure. Generally mesoporous compounds exhibit a hysteresis loop. Here the
hysteresis shape is connected to the pore geometry and size distribution of the pores.
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All samples show hysteresis above 0.8 p/p0. This hysteresis suggests the mTa2O5 have
a mesoporous stucture which is preserved upon annealing. In case of the as synthesized
and shortly (1 and 3 h) heat treated mTa2O5 the hysteresis curve shows a type IV
isotherm with a narrow hysteresis curve. [241] A narrow hysteresis curve indicates an
uniform pore-size distribution. In contrast the nanoparticles that were heat treated
for 6 h have a broad hysteresis curve which start to fan out at 0.6 p/p0. Hence, those
particles posses widespread pore sizes.
Furthermore the pore-size distribution can be calculated according to the BJH method.
The obtained pore size distributions for all samples are displayed in Figure 5.9 b.

Table 5.1.: Structural parameters of the mTa2O5 in dependence on the time of heat
treatment at 923K

Time at 923K/ SBET / Pore size/ Pore Volume/
h m2g−1 nm cm3g−1

0 166 3.7 0.384
1 110 4.4 0.349
3 100 5.3 0.363
6 65 8.1 0.446

Generally the mean pore size given by the maximum in the pore size distribution
curves increases with heat treatment. The pristine mTa2O5 nanoparticles have a mean
pore size of 3.7 nm before it expands to 4.4 nm and 5.3 nm after 1 h and 3 h heating
respectively. Finally after 6 h the mean pore size reaches 8.1 nm. Additionally the
pore-size distributions get broader with heating time. The longer the nanoparticles are
annealed the more irregular the pore sizes become especially after 6 h at 923K.

Figure 5.10.: Schematic illustration of the decrease in surface area (darker blue)
and increase in pore size (green) upon heat treatment of the mTa2O5
nanoparticles.

Overall those observations are in good agreement with the hierarchical nature of the
mTa2O5 nanoparticles that consist of small Ta2O5 nanoparticles as building blocks.
Owing to their structure mesopores are formed by connected interparticle voids. When
the mTa2O5 nanoparticles are heated the separate particles start to sinter together.
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Hence, some of the pores vanish while others grow in size like it is illustrated in Figure
5.10. Taking the X-ray data into account the rearrangement of the nanoparticles starts
prior to crystallization. As the pore sizes already increase when the particles are still
amorphous (after 1 and 3 h at 923K). By and by the structural rearrangement gets
more pronounced and the mTa2O5 have enough energy to crystallize. Finally the
relatively large crystallite size of 23(1) nm supports the theory that single building
blocks coalescence.
Both the decrease in surface area as well as pore expansion is typical of mesoporous
materials with a nanoparticle aggregate nature. [225,242,243] In contrast the pores of
mesoporous materials synthesized via a template route shrink upon heat treatment due
to further condensation of the pore walls. [111,222,244] Those findings indicate mTa2O5

nanoparticles do not form via a template method although Pluronic F127, a classical
templating agent, is also used in some of the synthesis. To summarize, all structural
parameters of the as synthesized and heat treated mTa2O5 are composed in table 5.1.

5.4.3. Functionalization with palladium Nanoparticles

The amine functionalization is a crucial step in order to decorate the mTa2O5 with
palladium nanoparticles. As the as synthesized mTa2O5 nanoparticles are amorphous
no epitaxial growth can occur on the surface. Therefore the attachment of the Pd
nanoparticles is mediated via amino groups [237] due to matching Pearson hardness. [245]

This strategy is commonly used to attach nanoparticles via different functional groups
like thiols onto amorphous particles and surfaces. [237,246–248] Without amino groups
there is no attachment of Pd on the mTa2O5 surface. Amino groups are introduced to
the mTa2O5 surface in the form of 3-aminopropyltriethoxysilane (APTES). APTES has
a silane group which can bond to the nanoparticles via hydroxyl groups on the surface in
a condensation reaction. A simplified scheme of the silanisation of the mTa2O5 surface
is illustrated in Figure 5.11.

The IR spectra attest the functionalization of the as synthesized, amine functionalized
and palladium decorated mTa2O5 nanoparticles displayed in Figure 5.12. As pristine
mTa2O5 are not functionalized, there are no bands that can be assigned to organic
molecules. The broad band at 3420 cm−1 can be assigned to the Ta-O-H stretching band
whereas the band at 664 cm−1 belongs to the Ta-O-Ta stretching band. [249] At 1624 cm−1

the O-H bending band of surface -OH groups and absorbed water, respectively, can be
found. [250] After amine functionalization the particles the Ta-O-H stretching band is
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Figure 5.11.: Simplified scheme of the silanisation reaction of APTES on the mTa2O5
nanoparticle surface.

far less pronounced as some of the OH groups react with silanes. Additionally a N-H
bending vibration appears at 1650 cm−1. Further there are two weak C-H stretching
bands of C-H2 groups at at 2964 and 2927 cm−1 that can be attributed to the CH2

group in the APTES. These findings indicate an amine functionalization of the once
pristine mTa2O5 nanoparticles. When palladium is attached to nanoparticles there is
no clear change in the IR spectrum that can be clearly assigned to palladium. Therefore
other characterization methods have to be applied to confirm their presence.
Furthermore the ζ-potential of the nanoparticles was measured to draw inferences
from the zeta potential about the surface functionalization. For pristine mTa2O5 the
ζ potential is -7.7±5.06mV. In contrast the ζ-potential is 19.5±6.0mV for the NH2

functionalized Pd@mTa2O5 nanoparticles. Thus there is a marked increase in ζ-potential
which can be attributed to the amine functionalization. Typically basic amine groups
are positively charged (at acidic or neutral pH). [251,252] Therefore the ζ-potential is a
further clue for the amine functionalization.

Morphology The attachment of palladium nanoparticles to both, the as synthesized
and annealed mTa2O5 nanoparticles, is monitored by TEM (see Figure 5.13). In Figure
5.13 a and b the as synthesized Pd@mTa2O5 are displayed. The Pd@mTa2O5 maintain
the spherical morphology of the pristine mTa2O5 (see Figure 5.5 a). Additionally there
are nanoparticles attached to the mTa2O5 that have the shape of Wulff polyhedrons [18,253]

with a diameter of approximately 11 nm. Those are the palladium nanoparticles that
are uniformly spread over the mTa2O5 nanoparticles.
Figure 5.13 c and d displays the annealed (6 h, 923K) Pd@mTa2O5. The spherical
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Figure 5.12.: IR spectra of the as synthesized mTa2O5 (black), the amine functional-
ized mTa2O5 (red) and the Pd@mTa2O5 (green) nanoparticles.

shape of the heat treated mTa2O5 (shown in Figure 5.5 d) is retained. Those particles
are covered in Wulff polyhedron shaped palladium nanoparticles with a diameter around
9 nm. The palladium coverage of the mTa2O5 of the heat treated samples is not as
dense as pristine mTa2O5. This might be due to the lower reactivity of the heat treated
tantalum oxide surface. Thus the reactivity towards APTES is decreased and there are
less amine groups for palladium to attach to.

77



Synthesis of mesoporous tantalum oxide and loading with palladium nanoparticles

Figure 5.13.: TEM micrographs of the a) and b) the as synthesized Pd@mTa2O5
nanoparticles and the c) and d) heat treated (6 h, 923K) Pd@mTa2O5

Crystallinity For further confirmation of the Pd functionalization X-ray diffractograms
were recorded illustrated in Figure 5.14. The X-ray diffraction patterns of Pd@mTa2O5

with as synthesized mTa2O5 nanoparticles exhibit a strong amorphous background that
can be attributed to pristine mTa2O5 as it is amorphous (see Figure 5.8). Additionally
there is one discernable reflex that can be assigned to Pd which corroborates the presence
of Pd in the sample. However, due to the amorphous baseline and the weak reflex it is
not possible to determine neither the percentage of palladium nor the crystalline size
via Rietveld refinement. For the Pd@mTa2O5 with annealed mTa2O5 (6 h at 923K)
two crystalline phases are present. The main phase can be assigned to orthorhombic
Ta2O5 (Ta2O5-oP14) with a crystallite size of 20 nm. This is in good agreement with the
PXRD data of the pure mTa2O5 that were used as starting material for the palladium
functionalization. The second crystalline phase belongs to palladium which makes up
10% of the crystalline substances in the sample. According to Rietveld refinement
the size of the palladium crystallites is 12 nm. This corroborates the nanoparticle size
obtained from the TEM images.
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Figure 5.14.: X-ray diffraction patterns and corresponding Rietveld fits (red dots:
observed intensity, black line: fit, red line: difference curve) of the
Pd@mTa2O5 with (i) as synthesized mTa2O5 and (ii) heat treated (6 h,
923K) mTa2O5 nanoparticles. Bottom: tick marks for Ta2O5 (red) and
palladium (black).

79



Synthesis of mesoporous tantalum oxide and loading with palladium nanoparticles

Mesoporous structure Figure 5.15 shows the N2 sorption isotherm (black symbols)
as well as the pore size distribution (red symbols) of Pd@mTa2O5 nanoparticles. The

Figure 5.15.: N2 sorption isotherm (black) and BJH desorption pore-size distributions
(red) of Pd@mTa2O5 nanocomposite.

overall course of the N2 sorption isotherms of Pd@mTa2O5 resembles that of mTa2O5

(see Figure 5.9 a). That is an isotherm with a narrow type IV hysteresis curve. Therefore
the initial mesoporous structure is retained upon functionalization with Pd nanoparticles.
The surface area, determined by the BET method, is 79m2/g which is considerably
lower than the 166m2/g for mTa2O5. This decrease in surface area can be attributed
to the mass increase due to functionalization with APTES [254] and Pd nanoparticles.
Furthermore some of the Pd nanoparticles might block the pores that they are inaccessible
during the measurement. This lowers the determined surface area. [255,256] Further the
pore size distribution remains uniform after functionalization as can be seen in Figure
5.15 as well. The average pore size is 3.5 nm which is slightly smaller than the 3.7 nm
from before. This decrease might be due to the silane functionalization of the pores in
the sample.

5.5. Conclusions

To summarize, a new and simple synthesis for spherical mTa2O5 nanoparticles is estab-
lished that yield mesoporous nanoparticles with high surface areas (above 160m2/g)
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and uniform pore-sizes. The synthesis is optimized in regard to acid/base, temperature
and Pluronic F127 concentration, revealing no templating agent is required. Further
the as-synthesized mTa2O5 nanoparticles are amorphous and start to crystallize into or-
thorhombic Ta2O5 at 923K. Upon crytallization, the pores of the mTa2O5 nanoparticles
expand from 3.7 nm up to 8.1 nm and the pore-size distributions become less uniform.
At the same time, the surface area of the Ta2O5 decreases (down to 65m2/g), as the
Ta2O5,that make up the mTa2O5, start to sinter together. Those findings suggest the
mTa2O5 form via a self-assembly mechanism of small Ta2O5 nanoparticles instead of
a template mechanism. At higher temperatures (1123K and beyond) there are still
Ta2O5 particles in the nanometer size regime but the mesoporous structure is lost.
In the second part of the chapter, the decoration of the mTa2O5 with Pd nanoparticles
is introduced. Here, the attachment of the palladium was mediated via aminogroups
that were introduced to the mTa2O5 surface with APTES. The amine functionalization
was confirmed by FT-IR and ζ-potential measurements. Subsequently, Pd nanoparticles
were deposited on mTa2O5 nanoparticles, either as synthesized or heat treated (6h
at 923K), in a sonochemical reaction to yield Pd@mTa2O5. In both cases the Pd
nanoparticles are uniformly distributed on the outer mTa2O5 nanoparticles surface
and have an average size of 11 nm evidently in the TEM images. Furthermore the
Pd@mTa2O5 retain their mesoporous structure with a narrrow pore-size distribution
around 3.5 nm. The surface area of the Pd@mTa2O5 decreased compared to mTa2O5

but is still fairly high with 79m2/g.
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6
Gadolinium doped mesoporous tantalum oxide

nanoparticles as multimodal contrast agent

6.1. Abstract

Currently several imaging modalities, such as magnetic resonance imaging (MRI)
and X-ray computed tomography (CT), are combined to exploit their complement
strengths. This has promoted the interest as contrast agents, that fulfill the require-
ments of various imaging techniques simultaneously. We have synthesized spherical
mesoporous tantalum oxide nanoparticles with high surface areas (180m2/g) doped
with different amounts of Gadolinium (mTa2O5:Gd). Further the mTa2O5:Gd were
biofunctionalized with Methoxy(polyethyleneoxy)propyltrimethoxy silane (PEG-TES)/3-
Aminopropyltriethoxysilane (APTES) and their bio-compatibility was confirmed with
cytotoxicity-assays. Moreover, the mTa2O5:Gd were functionalized with dye molecules
(Fluorescein 5(6)-isothiocyanate, FITC) and their fluorescence and cell uptake was
confirmed with fluorescence imaging of immunofluorescence stained cells. The release
of Diclofenac out of mTa2O5 was monitored. The mTa2O5:Gd act as CT as well as
T1 contrast agent and are suitable for optical imaging. Whereby the relaxitivity of
mTa2O5:Gd changes with the Gd amount and is at its highest for low Gadolinium
doping.

6.2. Introduction

In recent years, much effort has been put in the improvement of bioimaging techniques
for the detection of diseases. Currently, the imaging techniques in clinical use are com-
puted X-ray tomography (CT), magnetic resonance imaging (MRI), positron emission
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tomography (PET), ultrasound (US) imaging and single-photon emission computed
tomography (SPECT). [257,258] Yet, the inherent contrast of the examined (soft) tissues
is often not sufficient for most imaging methods. Therefore contrast agents (also imaging
probes) are required, which improve the signal-to-noise ratio, sensitivity and/or resolu-
tion. [40,259] Further every method has its own intrinsic strengths and limitations. They
differ in terms of imaging depth, sensitivity, spatial and temporal resolution, anatom-
ical and molecular contrast, exposure time and radiation load. [260,261] Consequently
different imaging techniques are combined which is called multimodal imaging. [246,262]

This allows to circumvent their complement weaknesses and exploit the strengths of
various techniques at the same time. [258] The combination of imaging modalities leads
to new challenges in the design of contrast agents. Since every imaging modality has its
own prerequisites in regard to contrast enhancement, contrast agents have to balance
the requirements of the employed methods. In particular, nanoparticles are suitable
candidates for multimodal imaging, as their properties can be well tailored in regard
to size, composition, optical and magnetic features. Furthermore they have a high
surface-to-volume ratio which allows rational surface functionalization for enhanced
targeting and prolonged circulation times. [40,262–264]

CT is one of the most widely used non-invasive clinical imaging techniques owing to its
cost efficiency, wide availability and unlimited penetration depth. [61,265] The principle
of CT imaging is based on the attenuation of X-rays in matter due to absorption and
scattering. The degree of X-ray attenuation is given by the Lambert-Beer law:

I = I0 exp−µx (6.1)

Where I0 is the initial intensity compared to the intensity I after permeating tissue of the
thickness x. µ, the mass attenuation coefficient, is a substance specific intrinsic property,
that is highly depending on the atomic number Z (µ ∝Z3). For a sufficient CT contrast,
which is expressed in Hounsfield units (HU), the attenuation difference has to be high.
The contrast between bones and soft tissues is adequate, while it is hard to differentiate
soft-tissues having low inherent contrast differences. Therefore CT contrast agents
require elements with high atomic numbers. Further prerequisites for contrast agents
are a good solubility in physiological media and biocompatibility, long circulation times
and target specificity. [43,259] Currently, most CT contrast agents contain water soluble
iodinated (Z=53) molecules such as derivates of 1,3,5-triiodobenzene. [43,265,266] The main
disadvantages of iodinated molecules are the short circulation time as well as the high
viscosity and osmolality - that have adverse effects for the patient. [267] To avoid those
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disadvantages iodine is introduced into nanosized carriers such as micellar nanoemul-
sions, polymers, metal organic frameworks (MOFs), liposomes or dendrimers. [43,265,268]

Alternatively inorganic nanoparticles with high Z contrasts are tested as CT contrast
agents. They have prolonged circulation times and a versatile surface chemistry that
allows functionalization for tissue specific uptake. Typical examples are Gold, [246,269,270]

lanthanide based NP [271] and bismuth sulfide. [272–274] Further, tantalum oxide was
demonstrated to be a suitable CT contrast agent. [39,61,192,275–278] It shows promising
properties such as a high X-ray attenuation (Z=73) which is comparable to Au (Ta,
4.3 and Au, 5.16 cm2 at 100 eV [61]) although Tantalum is much cheaper than Gold.
Moreover, tantalum oxide is biocompatible and inert especially when compared to Bi2S3

due to the intrinsic toxicity of Bi. Furthermore the surface functionalization is diverse
as the surface chemistry closely resembles that of silica and can be adapted.
Next to CT, MRI is the most common 3D imaging technique in clinical use. It provides a
high spatial resolution, strong soft tissue contrast, no depth limitation and no radiation
risks. [41,258,260,278] The disadvantages of MRI are the high cost and low sensitivity. The
underlying principle of MRI is nuclear magnetic resonance (NMR) where water Protons
(1H) get excited. Briefly, the proton spins align parallel or antiparallel in an external
magnetic field (B0). At the same time the spins precess with the Larmor frequency
(ω0 = γB0, γ gyromagnetic constant). When a strong radio-frequency (RF) pulse is
applied perpendicular to B0 the spins realign themselves according to the RF pulse gen-
erating a transverse magnetization and a decreased longitudinal magnetization. There
are two different pathways for spin relaxation which are denominated longitudinal (T1)
and transverse relaxation (T2). Longitudinal relaxation describes how the decreased net
magnetization recovers, when the spins flip back into their initial orientation. [41,47] This
is mediated via an energy transfer from the proton spin to the surrounding medium.
Differences in the relaxation are caused by chemical differences in the medium that either
increases or decreases the energy transfer (spin-lattice-relaxation). Upon RF excitation
the spins are in phase. During transverse relaxation, T2, the spins dephase and the
induced magnetization in the perpendicular plane is lost. Here, the contrast originates
from the differences in the magnetic field that the protons experience due to local
magnetic field gradients influencing how fast the spins randomize (spin-spin-relaxation).
Depending on the relaxation process the used contrast agents are denominated T1 and
T2 respectively. Typical T2 contrast agents are based on iron oxide or other magnetic
oxides nanoparticles with high magnetization like MFe2O4 (M=Mn, Co, Ni). [279–281]

Their high magnetic moment disturbs the external field and causes local inhomogeneities
leading to faster dephasing. Thus T2 contrast agents cause a decreased signal intensity
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which shows as a darkening in the MRI images. Nevertheless, T2 contrast agents exhibit
several disadvantages as the dark contrast leads to a lower contrast compared with T1

images. The dark areas might conceal pathogenic conditions, that show a darkening in
the MRI images as well. Further the magnetic particles can also cause a perturbation of
the magnetic field in the surrounding healthy tissue which obscures the images. [42] As a
consequence T1 contrast agents are favored in MRI imaging. Typical T1 contrast agents
are characterized by unpaired electrons or surface spins shortening the longitudinal
relaxation which gives rise to positive contrast. In this regard, MnO nanoparticles have
been proposed as T1 consrast agents as they possess uncompensated surface spins. [47,282]

Commercially, Gadolinium(III) complexes are applied e.g. Gd-DTPA (Magnevist) or
Gd-DOTA (Dotarem). [283–285] Due to the inherent toxicity of Gd3+, ions are either
bound in stable complexes,polymers, nanoparticles or porous structures. [284,286–289]

In this work, the Gadolinium ions are enclosed in mesoporous tantalum oxide nanopar-
ticles to avoid free Gd3+ and leaves free surface groups for further functionalization. [287]

Additionally the high surface area of mesoporous tantalum oxide allows for many Gd3+

to be close to the surface. In this way the MRI active Gadolinium is combined with CT
active tantalum oxide to act as CT/MRI dual imaging contrast agent. As Gadolinium is
used as a dopant it is possible to tune the amount of Gadolinium relatively to Tantalum.
This takes the higher sensitivity of MRI compared to CT into account. In addition
other imaging modalities can be introduced via surface functionalization with imaging
probes. Optical imaging constitutes as a complementary imaging method to CT and
MRI. [39,264] Since optical imaging provides a high resolution and sensitivity at a cellular
level that CT and MRI lack. [264] However, the 3D and spatial resolution of optimal
imaging is insufficient and needs to be supported by CT and MRI data. For optical
imaging dye molecules can be introduced to the nanoparticle surface or its capping
molecules.
In addition, mesoporous nanoparticles can be used as carriers for drug delivery of
therapeutic agents can either be loaded into the pores or can be attached to their large
surface. Therefore mesoporous tantalum oxide nanoparticles are suitable for theranostic
applications which combine therapy and diagnostic in one platform.
This section describes the synthesis of mesoporous tantalum oxide nanoparticles doped
with different amounts of Gadolinium. Further the impact of the Gadolinium doping
upon mTa2O5 nanoparticles is assessed in regards to morphology and mesoporosity.
Following the nanoparticles are functionalized with a polyethylene glycol (PEG) silane
and amine silane (APTES) for further functionalization and biocompability which is
proved subsequently. Additionally the nanoparticles are connected to a dye for fluo-
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rescence imaging. Then the ability of the mTa2O5:Gd to act as a CT as well as MRI
contrast agent is demonstrated. Herein, the relaxivity of the mTa2O5:Gd is investigated
in relation to the amount of Gd in the nanoparticles. Furthermore the mTa2O5 are
loaded with diclofenac and its release out of the pores is monitored.

6.3. Experimental

Materials All starting materials were used without further purification or treatment.
Methoxy(polyethyleneoxy)propyltrimethoxy silane (PEG-TES) (90%, 9-12 PE units),
and Gadolinium isopropoxide (Gd(OiProp)3) (99.9% REO) were purchased from abcr.
Pluronic F-127, Tantalum(V) n-butoxide (Ta(OnBu)5) (99.99%),fluorescein 5(6)-isothio-
cyanate (FITC), acetone (p.a.), concentrated ammonia (NH4OH), cyclohexane (p.a),
acetone (p.a.), triethylamine (≥99%), and 3-aminopropyltriethoxy silane (APTES)
(≥98%) were obtained from Sigma Aldrich.

Synthesis

Synthesis of mTa2O5:Gd In a typical synthesis, 0.30 g of Pluronic F127 and
Gd(OiProp)3 (3, 6,12, or 16mg) were dissolved in 5mL absolute ethanol in an ul-
tra sonic bath. Under constant stirring 0.23mL (0.53mmol) of Ta(OnBu)5 were added
in a dropwise manner. After stirring for 4 h the solution was poured into 20mL of water
and transferred into a 50mL Teflon lined autoclave. The autoclave was kept at 473K
for 8 h. When the autoclave had cooled down to ambient temperature the colorless
product was collected by centrifugation (15min, 9000 rpm). Then it was washed with
15mL of ethanol twice.

Synthesis of mTa2O5:Gd with higher Gd concentrations Typically 0.30 g of Plu-
ronic F127 and Gd(OiProp)3 (45mg) were dissolved in 10mL absolute ethanol in a
ultra sonic bath and stirred overnight. Ta(OnBu)5 (0.23mL, 0.53mmol) was added
drop by drop and stirred for 4 h before the solution was poured into 15mL of water.
The reaction solution was transferred into a 50mL Teflon lined autoclave and heated to
473K for 8 h. The obtained colorless product was centrifuged (15min, 9000 rpm) and
the supernatant was discarded. Subsequently, the product was washed with absolute
ethanol (15mL) twice.
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mTa2O5:Gd-PEG-APTES The reaction was carried out in an argon atmosphere. For
ligand functionalization 10mg of mTa2O5:Gd were dispersed in 20mL of actone and
150µL NH4OH were added. After stirring for 5min, 150µL APTES and 150µL PEG-
TES were injected into the reaction solution. The reaction continued over night. Then
the solution was concentrated to 3-5mL under reduced pressure on a rotary evaporator
(bath temperature 313K). The product was precipitated with cyclohexane (30mL),
centrifuged (6min, 6000 rpm) and redispersed in 5mL aceton. This step was repeated
twice, before the nanoparticles were dispersed in 5mL of ethanol.

mTa2O5:Gd-PEG-FITC All reaction steps were performed under argon atmosphere
in the dark. mTa2O5:Gd-PEG-APTES was dispersed in 10mL of ethanol before 2mg
of FITC were added. The solution was stirred for 24 h in the dark. The product was
precipitated with cyclohexane and centrifuged (10min, 9000 rpm). The particles were
redispersed in 5mL of ethanol, precipitated with cyclohexane and centrifuged (10min,
9000 rpm). The product was stored in 5mL ethanol in the dark at 281K.

Drug load and Drug release 30mg of 2-[2-(2,6-Dichlorophenylamino)phenyl]acetic
acid) (diclofenac) dissolved in 10mL cyclohexane were added to 30mg of mTa2O5 in
10mL of cyclohexane. The dispersion was stirred over night. Then the dispersion was
centrifuged (15min, 9000 rpm) and the supernatant was discarded. Carefully 40mL of
PBS buffer (phosphate buffered saline) were layered over the nanoparticle precipitate.
Aliquotes (0.5mL) were taken between 1min and 27 h and the absorption was measured
via UV-VIS.

Materials Characterization

TEM, HRTEM, EDX The nanoparticles were characterized using a Philips EM420 TEM
with an acceleration voltage of 120 kV. For sample preparation a dilute ethanolic solution
was dropped on a carbon coated copper grid. HRTEM images and EDX spectroscopy
were acquired on a FEI Tecnai F30 S-Twin microscope with a 300 kV field emission gun.
HRTEM images were collected with a CCD camera (14-bit GATAN 794MSC). For a
quantitative EDX analysis carbon coated nickel grids were used to avoid the overlap of
the Ta L-lines (11.67 – 7.173 keV) with the Cu K-lines (8.048 – 8.028 keV). EDX line
scans were acquired and quantified with the Emispec ESVision software.
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XRD Powder X-ray diffraction patterns were recorded with a Siemens D5000 diffrac-
tometer equipped with a Braun M50 position sensitive detector in transmission mode
using Ge (200) monochromatized CuKa radiation.

N2 sorption experiments Nitrogen sorption experiments were performed with a
Quantachrome autosorb 6B instrument. The adsorbate gas is N2 at 77K. The multipoint
Brunauer-Emmett-Teller (BET) method was employed to determine the specific surface
area. The pore size distribution and volume were calculated with the Barrett-Joyner-
Halenda (BJH) method of desorption. Before analysis the samples were dried in a
vacuum oven (318K) overnight.

Inductively Coupled Plasma Mass Spectrometry Inductively coupled plasma mass
spectrometry (ICP-MS) was measured with a ICP-Quadrupol-MS (ICP-Q-MS) with a
collision reaction chamber Agilent 7700x (Agilent Technologies, Waldbronn Germany).
The sample was introduced into the ICP-Q-MS with a CETAC autosampler and a
PFA nebulizer via a PFA-Scott chamber (at 275K). Every sample was measured twice
with 5 cycles. For sample preparation, the nanoparticles were dissolved in concentrated
hydrofluoric acid. The solutions were diluted with 3% HNO3 and 0.2% hydrofluoric
acid.

UV-VIS UV-VIS spectra were collected with a Cary Varian 5G UV-VIS-NIR spectrom-
eter.

Fourier Transformed Infrared Spectroscopy FT-IR spectra were measured on a
Bruker Tensor 27 spectrometer. The samples were prepared in a KBr pellet.

Zeta potential Zeta potential (ζ-potential) measurements were conducted with a
Malvern Zetasizer Nano-ZS. Nanoparticles were either dissolved in ethanol or water
before they were filterd with a Millex-GS syringe filter (pore-size 0.22µm). The surface
potenial was determined by 2x15 single measurements at T=298K.

Cytotoxicity-assay For a cytotoxicity-assay a cervical carcinoma cell line (HeLa) was
used. Cells were cultured in DMEM/Ham´s F12 (Sigma Aldrich), supplemented with
10% FCS (Sigma Aldrich) and antibiotic solution (100µg/mL penicillin and 100µg/mL
streptomycin, Sigma Aldrich) at 310K in 5% CO2. In order to analyse cell viability after
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treatment with the mTa2O5:Gd-PEG-FITC nanoparticles (filtered through aMillex-
GS syringe filter (pore-size 0.22µm), 15000 cells/well were seeded in a 96 well plate
and cultivated over night for adherence. Next day, the cells were treated with the
nanoparticles in the final concentrations (12.5, 25, 50, 100 and 200µg/mL) for 24 h.
After incubation 100µL of 70% ice cooled ethanol was added to the cells used for
death control for 10min. The medium was replaced with 200µL FCS-medium and 10%
Alamar Blue (Biozol Diagnostica, Eching, Germany) for all wells. Subsequently the 96
well plate was incubated for 3 h at 310K. The results were obtained with the aid of
a plate reader (excitation. 540 nm, emission:600 nm) (Fluoroskan Ascent Microplate
reader,Thermo Fisher Scientific GmBH, Rockford, USA). The values were normalized
to the untreated control.

Immunofluorescence staining The cells were fixed with 4% paraformaldehyde and
methanol and subsequently washed three times with Phosphate Buffered Saline (PBS).
Nonspecific interactions were blocked with 1% Bovine Serum Albumin (BSA)/PBS.
Afterwards these cells were expoxed to Alexa Fluor® 555 Phalloidin (5µL/200µL v/v,
Cell Signaling, Danvers, USA) for 20min. The coverslips were mounted on glass slides
utilizing DAKO fluorescet mounting medium (DAKO, Inc., Carpinteria, CA, USA). All
slides were examined using an inverted microscope (Nikon ECLIPSE TE2000-U).

Computed Tomography and Magnetic resonance imaging Magnetic resonace imag-
ing (MRI) measurements were performed on a clinical 3.0 Tesla (Magnetom Trio, Siemens
Medical Solutions, Erlangen, Germany) by means of a T1 measurement using a spoiled
gradient echo (SRGE) with variable repetition time.
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6.4. Results and Discussion

A schematic representation for the synthesis and functionalization of Gadolinium doped
mTa2O5 NP is illustrated in Figure 6.1. First, the Ta(OnBu)5 and Gd(OiProp)3

are mixed in ethanol and aged under stirring for several hours to yield a Tantalum-
Gadolinium containing colloid. Then mTa2O5:Gd form through a rapid self-assembly
process when the precursor solution is poured into water.

Figure 6.1.: Schematic illustration of the synthesis of the mTa2O5:Gd and their subse-
quent functionalization.

In a second step, the mTa2O5:Gd are functionalized with APTES and PEG-TES via
condensation of silane groups onto the tantalum oxide surface. [290] The attachment of
PEG groups is used both to increase the water solubility of the nanoparticles as well as
ensure their biocompatibility. While the free amino groups allow further conjugation of
other functional molecules onto the nanoparticles. The free NH2 groups are exploited
in a subsequent step when dyes like FITC are bound to them.
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6.4.1. Structural characterization of Gadolinium doped mesoporous
tantalum oxide

Morphology. The morphology of the mTa2O5:Gd nanoparticles is characterized in
dependence on the Gd amount using TEM. Representative TEM overview images for
different Gd concentrations are shown in Figure 6.2. Figure 6.2 a depicts pure mTa2O5

nanoparticles that are polydispers with a spherical morphology. Likewise mTa2O5:Gd
with nominal Gd concentrations between 1.5% (see Figure 6.2 b) and 9% (in Figure 6.2
e) yield spherical particles with similar size distributions. The diameter of the particles
is between 20 and 200 nm for those samples. Thus, the particle morphology and size are
independent of the Gd concentration in this concentration regime.

Figure 6.2.: TEM micrographs of the mTa2O5:Gd with a nominal Gd amount of a)
0% b)1.5% c) 3% d) 6% e) 9% f) 25%.

As opposed to low Gd concentrations, mTa2O5:Gd, with a nominal Gd amount of 25%,
have a less uniform morphology. While they consist of some spherical particles, most of
the nanoparticles are dumbbell or tri- or tetrapod shaped. These structures emerge,
as the spherical mTa2O5 start to agglomerate. Thus, high Gd concentrations seem to

92



Results and Discussion

affect the self-assembly of the small Ta2O5 NP into mTa2O5. However, the limited
solubility of Gd(OiProp)3 in ethanol has to be accounted for as well. Due to this 10mL
instead of 5mL ethanol are used (the water amount was decreased accordingly) which
is also slightly detrimental for morphology control.
All mTa2O5 nanoparticles exhibit a grainy texture in the TEM images. This can be
attributed to small nanosized particles that agglomerate to mesoporous nanoparticles.

Composition. Often, the actual concentration of the dopant in the product differs
drastically from the amount ratio used during the synthesis. [291] Therefore, it is essential
to determine the actual molar ratios. For this purpose the real Ta:Gd ratio in the
nanoparticles is investigated using ICP-MS. An overview of the obtained molar fraction
of Gd compared to Tanatalum is given in table 6.1 (on page 95). The percentage of
Gd, relative to the Tantalum amount, ranges between 0.02% for the sample with a
nominal amount of 1.5% and 1.54% for the nanoparticles with nominally 25%. Thus
all actual concentrations are considerably lower, by some orders of magnitude, than
the nominal percentages. The actual Gd ratio, however, is not directly proportional
to the nominal values. Nevertheless the real Gd amount increases when more Gd is
used. These findings may suggest a non homogenous mixture in the Tantalum-Gd
oxide colloid. So when tantalum oxide precipitates in water the percentage of enclosed
Gd oxide may vary. Additionally, the different Pearson hardness of Gd and Tantalum
as well as the presumably distinct hydrolysis rates impede the enclosing of Gd in the
mTa2O5 nanoparticles. When the precursors are incompatible there is no inclusion in
the mTa2O5 which was the case for europium when europium(III)chloride was used
as dopant. Likewise it is not possible to embed nanoparticles during synthesis as they
disrupt the formation of mTa2O5 nanoparticles.
In addition an EDX line scan illustrates the distribution of the Gd in the mTa2O5:Gd
nanoparticles. Figure 6.3 provides a STEM image of mTa2O5:Gd nanoparticles (on the
left side). The corresponding line scans are presented on the right. The orange line, in
the STEM image, represents the examined area.
The EDX line scan shows the element concentration at any given point along the orange
line. This line starts next to the nanoparticles, where no elements are counted (the
carbon line is deleted as the measurement is carried out on a carbon coated grid). On the
edge of the particles, the counts on Ta, Gd and O rise simultaneously. The concentration
for those elements remains on a high level over the whole particles. At the particle
boundary the concentration drops again for all three elements. The simultaneous drop
implies Ta and Gd are colocalized in the nanoparticles. The concentration of Gd is low
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Figure 6.3.: Left: STEM image of mTa2O5:Gd with 1% of Gd and on the right:
corresponding EDX line scan.

compared to Ta but detectable still. That is in good agreement with the small amount
of Gd in the sample determined using ICP-MS.
Alternatively it might be possible that the Gd is not inside the nanoparticles but only
on the surface. Yet a mere attachment of Gd ions to the surface of tantalum oxide is
highly unlikely as there were several washing steps before the Gd concentration was
determined.
However, from an application point of view relatively low Gd concentrations are desired.
CT and MRI have a varying sensitivity and therefore require different concentrations
of contrast agents for good contrast enhancement. [261,262,292] MRI needs micromolar
concentrations of contrast agents. Compared to MRI, CT has a lower sensitivity and
necessitates milimolar concentrations. [265] Therefore a optimal performance as bimodal
contrast agents is expected for Gd concentrations under 1%.

X-ray diffraction. For further characterization, the crystallinity of the as synthesized
mTa2O5:Gd is investigated. The crystallinity of pure mTa2O5 was already discussed
in chapter 5.4.2. An exemplary XRD pattern of mTa2O5:Gd is plotted in Figure 6.4.
There are no discernable reflexes present in the X-ray diffractogram for all mTa2O5:Gd.
Thus the mTa2O5 are amorphous like pristine mTa2O5. When the mTa2O5 are heat
treated (6 h at 923K) they crystallize as phase pure orthorhombic Ta2O5 (Ta2O5-oP14)
as described for mTa2O5 nanoparticles (see chapter 5.4.2). No gadolinium oxide phase
can be found as the amount of Gadolinium in all samples is under the limit of detection
for powder X-ray diffraction (especially of nanoparticles).
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Figure 6.4.: XRD pattern of the as synthesized mTa2O5:Gd nanoparticles with a
nominal amount of 6% Gd.

Mesoporous structure. N2 sorption experiments are performed to evaluate whether
the Gadolinium doping has an impact on the surface area and mesoporosity or not.
Table 6.1 summarizes the obtained data, whereas Figure 6.5 shows an exemplary N2

sorption isotherm and pore distribution of mTa2O5:Gd nanoparticles (with 6% nominal
Gadolinium amount). In Figure 6.5 the N2 sorption isotherm (black symbols) of

Table 6.1.: Composition and structural parameters of the mTa2O5:Gd nanoparticles
in dependence on the Gd concentration.

Gd amount SBET / Pore size/ Pore Volume/
nominal/% actual /% m2g−1 nm cm3g−1

0 0 166 3.7 0.384
1.5 0.02 133 3.9 0.464
3 0.24 117 3.9 0.300
6 0.10 188 3.7 0.368
9 0.81 114 3.7 0.342
25 1.54 103 3.7 0.442

mTa2O5:Gd depicts a typical type IV hystersis curve with narrow hysteresis. [241] This
suggests the presence of uniform mesopores in the sample. The surface area is 188m2/g,
which is even higher than the surface area for pristine mTa2O5 with a surface area
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of 166m2/g (see table 6.1, discussed in chapter 5.4.2). Figure 6.5 also presents the
associated BJH pore-size distribution (red symbols). The pore-size distribution is slim
which confirms the presence of monodisperse pore-sizes. As the maximum is at 3.7 nm
this is the average pore-size. This confirms, that in this case, the mesoporosity is not ill
affected by Gadolinium doping.
Taking the other mTa2O5:Gd with different Gadolinium amounts into consideration,
there is no apparent influence on the pore size by Gadolinium doping. As the pore
sizes are either 3.7 nm or 3.9 nm (see table 6.1), which is not significantly different.
Additionally there is no consistent trend in surface area as well, as the values range
between 103 and 188m2/g for all samples. Although the surface area of the mTa2O5:Gd
nanoparticles is the smallest for the highest Gadolinium amount. This, however, is in
good agreement with its morphology that is more agglomerated than the other samples.
To conclude the Gadolinium doping does not compromise the mesoporosity of mTa2O5.

Figure 6.5.: N2 soprtion isotherm (black) and BJH desorption pore-size distributions
(red) of mTa2O5:Gd with a nominal Gd amount of 6%.

6.4.2. Surface functionalization and biocompatability

Biofunctionalization. For biomedical applications the surface modification of na-
noparticles is a crucial step. [14,33] Without a suitable ligand shell, the nanoparticles
might not be soluble in bloodstream and agglomerate. Alternatively they are prone to
opsonisation and cleared via the reticulo endothelial system (RES). [293–295] Opsonisation
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is a defence mechanism of the immune system where certain serum proteins (Opsonins)
bind to the particle surface. This targets the particles for destruction by phagocytes.
To avoid a negative immune response, PEG ligands are commonly used for NP stabiliza-
tion in vivo due to their suitable properites. [293,294] Generally PEGs are water soluble
and stable in biological conditions. In addition, they provide "‘stealth"’ to the nanopar-
ticle cores from opsonisation and thus enable long circulation times in blood. [263,296,297]

In this case PEG-TES, a PEG silane, was used. The ligand was covalently bound to
the surface via a condensation reaction between the silane group and surface hydroxyl
groups (see also chapter 5.4.3). One of the advantages of a covalent attachment is the
better long term stability, as the ligands cannot dissociate in contrast to coordinative
binding. [293,294] Moreover an amine group in the form of APTES is introduced to the
surface via a condensation reaction between the silane group of APTES and hydroxyl
groups on the tantalum oxide surface for further biofunctionalization.
The functionalization with PEG-TES and APTES is confirmed using FT-IR spectroscopy
as illustrated in Figure 6.6 a. For mTa2O5:Gd the IR spectrum shows the typical bands

Figure 6.6.: a) IR spectra of the mTa2O5:Gd and mTa2O5:Gd-PEG-TES nanoparticles.
b) UV-VIS spectra of mTa2O5:Gd-PEG-TES and mTa2O5:Gd-FITC-PEG
nanoparticles in water.

of Ta2O5. The Ta-O-Ta and Ta-OH stretching bands appear at 664 cm−1 and 3420 cm−1

respectively. [249] Additionally there is the corresponding -OH bending band attributed
to either absorbed water or the surface hydroxyl groups at 1627 cm−1. [250] After func-
tionalization with PEG-TES and APTES, all those bands are still present. Further
there are also two bands at 2918 and 2841 cm−1 that belong to the CH2 symmetric and
asymmetric stretching bands of the alkyl moiety in PEG-TES. The C-O-C stretching
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vibration of the ether groups in the PEG causes the bands at 1468 cm−1 and 1350 cm−1.
The strong band at 1108 cm−1 is due to symmetric and asymmetric stretching vibration
of O-Si-O. At 1455 cm−1 the N-H bending vibration gives rise to a weak broad band.
Thus the IR spectrum of mTa2O5:Gd-PEG-APTES supports the successful functional-
ization of mTa2O5:Gd with PEG-TES and APTES.
In addition the ζ-potential is measured for pristine mTa2O5 and the mTa2O5-PEG-TES.
For mTa2O5 the ζ-potential is 0mV ,whereas it is 11mV for mTa2O5-PEG-TES. The
increase in the ζ-potential is typical for an amine functionalization (see chapter 5.4.3),
given the amine group is protonated at neutral pH values. [251,252] Hence the ζ-potential
supports the functionalization of the mTa2O5 with amine groups.
Furthermore, UV-VIS spectra of mTa2O5:Gd-PEG-APTES and mTa2O5:Gd-PEG-FITC
are recorded as displayed in Figure 6.6 b. For mTa2O5:Gd there is no apparent absorp-
tion band only a steady slope at decreasing wavelength. This increase in absorbance can
be attributed to scattering caused by the nanoparticles. In contrast the mTa2O5:Gd-
PEG-FITC nanoparticles exhibit a strong absorbance band at 490 nm corresponding
to FITC. Thus the dye coupling is confirmed using UV-VIS spectroscopy. Generally
this demonstrates that the amines from APTES are accessible and other molecules, like
antibodies for cell targeting, [270,298] can also be introduced to the nanoparticles.
Another common method labeling amorphous nanoparticles with dyes is to incorporate
the dye in the particle itself. [290,292,299] Principally this strategy also works with mTa2O5

nanoparticles because Gadolinium is doped in the same fashion. The dye molecules
are readily built in the nanoparticles, which can be observed by the color change in
the sample. Except they rapidly degrade due to the photocatalytic activity of Ta2O5

described in chapter 4.4.4. Therefore a spacer is required between dye molecules and
the tantalum oxide surface.

Cell tests. In order to assess the biocompability of the mTa2O5:Gd-PEG-FITC nano-
particles cervical carcinomal cells (HeLa) are incubated with the NP for 24 h. Subse-
quently the viability in the cells is determined as illustrated in Figure 6.7. The viability
was measured for mTa2O5:Gd-PEG-FITC with different Gadolinium concentrations.
The surveyed NP concentrations were between 12.5 and 200µg/mL for all samples.
In nearly all cases the viability of the cells is above 80% which is usually considered
as the threshold for toxicity (in some instances a viability above 60% is considered
untoxic). The only exception is undoted mTa2O5:Gd-PEG-FITC where the viability is
slightly lower with 77% at 200µg/mL. Generally there is neither a discernable trend in
viability with the Gadolinium amount nor with the concentration of the nanoparticles.
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Figure 6.7.: Cytotoxicity-assay of the mTa2O5:Gd-PEG-FITC NP performed with
different nominal Gadolinium amounts (between 0% and 25% Gd). The
HeLa cells were grown overnight before they were incubated with the NP
for 24 h.

Altogether the particles show no pronounced toxicity and can be deemed save for further
biomedical testing. The low toxictiy of tantalum oxide is in good agreement with the
literature as described by Oh et al.. [61] Free Gd3+ ions, on the other hand, are known
to be toxic. [41,262,283,300] Therefore the Gd3+ ions have to be bound either in a stable
complex or inside of nanoparticles. [301] Here free Gadolinium ions were avoided by
introducing the Gadolinium into a tantalum oxide matrix. The Gadolinium appears to
be tightly bound as there is no increase in toxicity with ascending Gadolinium amount
which would be expected for a toxic compound.
In a next step, fluorescence images of the cells incubated with mTa2O5-PEG-FITC
nanoparticles are taken to determine whether the particles are internalized in the
cells. Further the fluorescence images can confirm the successful dye functionalization
of the nanoparticles. Figure 6.8 shows the fluorescence images of cell with different
mTa2O5-PEG-FITC concentrations between 25µg/mL (Figure 6.8 a) and 100µg/mL
(see Figure 6.8 c). A control picture of the cells without nanoparticles can be found in
the appendix (Figure A.7). The images on the left show the cells, whose actin proteins
are stained with Alexa Fluor® 555 Phalloidin in the cytosceleton. The fluorescence
of the FITC labeled nanoparticles can be observed in the middle row in Figure 6.8.

99



Gadolinium doped mesoporous tantalum oxide nanoparticles as multimodal contrast
agent

Figure 6.8.: Confocal laser scanning images of HeLa cells stained with Alexa Fluor®

555 Phalloidin incubated with a) 25µg/mL, b) 50µg/mL and c)100µg/mL
mTa2O5:Gd-PEG-FITC nanoparticles for 24 h. The pictures on the left
show the cells, the ones in the middle the FITC labeled nanoparticles
and the ones on the right show the merged pictures of the cells and
nanoparticles.
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Overlay images of the cells and the mTa2O5 nanoparticles are shown on the right. For
all mTa2O5-PEG-FITC concentrations fluorescence of FITC can be detected. This
confirms the dye functionalization of the mTa2O5-PEG-FITC. Furthermore the merged
pictures demonstrate, that the NP and the cells are co-localized. It is unlikely, that
the NP adhere to the cell surface as the cells were repeatedly washed prior to the
measurement. Hence the nanoparticles are probably incorporated in the cells. This
might make them suitable for drug delivery in cells.

6.4.3. Drug release

For drug delivery applications, the loading of the carriers as well as the release time
have to be investigated. As a simple model system the mTa2O5 nanoparticles are loaded
with Diclofenac by diffusion into the pores for at least 12 h. The subsequent release of
diclofenac from the mTa2O5 was monitored with UV-VIS. The release profile as well as
the structural formula of diclofenac are depicted in Figure 6.9. Here the adsorbance of

Figure 6.9.: Release profile of diclofenac (see inset) from mTa2O5-NH2 nanoparticles
in PBS buffer at ambient temperature.

diclofenac is plotted against the time. The diagram shows the typical release curve of
non-functionalized mesoporous materials which is characterized by a sharp increase in
the beginning (burst effect) followed by a slow release towards the end. [302] Essentially
the diclofenac release reaches saturation after 6 h afterwards the absorbance increased
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only insignificantly (up to 27 h). Further half of the Diclofenac diffuses out of the pores
after about 90min. This release time is to short for most applications, that require longer
circulation times up too several hours before any significant release occurs. [303,304]Yet,
such a fast release can be useful in the treatment of acute inflammations or infections
where large dose are needed fast. [302] Likely the fast diffusion out of the mTa2O5 is caused
by the large pores (3.7 nm) and no tailored functionalization to keep the diclofenac inside
the mTa2O5 nanoparticles. There are different strategies that can be applied to retard
the release like bonding of the pharmazeuticals to the particle surface or lipid bilayers
around the particles as a whole. [305–307] Alternatively the release can be triggered by
external stimuli such as pH change, enzymes or proteins, temperature, light, ultrasound
oar an applied magnetic field [308,309] The large pores however might be suitable for the
delivery of larger molecules like DNA or other macromolecules.

6.4.4. Application as multimodal contrast agent

In order to confirm the potential of the mTa2O5:Gd to act as multimodal contrast agents,
the CT and MRI contrasts are investigated. Figure 6.10 a depicts the CT-contrast of
mTa2O5:Gd-PEG-APTES in Hounsfield units (HU) in dependence on the Tanatalum
concentration which was determined by ICP-MS measurements of the sample. As
expected the CT-contrast increases linearly with the Tantalum concentration in the
solution. At the highest concentration, the CT-contrast is 122HU, which slightly lower
than expected for a linear increase. This might be attributed to a decreased solubility of
the nanoparticles at high concentrations. However, the rising CT-contrast confirms the
activity of the mTa2O5:Gd-PEG-APTES as a CT-contrast agent. The CT values of the
mTa2O5:Gd-PEG-APTES are too low for medical applications where CT-contrast agents
should have contrasts around 200HU. Therefore higher mTa2O5:Gd concentrations than
the ones used for this measurement are needed. Albeit the solubility of the mTa2O5:Gd
must be improved if higher concentrations are required as the mTa2O5:Gd-PEG-APTES
precipitate faster at the highest measured concentrations.
Next to CT-contrast enhancement the mTa2O5:Gd-PEG-APTES should be MRI active
due to the unpaired spins in Gd3+ which makes them suitable as T1 contrast agents. [33,42]

Therefore T1 weighted MRI measurements were performed on the mTa2O5:Gd-PEG-
APTES with 1% Gd. Figure 6.10 b shows the corresponding T1 relaxivity plots. There
1/T1=r1 is plotted against the Gadolinium concentration. The relaxivity r1, defined
as the relaxation enhancement normalized to the concentration, is given by the slope.
The MRI contrast increases linearly with the Gadolinium concentration confirming

102



Results and Discussion

Figure 6.10.: a) CT contrast of mTa2O5:Gd-PEG-APTES in dependence on the Ta con-
centration b) T1 measurement of the mTa2O5:Gd-PEG-APTES with the
relaxivity r1 in dependence on the Gadolinium concentration c) images
of the T1 contrast of mTa2O5-PEG-APTES (left) and mTa2O5:Gd-PEG-
APTES (right) in dependence on the concentration.

the T1 activity. The relaxivity, determined by linear regression, is r1=2.34mM/s for
mTa2O5:Gd-PEG-APTES with 1% Gd which is in the typical order of magnitude for
Gadolinium based nanoparticle contrast agents. [310,311] The T1 contrast is corroborated
by the T1 images of mTa2O5-PEG-APTES and mTa2O5:Gd-PEG-APTES with different
concentrations in Figure 6.10 c on the left and right respectively. For mTa2O5, all spots
have the same shade, whereas the spots become lighter with increasing NP concentration
for mTa2O5:Gd-PEG-APTES. A brightening in the T1 image is typical for T1 contrast
agents as they have a positive contrast. [42] This confirms the Gadolinium inside the
mTa2O5-PEG-APTES is responsible for the T1 contrast, since the nanoparticles are T1

inactive without Gadolinium.
Moreover the T1 relaxivity of the mTa2O5:Gd-PEG-APTES was investigated for dif-
ferent Gadolinium amounts within the nanoparticles to determine the influence of the
Gadolinium amount. The r1 value is a measure for the quality of a T1 contrast agent.
In general, the r1 values are a measure for the efficiency of a T1 contrast agent; the
higher the r1 value the better the contrast agent [312] Table 6.2 summarizes the r1 values
of the mTa2O5:Gd with varying Gd concentration while the corresponding T1 relaxivity
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plots are shown in Figure A.8 in the appendix. The r1 values for the mTa2O5:Gd-

Table 6.2.: Relaxivity r1 of the mTa2O5:Gd nanoparticles with different Gd amounts.
Amount of Gd/% r1/mM−1s−1

0.02 21.4
0.10 14.4
0.24 10.2
0.81 1.63
1.54 3.61

PEG-APTES are between 1.63 and 21.4mM/s for the nanoparticles with 1.54% and
0.02% Gd respectively which are in the typical order of magnitude for Gadolinium
based contrast agents. [310] Generally the samples with a higher Gadolinium amount
exhibit lower r1 values whereas the ones with lower Gadolinium concentrations have
higher r1 values. The relaxivity enhancement for an individual Gd3+ arises from the
interaction of the time fluctuation of the dipolar coupling between the electron magnetic
moment of the metal ion and that of the water protons either via an inner or outer
sphere mechanism. [286,313] For this interactions to happen the metal ions and water
molecules have to be in close proximity. Therefore the Gd3+ have to be at or close
to the surface of the mTa2O5:Gd-PEG-APTES to be able to interact with the water
protons. This might also explain the different relaxivities of the mTa2O5:Gd with
different Gd amounts. The Gd3+ that embedded deep inside the mTa2O5:Gd-PEG-TES
might be silent from an relaxometric point of view because they are not exposed to
the solvent and thus cannot interact. This is supported by the findings of Johnson
et al., [310] that demonstrated the relaxivity per Gd3+ increases with the fraction of
surface atoms for NaGdF4 nanoparticles. Apparently for the mTa2O5:Gd with low
Gadolinium concentrations the molar fraction of Gadolinium close to the surface is
higher making them the better T1 contrast agents.
Additionally, the mTa2O5:Gd-PEG-FITC can also be used for optical imaging. Owing
to the FITC attached to the nanoparticles, the mTa2O5:Gd-PEG-FITC fluoresce as
demonstrated in Figure 6.8. Optical imaging complements CT and MRI as it has a
higher resolution up to the cellular level and sensitivity that cannot be attained by CT
and MRI. [264] Therefore the combination of the nanoparticles with dyes allows for an
increase in information. Hence mTa2O5:Gd-PEG-FITC nanoparticles can be applied as
multimodal contrast agents for optical imaging, CT and MRI.
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6.5. Conclusion

In summary, spherical Gadolinium doped mesoporous tantalum oxide nanoparticles were
synthesized with varying Gadolinium amount between 0 and 1.5%. The shape, surface
area and mesoporous structure of the mTa2O5 is independent of the Gadolinium amount
up to 1%. For higher Gadolinium concentrations (1.5%) the spherical shape gets distorted
although the mesoporous structure remains. The actual Gadolinium:Tantalum ratio was
determined using ICP-MS. For further applications, the mTa2O5 were functionalized
with PEG for biocompability and amine groups to induce further active moieties e.g.
dyes such as FITC. IR, UV-VIS and ζ-potential measurements corroborate the successful
functionalization of the mTa2O5:Gd nanoparticles . Whereas the biocompability was
confirmed with cell tests that show no toxic effect for all investigated nanoparticles.
Additionally the low toxicity indicates Gadolinium is embedded in the mTa2O5. Drug
release test showed a fast diffusion driven release of Diclofenac within hours. Moreover,
the mTa2O5:Gd were tested as multimodal contrast agents. Fluorescence images of the
mTa2O5-PEG-FITC prove their applicability for fluorescence imaging as well as cell
uptake as the pictures were taken in cells. CT and T1-MRI images were taken at the
same time and confirmed mTa2O5:Gd-PEG-APTES can act as CT and MRI contrast
agents simultaneously. Further the relaxiviy of mTa2O5:Gd is related to the Gadolinium
amount. Here, the samples with lower Gadolinium amounts show a higher relaxivity, up
to 21.4mM/s, making them the most promising candidates for CT/MRI dual imaging.
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This dissertation introduced several new synthesis procedures for various non-porous
and mesoporous metal oxide nanoparticles. It demonstrated how the composition and
morphology of nanoparticles can be tuned by varying the reaction parameters influencing
the nucleation and growth kinetics. Moreover, different applications for metal oxide
nanoparticles were explored in the field of catalysis and nanomedicine.
A new hydro-/solvothermal synthesis route for vanadium(IV) oxides was established. It
allowed the formation of VO2 nanoparticles with various distinct shapes such as rods,
sheets and urchins. This morphology control was achieved by a systematic variation of
the solvent ratios using water and ethanol in a binary mixed solvent. It was found that
high water concentrations favor rod-shaped nanoparticles whereas sheets are formed
at higher ethanol amounts.Urchin-shaped Vanadium oxide nanoparticles are obtained
applying pure ethanol as solvent. The urchin-like shape evolves from the sheet-like
particles that congregate in ethanol due to a lack of surface stabilization. Further, the
reaction conditions for the urchin-formation were closer examined in terms of reaction
temperature and Pluronic F127 concentration. Additionally, the impact of the nature of
the alcohol on the morphology of the particles was determined. Therefore the alcohols
with different chain lengths as well as bulky alcohols were applied as solvent. The steric
hinderance of the longer chained alcohols prohibits the assembly into urchin-shaped
nanoparticles and instead nanosheets emerge. These particles were characterized using
TEM, IR, Raman, XRD and XPS.
Moreover, the vanadium oxide nanoparticles were tested for their catalytic activity as
vanadium is known to be present in the active center of various enzymes. Among those
enzymes are peroxidases which is why their peroxidase activity was evaluated using
ABTS as a model substrate. The peroxidase activity of the rod, sheet and urchin-shaped
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nanoparticles was investigated and compared to bulk V2O5 which has a confirmed
peroxidase activity. [113] For all investigated nanoparticles the catalytic activity was
better than that of bulk V2O5. The nano-urchins have the highest peroxidase activity
closely followed by the nanosheets whereas the activity of the rods is considerably lower.
The high catalytic activity of the urchins can be attributed to their high surface area
which is one of key factors that govern the catalytic performance of nanoparticles. In
order to ascertain this correlation the surface area of the vanadium oxide nanorods,
sheets and urchins was determined using surface measuring methods (BET). The impact
of the surface area was confirmed as it is the highest for the urchins (124.6m2/g) followed
by the nanosheets (73.9m2/g) and lowest for the rods (21.7m2/g) being in correlation
to their catalytic proneness. Then the catalytic activity was directly related to the
surface area by normalizing the catalytic activity to the BET surface area. Thereby
the normalized peroxidase activity of the rods was distinctly higher than that of the
nano-urchins and sheets, respectively. This finding demonstrates the strong influence of
the surface area whereas the difference between the normalized activities stems form
the different structures of the rods and urchins and sheets on the other side.
Future work comprises further investigations of the catalytic properties of the vanadium
oxide nanoparticles. For one, he catalytic tests for the peroxidase activity will be
expanded to the kinetic parameters of Michaelis-Menten type reactions. These tests
determine the enzyme mimetic properties of the vanadium oxide nanoparticles in regard
to their peroxidase activity. As vanadium is also present in the active center of other
enzymes it is prudent to test the catalytic activity of the vanadium oxide nanoparticles
for other reactions.
In addition, new hydrothermal synthesis protocols were designed to obtain nanosized
Ta2O5 rods and MTaO3 cubes (M=Na, K, Rb,H). Therefore we investigated the pH
dependence in the synthesis of tantalum oxide and tantalate nanoparticles as the pH
value and ion concentration often has a pronounced effect on the morphology and com-
position of nanoparticles. In acidic reaction media, particle agglomerates predominate
whereas non-agglomerated tantalum oxide rods are obtained at nearly neutral pH values.
With increasing pH values rods change into cube shaped nanoparticles. This shape
transformation is accompanied by a change in composition from tantalum oxide to
tantalate nanoparticles. Additionally, the impact of the base cation was determined.
While there is no apparent influence of the base cation on the morphology, different
MTaO3 (M=Na, K, Rb) are obtained at high base concentrations. All tantalates have
a pyrochlore structure, which is characterized by tunnels that host the alkali metal
ions. The alkali metal cations can be easily replaced with other ions like H+ while still
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retaining their morphology. We exploited the ion exchange to obtain cube shaped HTaO3

nanoparticles that can be transformed into cube shaped Ta2O5 nanoparticles upon heat
treatment. Furthermore, these nanoparticles, especially the HTaO3 nanoparticles, show
promising catalytic properties which were tested in the degradation of Rhodamine B.
Furthermore, spherical mesoporous tantalum oxide nanoparticles were synthesized that
are characterized by their high surface areas above 160m2/g and a narrow pore size
distribution. The reaction parameters of the nanoparticle formation were investigated,
these include employed acids and bases, reaction temperature and amount of templating
agent. Thereby it was found out that the mTa2O5 nanoparticles are formed via a self-
assembly process of small tantalum oxide nanoparticles instead of a template controlled
mechanism, and no template is required. This assumption was further corroborated
upon heat treatment. There the pore sizes increased upon annealing as the particles
start to coalescence which is typical of mesoporous materials that are made up of particle
aggregates. In contrast, the pore sizes of mesoporous materials formed via a templating
mechanism shrink when they are annealed. Besides, the surface area decreases and the
nanoparticles start to crystallize when they are heat treated. Moreover, the mesoporous
nanoparticles were decorated with noble metal nanoparticles. However, the mTa2O5

are amorphous. Therefore the attachment of noble metal particles was mediated via
amino groups which were grafted onto the tantalum oxide surface with using APTES
as ligand. The amine functionalization was confirmed using FT-IR and ζ-potential
measurements. Subsequently, palladium nanoparticles were uniformely deposited onto
mTa2O5 nanoparticles via a sonochemical reaction. Both, the high surface are as well
as the mesoporous structure of the mTa2O5, was retained. This makes them promising
candidates for further catalytic applications.
Future work will include an investigation of the catalytic activity of the Pd@mTa2O5 for
several reactions like hydrogen evolution or hydrogenation reactions. Additionally the
effect of the support on the catalytic activity of the Pd nanoparticles is to be investigated.
Palladium in different shapes, sizes and amounts will be attached onto the mTa2O5

as these properties factor often favor the catalytic activities due to a synergistic effect
of electron transfer. Furthermore, the attachment of nanoparticles can be expanded
to other noble metal nanoparticles like gold that have a similar Pearson hardness and
also interact well with amines. Various noble metal nanoparticles on the mesoporous
tantalum oxide allow to widen the scope of catalytic reactions as well as compare to the
performance.
Moreover, mesoporous tantalum oxide nanoparticles can be used for biomedical ap-
plications. Also Gadolinium doped mesoporous tantalum oxide nanoparticles were
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synthesized that can not only act as a CT contrast agents but also for MRI imaging
due to the unpaired spins of the Gd3+ ions. For this purpose the synthesis of mTa2O5

was adapted to obtain mTa2O5:Gd nanoparticles with varying amount of Gadolinium
which was determined using ICP-MS. The Gadolinium doping did neither affect the
morphology nor the shape of the mTa2O5 nanoparticles for low Gadolinium concen-
trations whereas the spherical shape is obscured at higher Gadolinium concentrations.
For biological applications the solubility and biocompability of nanoparticles is crucial.
Therefore the nanoparticles were functionalized with APTES and PEG-TES, a PEG
silane. Further the biocompability was corroborated by cytotoxicity-assays as now toxic
effects are observed for all Gadolinium concentrations. Additionally, dye molecules
were attached to the nanoparticles over the amine groups of the APTES. The dye
functionalization was observed in cell fluorescence images that also confirmed that the
nanoparticles are readily taken up into cells. This observation indicates the dye function-
alized nanoparticles are suitable for fluorescence imaging. The drug release of mTa2O5

nanoparticles was also studied using diclofenac as a model substrate. What is more
the mTa2O5:Gd-PEG-APTES were also tested as simultaneous CT and MRI contrast
agent. The mTa2O5:Gd-PEG-APTES exhibit a CT and T1 contrast enhancement at
the same time that makes them suitable for CT/MRI dual imaging. Additionally, the
T1 relaxitivity was related to the Gadolinium amount in the nanoparticles. Thereby
samples with lower Gadolinium amounts have a higher T1 contrast per Gadolinium ion
up to 21.4mM/s.
Future work also compromises the functionalization of the mTa2O5:Gd with more
sophisticated polymers that allow an improved solubility in physiological media and
enable cell targeting. Then, the nanoparticle may be tested in vivo. Additionally,
mesoporous nanoparticles can be used as carriers for targeted drug delivery. As the
pores in the mTa2O5:Gd are relatively large with an average of 3.7 nm they release small
molecules fast. Therefore the mTa2O5 will either be loaded with larger molecules or
the the release can be slowed down by encapsulating the nanoparticles in lipid bilayers.
These nanoparticle plattforms can be used for targeted delivery in vivo.
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A.1. Supporting Information

Figure A.1.: IR spectra of the VO(acac)2 (black) precursor used in the synthesise of
the VOx nanourchins (red).
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Table A.1.: Measurement and refinement parameters of the X-ray diffraction patterns
of the products prepared at different pH-values.

pH=3 pH=4 pH=9 pH=12 pH=13
Diffractometer Siemens D5000
Sample preparation Fine powder fixed between two stripes of Scotch tape
Measuring mode Transmission
Wavelength 1.540596
Measuring range 10≤2Θ/◦ ≥90, 0.71≤Q/Å−1 ≥5.77
Temperature/K 298K
Profile Fit Rietveld refinement with reported crystal structure models
Background Chebyshev
Profile function Fundamental Parameters Approach
Program TOPAS Academic V5
Total no. Parameters 29/20 29/20 33/20 27/20 33/20
/Background
Rexp 1.97 3.47 2.06 1.96 1.94
Rwp 4.21 6.55 6.72 5.17 4.97
GoF 2.92 1.89 3.26 2.64 2.52
DW 0.36 0.69 0.25 0.30 0.52
Ta2O5-oP14
Spacegroup Pccm

Cell parameters/Å
a=3.6188(5) a=3.6264(5) a=3.5810(1)
b=6.304(2) b=6.318(2) b=6.14(4)
c=7.7910(1) c=7.8097(9) c=7.775(2)

Crystallite size/nm 41(1)(ab) 47(1)(ab) 48(2)(ab)
70(1)(c) 75(1)(c)

Fraction/%wt 100 100 15(2)
Biso 3.3(1) 3.4(1) 3.0(fix)

Preferred Orientation 1.33(1) 1.38(1) 3.3(2)
/(020) /(020) /(020)

H2Ta2O6·H2O-cF104
Spacegroup Fd-3m
Cell parameter/Å a=10.457(2) a=10.5249(3) a=10.5237(5)
Crystallite siz/nm 33(1) 47(1) 21(1)
Fraction/%wt 85(1) 100 83(1)
Biso 3(fix) 3(fix) 3(fix)
site occupation 1.00(6) 0.42(1) 0.39(2)factor 16d
site occupation 1.0(1) 0.37(3) 0.28(4)factor 8b

approx. composition Na2Ta2O6 Na0.84H1.16Ta2O6 Na0.78H1.22Ta2O6
·H2O ·0.37H2O ·0.28H2O

NaTaO3-oP10
Spacegroup Pnma

Cell parameter/Å
a=5.5258(3)
b=7.7971(4)
c=5.4839(3)

Crystallite size/nm >100 nm
Fraction /%wt 17(2)
Biso 3.0(fix)
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Figure A.2.: Multipoint BET of the VO2 rods and VOx urchins and sheets.

Figure A.3.: Histograms of the NaTaO3 nanorods synthesized at pH=12 (left) and
pH=13 (right)
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Figure A.4.: Histograms of the KTaO3 (left) and RbTaO3 nanoparticles synthesized
at pH=12.

Figure A.5.: X-ray diffraction patterns of the Tantalum oxide rods with 5mM NaOH,
KOH, RbOH (from bottom to top) respectively.
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Table A.2.: Measurement and refinement parameters of the X-ray diffraction patterns
of the cube-shaped nanoparticles with different bases

Na K Rb
Diffractometer Siemens D5000
Sample preparation Fine powder fixed between two stripes of Scotch tape
Measuring mode Transmission
Wavelength 1.540596
Measuring range 10≤2Θ/◦ ≥90, 0.71≤Q/Å−1 ≥5.77
Temperature/K 298K
Profile Fit Rietveld refinement with reported crystal structure models
Background Chebyshev
Profile function Fundamental Parameters Approach
Total No. Parameters 27/20/Background
Rexp 1.96 1.97 3.59
Rwp 5.17 5.57 3.59
GoF 2.64 2.83 2.06
Ta2O5-oP14
Spacegroup Fd-3m
Cell parameter/Å 10.5249(3) 10.6324(2) 10.6146(7)
Crystallite size/nm 47(1) 68(1) 31(1)
Fraction/%wt 100 100 100
Biso 3(fix)
Site occupation 0.42(1) 0.488(8) 0.098(5)factor 16d
Site occupation 0.37(3) 0.00(3) 1.00(5)factor 8b

Approx. composition Na0.88H1.12Ta2O6 K0.97H1.03Ta2O6 Rb0.2H1.8Ta2O6
·0.37H2O ·1H2O
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Table A.3.: XRF data of the cube-shaped MTaO3 (M=Na, K, Rb) before and after
treatment with 2M HCl for 30min.

Compound Analyte Calibration Measured Used Conc. Status
Status /kcps /kcps /%

NaTaO3
Na Calibrated 6.102 5.587 12.551 calc.
Ta Calibrated 77.874 78.487 87.449 calc

HCl washed Al Calibrated 0.101 0.097 0.187 calc.
NaTaO3 Ta Calibrated 46.512 46.769 99.813 calc.

KTaO3

Al Calibrated 0.137 0.124 0.102 calc.
Si Calibrated 0.569 0.460 0.481 calc.
K Calibrated 7.553 7.554 9.019 calc
Ta Calibrated 100.934 101.813 90.398 calc.
Si Calibrated 0.614 0.490 0.540 calc.

HCl washed S Calibrated 0.346 0.232 0.101 calc.
KTaO3 K Calibrated 0.483 0.434 0.551 calc.

Ta Calibrated 104.688 101.813 90.398 calc.

RbTaO3
Rb Calibrated 151.266 151.206 27.107 calc.
Ta Calibrated 84.145 84.646 72.893 calc.

HCl washed Ta Calibrated 84.973 85.650 100.000 calc.RbTaO3

Figure A.6.: UV-VIS spectra of the samples with RhB after stirring in the dark for
18min and centrifugation of the nanoparticles
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Table A.4.: Measurement and refinement parameters of the X-ray diffraction pattern of
the acid treated (2M HCl) cube-shape nanoparticles and the heat treated
rods and cube-shaped nanoparticles.

Pristine HCl treated 1023K 1123K
Diffractometer Siemens D5000
Sample preparation Fine powder fixed between two stripes of Scotch tape
Measuring mode Transmission
Wavelength 1.540596
Measuring range 10≤2Θ/◦ ≥90, 0.71≤Q/Å−1 ≥5.77
Temperature/K 298K
Profile Fit Rietveld refinement with reported crystal structure models
Background Chebyshev
Profile function Fundamental Parameters Approach
Total No. Parameters 27/20 27/20 25/20 25/20Background
Rexp 1.97 1.98 2.03 2.12
Rwp 5.57 5.37 5.75 10.78
GoF 2.83 2.72 2.83 5.09
DW 0.30 0.31 0.33 0.16
H2Ta2O6·H2O-cF104
Spacegroup Fd-3m
Cell parameter/Å 10.6324(2) 10.6014(2)
Crystallite size/nm 68(1) 71(1)
Fraction/wt% 100 100
Biso 3(fixed)
site occupation 0.488(8) 0.000(7)factor 16d
site occupation 0.00(3) 0.45(3)factor 8b

approx. composition K0.97H1.03Ta2O6 H2Ta2O6
·0.45H2O

Ta2O5-oP14
Spacegroup Pccm

Cell parameters/Å
a=3.6380(3) a=3.6565(4)
b=6.2670(6) b=6.2108(8)
c=7.7824(5) c=7.7758(8)

Crystallite size/nm 33(1)(ab) 20(1)(ab)
49(1)(c) 57(1)(c)

Fraction/wt% 100 100
Biso 3.09(6) 3.64(9)

Preferred Orientation 1.052(5) 1.086(6)
/(020) /(020)
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Table A.5.: Measurement and refinement parameters of the X-ray diffraction patterns
of heat treated mTa2O5 for 6 h at 923K

mTa2O5 (6 h at 923K)
Diffractometer Siemens D5000, Cu-anode, Ge(111) monochromator
Sample preparation Fine powder between two Scotch® stripes
Measuring mode Transmission
Wavelength/Å 1.540596
Measuring range 10≤2Θ/◦ ≥95, 0.64≤QÅ≥5.54
Refinement range 10≤2Θ/◦ ≥95, 0.64≤QÅ≥5.54
Temperature/K 298
Profile Fit Rietveld refinement with reported crystal structure models
Background Chebyshev
Profile function Fundamental Parameters Approach
Program TOPAS Academic V5
Total No. Parameters 23/16/Background
Rwp 7.27
GoF 2.94
DW 0.23
Ta2O5-oP14
Spacegroup Pccm

Cell parameter/Å
a=3.656(1)
b=6.229(2)
c=7.780(2)

Crystallite size 23(1)max/nm
Crystallite size 1.39(1)expected/nm
Biso 2.3(1)
Preferred Orientation -/-

Figure A.7.: Confocal laser scanning microscope image of HeLa cells stained with
Alexa Fluor® 555 Phalloidin without nanoparticles.
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Figure A.8.: T1 relaxivity plots for mTa2O5:Gd nanoparticles with different Gd con-
centrations.
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