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Introduction

1. Introduction
Nanotechnology gained large popularity in today’s society. More and more
consumer products like skin-care-cosmetics[1–3] or textile additives[4,5] claim to
benefit from the use of nanoscale compounds. It seems to be a modern marketing
trend which emerged during recent decades. However, nanomaterials have
actually been used long before mankind became aware of their existence.
Throughout history nanomaterials have already been used unknowingly in the
preparation of various materials like fine craftworks, [6] glasses,[7] paintings[8] or
even weapons.[9]
Setting out to a new pathway, the “nano-enlightenment” was sparked about half
a century ago, by the American physicist and Nobel-Prize laureate Richard
Feynman. With his famous talk, he triggered many scientists to focus on the
smallest compounds of matter by “manipulating individual atoms” and thereby
induced nanoscale research.[10] Nearly 60 years later, this impulse has grown into
a whole independent branch of science and economy. The relevance of
nanotechnology in today’s world is reflected by a continuously increasing interest
in research, nanotechnology related patents, as well as the growth of global
nanotechnology markets. According to “statnano.com”, both the United States
Patent Trade Office (USPTO) and the European Patent Office (EPO) record
annually increasing patent applications with the USA, South Korea, China and
Germany ranking among the top ten countries. [11,12]
The modern interest in nanotechnology originates from the expectation of
different properties to appear on the nanoscale, which are absent for
corresponding macroscopic counterparts.[13] Decreasing the spatial extension of
solid materials to the nanoscale (~10-9 m) has profound consequences for their
physico-chemical behaviour. A variety of new optoelectronic properties like colour
variation, enhanced chemical reactivity or altered magnetic behaviour can be
found. With more than 80,000 publications per year (2020), nanoparticles (NPs)
are the most relevant branch of nanotechnology-research.[14] Various chemical
compositions and more interestingly, a multitude of different shapes and sizes
have been realized during recent decades. Especially inorganic nanoparticles,
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like metal oxides, attract the attention of many researchers. Due to their structural
stability and large functional versatility, they seem to be the ideal candidates for
applications in various fields like electronics, optics, energy, sensors, catalysis or
medicine. Owing to its abundance and non-toxicity, zinc oxide (ZnO) stands out
as one of the most versatile materials, which has traditionally been used in major
industries for a long time. Nevertheless, the multifunctional metal oxide is still one
of the most profoundly studied materials in nanotechnology related research. The
wide gap semiconductor features key properties for the application in solar
cells,[15,16] catalysis,[17,18] sensing[19,20] or other electronic devices.[21,22]
Apart from the already unique properties of individual NPs, particular interest lies
in the emergence of new collective properties, which are expected to appear if
nanoparticles are arranged in closely ordered proximity.[23] Consequently,
nanoparticle research is like a “construction kit”, which offers scientists the
potential to develop advanced materials with novel properties from NP buildingblocks. However, despite their potential in modern technologies, purely
nanoparticle-based materials (NBMs) in “everyday life” applications are still
absent. That is because the preparation of such materials faces serious
challenges. First, to build sophisticated materials from nanoparticle buildingblocks, NPs need to meet certain requirements. A uniform, defined shape as well
as a low size distribution is essential for an ordered, periodic superstructure.
Consequently, reliable synthetic routes towards nanoparticles need to be
present. Secondly, to construct applicable materials, the obtained NPs need to
be organized with extreme spatial and orientational precision on length-scales of
several orders higher than that of the individual NP constituents.
Based on ZnO as a model system, this work approaches these fundamental
challenges on the pathway towards nanoparticle-based materials, concerning the
morphogenesis of individual nanoparticles with defined shape, as well as the
formation of corresponding nanoparticle superstructures.

2
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2. Theoretical Background
2.1. Nanoparticle-Based Materials
Since the discovery that materials exhibit altered properties on the nanoscale,
exploiting these properties in macroscopic applications became one central goal
of nanotechnology research. However, overcoming the large gap from the
nanoscale to manageable materials, while at the same time retaining the
nanoscale-based properties remains a major challenge. The following chapter
gives an insight into different aspects in the field of nanotechnology and
nanoparticle-based materials. The chapter begins with the altered properties on
the nanoscale, followed by various synthetic methods towards nanoparticles. In
the end, different approaches to construct nanoparticle-based materials are
presented and corresponding properties are displayed.

2.1.1. Fundamentals of Inorganic Nanoparticles
To understand nanoscale phenomena, the intrinsic structure of solid matter has
to be understood first. Most of the properties of crystalline inorganic materials,
like electrical conductivity or optical properties are mainly dependent on their
intrinsic electronic structure. Hence, inorganic materials can be categorized into
metals, semiconductors and insulators. A comprehensible model to illustrate this
categorization is the “energy band model”, which is depicted Figure 2.1. Herein,
the electronic structure of a material is summarized as a combination of energy
bands. These energy bands originate from the quantum mechanical interaction
of individual atom orbitals. In a simplified depiction, the electronic structure of
an atom splits into two distinct states. One at a lower energy level, which is
occupied by electrons and a second one at a higher energy level, which is
unoccupied. For every additional atom to the system, each of the electronic states
of the initial atom splits into another two new distinct states (Figure 2.1a)).
Repeating this splitting induces the formation of a collective electronic state for
all included atoms, the molecular orbital, as depicted in Figure 2.1.
3
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Further addition of atoms to form
a

solid

material

continuously

results

more

in

dispersed

energy states, which are referred
to as energy bands. Depending
on

their

occupation

with

electrons, these energy bands
can be distinguished into a fully
occupied valence band (VB)
(dark green) and an unoccupied
conduction

band

(CB)

(light

green). The bandgap between
these energy bands exhibits no
electronic states that can be
occupied

by

electrons.

The

energy of this bandgap is referred
to as bandgap energy (Eg).
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is
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if

electrons are able to migrate
within these bands. However,
due to the full occupation of the
valence
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none

of

the

electrons can migrate as there
Figure 2.1: a) Schematic depiction of the bandgap

are no free states. In contrast, the

energy on the abundance of electronic states. b) Electron

conduction band is completely

excitation and migration. c) Bandgap energies for metals,

unoccupied, but there are no

semiconductors and insulators.

electrons to migrate. Hence, for

each band alone, no electronic conductivity is possible. To overcome this
problem, electrons need to be excited from the valence band into the conduction
band, which is depicted in Figure 2.1b). This results in an electron-hole pair,
which is denoted as exciton. Consequently, the energy distance between those
bands Eg, is decisive for the electronic properties of the respective material,
(Figure 2.1c)). For metals, the VB and CB overlap significantly, or the CB is
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partially occupied by electrons, resulting in a partial occupation of the conduction
band. Hence, electrons can occupy empty states without having to overcome an
energy barrier and the electronic conductivity is significantly higher than the one
of semiconductors or insulators. For other (non-metallic) materials, VB and CB
are energetically separated. For semiconductors, the distance between VB and
CB lies between 0.5-3 eV, which is in the range of the thermal energy kBT at room
temperature. Consequently, the conductivity of semiconductors is to a certain
degree dependent on the temperature. Conductivity increases with rising
temperature, as it is more likely for electrons to overcome E g. For insulators with
bandgap energies above 3.5 eV, kBT is not sufficient to induce conductivity at
room temperature and no conduction takes place.
The altered behaviour of materials on the nanoscale, compared to their
macroscopic counterparts originates mainly from two fundamental reasons. First,
a severe change of the inherent electronic structure of the material. Secondly,
large increase of the surface to volume ratio and corresponding altered surface
energies. Both can clearly be related to the drastic decrease of the materials size.
Optoelectronic properties are mainly influenced by the first one, while chemical
reactivity (catalytic activity, sensing behaviour) is mainly dependent on the
second. As illustrated above, the electronic structure of a material correlates to
the overlap-interaction of the electronic states of individual atoms with adjacent
atoms. Consequently, the superordinate electronic structure of an ensemble of
atoms (material) is dependent on the close proximity environment of the atoms,
as well as on their general quantity. Based on this fundamental quantum
mechanical correlation the different behaviour of nanomaterials compared to bulk
materials can be explained. When reducing the size of nanoparticles to roughly
10 nm, the abundance of atoms inevitably decreases. As a consequence, the
dispersion of the electronic states of the material is crucially reduced, resulting in
a transitory electronic scenario between defined molecular states and bandlike
structures for bulk materials (Figure 2.1a)).
This correlation between the size of the nanoparticles and their electronic
structure is referred to as the “quantum size effect” and is displayed in Figure 2.2.
Accordingly, the dispersion of electronic states decreases, while the bandgap
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energy Eg increases. As a
result, the optical emission is
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For
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others,

prominent

by

a

size

change.
the

examples
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most
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Figure 2.2: Schematic depiction of the quantum size effect

the colour of the so-called

and corresponding colour change from intensive red to

quantum dots (QD) changes

strong blue with decreasing size of colloidal suspensions of
CdSe nanoparticles under UV excitation. Reproduced with
permission from the Royal Society of Chemistry, Ref.: [24].

form a vibrant red at ~6 nm to
an intensive blue at ~2 nm.[24]

Matter is finite. Consequently, the properties of materials are not only defined by
the intrinsic interactions and the corresponding electronic structure of the bulk
atoms, but also by the surface atoms. Atoms within the volume of a certain
material exhibit an adequate number of binding partners and thus a
thermodynamically sufficient stabilisation. In contrast, surface atoms lack in
binding partners and thus remain unsaturated. This results in the formation of
dangling bonds and thus an increase of the free energy and destabilisation of the
surface.[25] The system can minimize the free energy via different paths, like
surface-reconstructions or, if present, the interaction with external binding
partners like small molecules or surface ligands. [26] Consequently, severely
altered properties, like enhanced reactivity,[27] are expected at the surface
compared to the volume fraction of the material. Therefore, to determine the
properties of a material it is necessary to consider not only the volume ( r3), but
also the surface ( r2). For macroscopic bulk materials, the surface represents
only a small fraction of the whole material and thus the properties are mainly
defined by the volume fraction. As indicated by Figure 2.3, this scenario changes
drastically when a fixed arbitrary volume is split into several smaller fractions. On
the nanoscale, the surface-to-volume ratio is clearly shifted towards a much
6
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Figure 2.3: Schematic depiction of the surface-to-volume ratio. A fixed cubic volume a3 is consecutively
divided into smaller cubes. With every division, the combined surface area increases, while the volume
stays constant.

larger surface fraction. As a result, properties which are attributed to the surface,
like reactivity or stability, are far more dominant for nanoparticles. These new
properties enable the usage of NPs in various technologies which has not been
possible for the corresponding bulk materials. [25]

2.1.2. Synthetic Approaches towards Inorganic Nanoparticles
There are multiple ways to prepare nanomaterials. A general classification is to
distinguish between “bottom-up” and “top-down” methods. The two different
strategies are schematically depicted Figure 2.4. Both represent superordinate
approaches and offer various synthetic protocols. As implied by the name, topdown methods start from macroscopic bulk materials, which undergo consecutive

Figure 2.4: Schematic depiction of the two most general preparation strategies towards nanomaterials:
top-down approach (left) and bottom-up approach (right).
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physical or chemical treatments. Via several fragmentation steps, this results in
the formation of the final nanostructured materials. In contrast, bottom-up
methods start from an atomic or molecular level of compounds. During the
synthesis, the monomeric growth species are continuously transformed into
intermediate species like clusters or amorphous pre-phases, which subsequently
proceed to grow into the final nanomaterial.
2.1.2.1. Bottom-up Methods
Most wet-chemical approaches towards nanomaterials can be attributed to
bottom-up methods. They are characterized by the combination of different
compounds of all phases of matter and thus an uncountable number of different
protocols exist. An overview on the theory behind bottom-up methods and a
description of various approaches will be given in the following.
Nucleation Theory
A fundamental step which all bottom-up methods have in common is the
controlled phase transition from solute individual species into dispersed colloids
– the nucleation. The nucleation is pivotal, as it is the basis for subsequent
growth and therefore decisive for the outcome of a nanoparticle synthesis. Hence,
controlling the nucleation is inevitable to obtain nanoparticles with a defined
shape and a low size distribution. Today, there are different theories describing
the nucleation, which will be briefly described here.
The classical nucleation theory (CNT) describes the nucleation as an interplay
between the surface energy ( r2) and the bulk energy ( r3) of a nascent nucleus
(Figure 2.5a)).[28]

Growing

nuclei

generate

phase

interfaces

(surface),

accompanied by a corresponding interphase tension. Due to dangling bonds at
the surface, this is energetically unfavourable and hence intrinsically impedes the
nucleus growth, as depicted by the red curve in Figure 2.5a). On the other hand,
also the bulk fraction of the growing nuclei increases, which in contrast is
energetically favourable (green curve in Figure 2.5a)). The sum of both curves
yields the total nucleus energy depicted by the blue curve in Figure 2.5a). At a
certain size of the growing nucleus, the critical radius, the bulk energy balances
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the surface energy. Nuclei, that stochastically reach this critical radius are
thermodynamically stable and further growth takes place. For nuclei of smaller
sizes than the critical radius,
the surface energy prevails the

a)

bulk energy and the nuclei
dissolve

again.

The

CNT

assumes the surface and bulk
energy

of

macroscopic

materials and hence, is a rather
simplified theory. Although it is
often applied for qualitative
descriptions

of

nucleation

phenomena, it often fails for
quantitative

b)

considerations.

[28,29]

An alternative description of
the nucleation is given by the
non-classical

nucleation

theory, which is displayed in
Figure 2.5b).[30] The decisive
difference between the two
theories is the introduction of
pre-nucleation

clusters

(PNCs), which are formed prior
to

the

actual

nucleation.

Figure 2.5: a) Gibbs free energy plotted against the radius
of nuclei in classical nucleation theory. The unfavourable

Responsible for the phase

surface energy (red) scales with r2, the bulk energy (green)

separation

scales with r3. The sum of both curves is depicted in blue,

nucleation

during

revealing the critical radius for nucleation. Nuclei smaller

not

the

addition

of

limit. Reproduced with permission from Elsevier, Ref.: [28].

monomer species until a critical

b) Schematic plot of the Gibb´s free enthalpy against the

continuous

is

the

size is reached, but a change in
the dynamics of the PNCs.

[31]

than the critical radius dissolve, larger nuclei grow without

reaction coordinate for the nucleation via CNT (solid line)
and PNC-pathway (dashed line) (for CaCO3). Reproduced
with permission from Science, Ref.: [30].
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The non-classical pathway implies, that phase separation during the nucleation
takes place via the aggregation of previously formed PNCs. [30] A comparison of
the two mentioned nucleation theory pathways, CNT and PNC for the nucleation
of CaCO3 is given Figure 2.5b).[30] As mentioned above, in the CNT pathway
(solid line), metastable clusters have to overcome a significant energy barrier
~ΔG*. In contrast the formation of stable PNCs faces a minimal energy barrier,
that is negligible compared to kBT.[30]
Growth Theory of Colloids
The nucleation itself pivotal, but is not the only process which determines the
outcome of a nanoparticle synthesis. Subsequently to the nucleation, an
extended growth phase takes place, in which the final colloids are formed.
Fundamental investigations on the formation of colloidal species have already
been done in 1950 by LaMer et al.[32] As depicted in Figure 2.6,[33] the classical
LaMer model of nucleation and growth is characterized by a distinct separation
between nucleation- and growth-phase. A high super-saturation of growth
species, above the critical solubility (Sc) induces the nucleation phase. The
nucleation is accompanied by a phase transition of growth-species from a
homogeneous “solute state” into a heterogeneous “dispersed state”. Thereby, the
concentration

decreases

below Sc and no further
nucleation

takes

Subsequently,

place.

remaining

species attach to the initially
formed seeds resulting in
the growth of nanoparticles.
To

obtain

monodisperse

colloids, a short but high
Figure 2.6: Schematic plot of the monomer concentration
against the reaction time during the nucleation and growth of
colloids, referred to LaMer type growth model. Reproduced with
permission from the Royal Society of Chemistry, Ref.: [33].

supersaturation, needs to
be followed by an instant
drop of the concentration
below Sc.
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Thereby, nucleation takes places only at a very sharp timeframe. This results in
the formation of very uniform primary seeds, which enables the subsequently
growth into monodisperse colloids.
Preparation of Anisotropic Nanoparticles
Multiple different synthetic protocols towards nanomaterials have been
established during the last decades. While there are countless minor variations,
the preparation strategies of these syntheses can be deduced to only few.
One of the most efficient and most versatile techniques to prepare shape
anisotropic nanoparticles is to guide the growth into a certain spatial direction with
respect to the crystal lattice. This guidance is mostly achieved via the addition of
crystal capping agents, ligands that specifically adhere to a certain crystal facet.
Thereby, the diffusion of additional growth-species like atoms or other precursor
molecules towards the covered facet is sufficiently constrained. This leads to a
reduced or completely hindered growth of the covered facet and a promoted
growth of the non-passivated facet, respectively. Most of the capping agents
exhibit an amphiphilic structure with an aliphatic chain in addition to an organic
moiety as binding side. The aliphatic tail ensures the solubility of the capping
agent in the desired solvent, but is also responsible for the stabilization and
behaviour of the resulting nanoparticles. Depending on the chemical composition
of the nanoparticles, different organic moieties show different affinities towards
the nanoparticles surface. Within countless derivatives, typical functional groups
like carboxylic acids,[34–36] amines,[37–39] thiols[40,41] or phosphonic acids[42–44] are
used in the synthesis of anisotropic nanoparticles. Capping agents are so
versatile, that they are used in nearly all bottom-up approaches.
Nevertheless, shape control can also be achieved without the application of
crystal capping agents. An interesting, approach to anisotropic nanoparticles, like
nanorods, -tubes or -wires is the so-called “hard-templating”.[45–48] Herein, the
pores of a solid template are infused with a primary phase of the desired product
(e.g. precursor solutions). The subsequent reaction or transformation into the
nanomaterial takes place within the constrained environment of the template,
which yields a replica of the pore shape. Consequently, by controlling the shape
of the template’s pores, the shape of the resulting nanomaterial can be controlled.
11
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One of the most commonly used templates is anodized aluminium oxide (AAO)
which was first utilized as a template back in 1995 by Masuda et al. [49] These
templates can be tuned to provide parallel aligned cylindric pores with diameters
of only a few nanometres in width and up to few microns in length. The filling of
the pores with the “nanoparticle-material” via electrical current-assisted diffusion
offers precise control over deposition kinetics. Consequently, this enables an
alternating deposition of different materials, which yields multi-segmented
nanorods and nanowires.[50–52] Partially related, but fundamentally different are
“soft-templating” methods. Instead of solid templates, the nanomaterials are
formed within temporary, structure delegating aggregates, like liquid crystalline
phases or ordered micellar structures.[53,54]
The practical implementation of the above described LaMer model resulted in
one of the most widely used technique to prepare monodisperse nanoparticles
(>7000 citations). The method was introduced by Bawendi et al. in 1993.[55]
Herein, a precursor species is dissolved in a coordinating, high boiling-point
solvent and heated to elevated temperatures (>200°C). The reaction is
subsequently induced by the addition of a second precursor species. The so
called “hot-injection” method, was originally established for spherical Cdchalcogenide semiconductor nano crystallites, but has been further developed
for anisotropic shapes like nanorods and other materials. [56–60] In close relation,
the “heating-up” method, overcomes some of the drawbacks of the hot-injection
method, like scalability or reproducibility.

Herein, the precursors are

homogeneously mixed and the reaction is induced by their thermal
decomposition. Thereby, an advanced control of the reaction management is
enabled. For example, Cumberland et al. were able to produce nearly
monodisperse CdSe, ZnSe and CdSe/ZnS nanoparticles with sizes under 10 nm
and a polydispersity of only ~5-8%.[61] This method has also been adapted by
many other groups and was correspondingly adjusted for colloids with other
shapes or compositions.[62–65] The third big player in nanoparticle preparation
methods is the “seed-mediated growth”, which has first been established for
noble metal nanoparticles in the late 1990’s and early 2000’s,[66–70] and was
further used for various compositions.[71–75] Herein a complete uncoupling of the
nucleation of the nanoparticle seeds and the subsequent growth of the actual
12
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nanoparticles takes place via the use of previously prepared seed-particles
(heterogeneous nucleation).
Today, seed-engineering and controlling the exposed facets of the seed yielded
in fascinating anisotropic shapes.[76,77] A more recently upcoming approach in this
field is the aspect of symmetry breaking during nanoparticle growth, which
results in advanced control over nanoparticle growth and the formation of various
anisotropic

shapes.

Pioneering investigations
were done by Xia et. al.,
who

recently

different
based

reported

approaches
on

symmetry-

breaking of the nucleation
seeds.[78] As depicted in
Figure 2.7, this symmetry
break can be achieved by
asymmetric

passivation,

trapping at an interface or
limiting the supply of atoms
during

heterogeneous

nucleation. The addition of
one atom to a certain facet
induces an indispensable
change

in

the

thermodynamic state of
the facet and thus creating

Figure 2.7: Schematic depiction of different experimental
pathways of breaking the symmetry of a seed during growth.
Asymmetry growth can be achieved via a) limited supply of atoms,

a high energy nucleation

b) oxidative etching, c) asymmetric passivation, d) aggregation or

site

attachment, e) lattice mismatch, f) twin defect generation and g)

local

and

corresponding

anisotropy.

This

trapping at an interface. Reproduced from the Royal Society of
Chemistry Ref.: [78].

facilitates the addition of
further atoms at the same facet, leading to an anisotropic growth. Besides
thermodynamic factors, also kinetic aspects of nanoparticle formation have
recently been highlighted. A recent study on the growth of quasi 2D nanoplates
13
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form zinc blende CdSe (space group F-43m) was presented by Norris et al. They
observed, that the formation of anisotropic shapes from isotropic crystal
structures is dependent on the nucleation energy barrier of a subsequent layer
on the already existing nanocrystals. They were able to distinguish between wide
and narrow facets, which exhibit a distinct difference in nucleation energy barriers
for additional layers of CdSe layers.[79]
2.1.2.2. Top-Down Methods
Top-down methods find versatile usage in the industrial preparation and
processing

of

nanomaterials.

They

are

characterized

by

consecutive

fragmentation of bulk materials into nanomaterials, mostly by physical methods.
Due to their rather physical nature, they will only very briefly be mentioned here.
One of the most common techniques are “lithographic/etching methods”. They
exhibit multiple steps, which involve local masking of the desired shape, specific
etching of the surrounding materials, mask removal and finishing of the final
product. Mostly, they are applied for the fabrication of patterned thin layers, freestanding arrays of nanoparticles or other nanoscopic structures like nano grids.
There are numerous different variations of the sequence order, but once
established, they can easily be reproduced and scaled. For photo lithography,
distinct shape control was initially limited to the micron scale.[80,81] Applying
electron-beams (e-beam lithography) instead of photons, modern examples have
reached the nanoscale and readily produce nanoparticles with various shapes
like gold nanocones.[82]

2.1.3. Formation of Nanoparticle Superstructures
Condensed matter is characterized by the interplay of its atomic entities with their
close proximity environment. Hence, not only the characteristics of the single
units, but also how they are arranged with respect to each other plays a major
role in defining their properties. Taking the allotropes of carbon as an example,
graphite, fullerenes, diamonds, carbon nanotubes or graphene, all consist purely
out of carbon, but exhibit distinctively different properties due to the symmetry
and arrangement of the carbon atoms within. Transferring this concept to
14
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nanoparticle-based materials opens up the possibility of new properties to
emerge, solely on the basis of a variation of the close proximity environment and
thus the symmetry of the nanoparticle superstructures. However, there is a
certain difficulty in realizing this approach. Other than atoms, where different
symmetries and crystal structures originate from the intrinsic quantum
mechanical binding properties, nanoparticles do not necessarily exhibit extensive
directional assembly behaviour without making further efforts. Hence, the
transformation from individual nanoparticles into more applicable, material-like
structures remains a major challenge. It is necessary, to precisely control the
spatial positioning of nanoparticles with respect to each other. Furthermore, in
the case of anisotropic nanoparticles, also their mutual orientation plays a pivotal
role for the resulting NP superstructure. Due to their small size, it is most
impractical to construct materials with classical tools, nanoparticle by
nanoparticle. There are only few methods reported in literature, where single
nanoparticles have been “trapped”. These methods use optical tweezers,
meaning peak-light-wave amplitudes, which mostly intent to analyse and
manipulate single nanoparticles, rather than build large-scale structures.[83–86]
Instead, the most widely used approach to overcome the challenge of precisely
handling nanoparticles relies on the intrinsic interaction between nanoparticles,
the so called self-assembly. As displayed in Figure 2.8,[87] numerous different
self-assembly methods have been established, involving sedimentation,[88,89]
precipitation, coating or evaporation[90–92] effects. To ensure sufficient mobility of
the nanoparticles during the self-assembly, these processes are mainly
performed with liquid NP dispersions, at interfaces or during solvent-evaporation.
Apart from the general mobility, several more intrinsic and external factors
influence the interaction between two nanoparticles at the minimum.
Most fundamental interactions are depletion-attraction, capillary forces or dipoledipole interactions.[93] Nanoparticles experience depletion attraction when they
approach in dispersion. Thereby, their excluded volumes overlap, which results
in a larger available volume fraction for solute molecules like ligands and thus a
positive entropy.[94–96] Consequently, an osmotic pressure is generated, which
forces the nanoparticles to stay in close proximity. Fascinatingly, these
interactions

take

place

spontaneously

without

an

external

trigger.
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In contrast, capillary forces between NPs only appear, if there is a confinement
of the dispersion volume. Typically, this is realized by evaporating the dispersion
solvent. The evaporation of solvent molecules between adjacent NPs induces an
attraction, which forces the particles aggregate.[97] This evaporation induced selfassembly process, often referred to as EISA process, is a very practical method,
which is performed in various different approaches. [91] For nanoparticles
exhibiting an intrinsic dipole, like ZnO, also dipole-dipole interactions can be
relevant for their self-assembly behaviour.[98,99] Depending on the dipole moment,
an attractive interaction can take place, when the NPs are in close proximity to
each other. Besides fundamental interactions, the self-assembly is also
influenced by the nanoparticle’s surface and corresponding modifications.

Figure 2.8: Schematic depiction of different preparation techniques for the self-assembly of
nanoparticles. Adapted from Ref.: [87].

The addition of surface ligands can change the general behaviour towards the
chemical environment, like the dispersibility in polar or non-polar solvents.
Furthermore, using ligands with more than one functional moiety can induce
attractive interactions like hydrogen-bonds or π-π-interactions, which enable a
larger structural variety. Prominent examples in this regard use DNA strands as
surface ligands. Different approaches have been established using noncomplementary functionalized nanoparticles and a dual strand of complementary
DNA as linking-additive to induce the self-assembly. Thereby, not only a strong
binding affinity towards their complementary base partners can be achieved,
16
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but also the distance between nanoparticles can be adjusted via the length of the
linking DNA strand.[100,101] Apart from DNA, also smaller organic molecules with
multi-moiety structures like mercapto-carboxylic acids have been used to direct
the self-assembly.[102] For nanoparticles with anisotropic shapes like nanorods,
the location of a ligand on the nanoparticles surface can induce further structural
versatility. Functionalization, e.g. either on the tips or the side facets of the
nanoparticle lead to directional interaction, which results in the formation
anisotropic superstructures, like string-like assemblies.[103] Finally, the selfassembly of nanoparticles can be influence by external fields. Centrifugal fields
are independent of the intrinsic properties of nanoparticles and have been widely
used. By precisely controlling the centrifugal forces, nanostructured materials like
colloidal crystals,[88] colloidal glasses[89,104] and even colloidal gradient materials
have been achieved.[105–107] If nanoparticles exhibit intrinsic properties like
magnetic or electric dipole moments, more specific external forces can be
applied.[108–110] This can be realized using relatively simple setups, like a plate
capacitor or a permanent magnet/magnetic coil setup. [111] The nanoparticle
sample is set between the charged electrodes or the magnetic poles,
respectively. For nanoparticles with an electric dipole, like CdS nanorods, this led
to a promoted formation of highly ordered superlattices. [112] One rather apparent,
but at the same time most heavily influencing aspect, that accompanies all of the
above-mentioned factors is the nanoparticle shape. There is a crucial difference
between the self-assembly of isotropic nanoparticles compared to nanoparticles
with anisotropic shapes, namely the abundance of orientational degrees of
freedom. For isotropic shapes (and compositions), like silica spheres or polymer
lattices, spatial orientation can be neglected during self-assembly. Hence, selfassembly of those particles most often result in structures with simple symmetry
like face-centred cubic or hexagonal-closed package. In contrast, for anisotropic
shapes (and compositions), like nanorods or Janus-type nanoparticles[113] the
spatial orientation plays a major role in the outcome of the self-assembled
structure.[93,114] On the one hand, this induces further challenges, but on the other
hand enables the generation of self-assembled structures with a vast variety of
possible symmetries. Figure 2.9 shows a very profound and comprehensive
illustration of possible symmetries, which was published by Glotzer et. al in
17
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Figure 2.9: Classification of various types of polyhedra into different categories of organisation
according to their shape. Four main categories are displayed: liquid crystals (pinkish), plastic crystals
(blue), disordered phases (brownish) and crystals (greenish). These are further divided into subcategories according to their shading. Reproduced with permission from Science, Ref.: [115].

2012.[115] Using computational methods, they were able to predict the symmetry
of complex superstructures, self-assembled from polyhedra with various shapes.
As shown in Figure 2.9, there is a multitude of different possibilities like classical
Bravais lattices or liquid crystalline phases. However, this illustration is far from
being complete as there is a wide range of other possibilities, like interconnected
structures due to different shapes (e.g. multipods)[116,117] or the use of more than
one nanoparticles species in multinary structures. [92,118,119] In the context of this
work, only an excerpt of the influencing factors and possible self-assembly
methods can be given. For further information and a deeper insight into the
different mechanisms influencing the self-assembly processes of anisotropic
nanoparticles, the reader is referred to high quality review articles. [87,93,115,120,121]
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2.1.4. Cooperative Properties of Nanoparticle-Based Materials
The technological potential of nanoparticles lies far beyond their already unique
properties as individual functional entities. If nanoparticles are arranged in close
proximity, such ensembles may exhibit new collective properties.[23] The
emergence of such properties, like altered optical, electronic or magnetic
properties is a result of mesoscale structuration, as well as collective coupling of
individual nanoparticle properties.
(i) Structure related scattering: Periodic arrays of nanoparticles with spatial
dimensions in the range of optical wavelengths are able to interact with light.
Consequently, nanoparticle-based materials often exhibit optical properties, like
colour or opalescence, that stem from physical scattering of light rather than the
absorption of certain wavelengths. Most prominent examples are opal gemstones
or butterfly wings.[122] Scientifically, this class of materials is known as photonic
crystals, which have been extensively studied since several decades. [123] Such
materials can exhibit promising physical properties, like optical nonlinearity[124] or
photonic bandgaps,[125] which makes their interaction with light comparable to
semiconductor electronics. Furthermore, by controlling the shape of the
nanoparticle building-blocks as well as the symmetry and spacing of the
nanoparticle lattice it should be possible to further alter the interaction with light
and hence the optical properties like the refractive index or the susceptibility
without changing the material itself. [126] Depending on the intrinsic properties of
the individual nanoparticle building-blocks, like conductivity or magnetism,
different particle-particle coupling scenarios can be present in nanoparticle
superstructures.
(ii) Electronic coupling: For metal nanoparticles like gold[102,127] or silver,[128,129]
electronic near field coupling of the surface plasmons is possible due to the
transfer and confinement of the energy of the electromagnetic waves. Thereby,
the absorption properties of the nanoparticle ensemble are significantly altered
compared to individual nanoparticles or the corresponding bulk material.
Ensembles of semiconductor nanoparticles, like CdTe can show intrinsic
electronic communication via exciton coupling on the basis of two fundamental
electron transfer mechanisms, Dexter electron transfer (DET) and Förster
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resonance energy transfer
(FRET). DET occurs for
small spacings (< 2nm)
between adjacent NPs and
is dependent on an overlap
of the wavefunctions of the
individual
nanoparticles.[130]

For

larger spacings between
Figure 2.10: Photoluminescence spectra of CsPbBr3 perovskite
films of individual nanocrystals (left side) and perovskite

NPs (2-10 nm) FRET is the

supercrystals (right side). Insets are photos of the films under UV‐

more

light illumination. Reproduced with permission from Wiley,

mechanism,

Ref.: [131].

dominant
as

transfer
it

is

dependent on long-range

dipole-dipole interactions between neighbouring NPs. Furthermore, FRET is
preferred for ensembles of semiconductor nanoparticles with a difference in
spatial dimension and/or NP hetero structures with different energy band levels
since the inherent electron migration direction is towards systems with smaller
Eg. In both cases, DET or FRET, the electron transfer is accompanied by a
reduction of the electron energy. Consequently, this induces a red-shift of the
photoluminescence (PL) properties of the ensemble of nanoparticles compared
to the individual NP building blocks. A beautiful example is shown by
Feldman et al. and displayed in Figure 2.10.[131] CsPbBr3 nanocrystals were selfassembled into highly order NP supercrystals. Compared to the individual
perovskite nanocrystals, this results in a significant redshift of the PL maxima,
which is referred to electronic coupling.
(iii) Magnetic coupling: Highly ordered structures have been achieved from selfassembled magnetic nanoparticles.[90,111] The close proximity arrangement leads
to interesting collective magnetic properties, which can be attributed to
interparticle interactions. Compared to the individual nanoparticles, coupling of
the magnetic dipoles between adjacent nanoparticles can increase the blocking
temperature[132] or alter the shape of the hysteresis loop and the coercivity[133,134]
(iv) Mechanic properties: Apart from their promising electronic or optical
properties, a crucial aspect for handling nanoparticle-based materials is their
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mechanical stability. Factors like hardness, modulus, residual stress and strain
or fracture toughness have received less attention in research. [135] Consisting of
multiple colloidal building-blocks and mostly organic linkers, the mechanic
properties cannot solely be derived from the intrinsic nanoparticles’ properties.
Consequently, the mechanic properties result from a complicated interplay
between several individual units. Furthermore, depending on the used materials
and the type of linking between the NPs (covalently, H-bonds, π-π-stacking, etc.),
a large spectrum of mechanic behaviour is possible. Using force microscopy
(FM), Jaeger et al. were able to investigate the elasticity of ordered 2D
monolayers of 6 nm gold nanoparticles stabilized by dodecanethiol ligands.[136]
They found a remarkable strength within these NP films and determined a
Young’s modulus in the range of several GPa.
In general, all of the mentioned inter particle coupling phenomena are highly
dependent on the structure of the nanoparticle ensemble. The ordering of the
nanoparticle lattice, the mutual spacing between nanoparticles, as well as for
anisotropic nanoparticles their orientation, determine the abundance and the
spatial distribution of the coupling centres. Consequently, the emergence of
collective/cooperative properties is fundamentally dependent on the symmetry of
the nanoparticle lattice. This chapter displays only a short excerpt of the different
scattering and coupling phenomena and the corresponding properties and
emergent phenomena of nanoparticle-based materials. For an deeper insight, the
reader is referred to high quality reviews in this context. [23,123,137]
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2.2. Zinc Oxide: A permanent State of the Art Material
Metal oxides play key roles in in major industrial applications, consumer products
and exhibit high relevance in science. Their divers structural, opto-electronic,
electrical or chemical properties make them suiting materials for sensing, energy,
catalysis or optical applications. Consequently, metal oxides became integral
parts of modern technology. One of the most widely used functional metal oxides
is zinc oxide (ZnO). The transition metal oxide finds major industrial applications
in rubber vulcanisation of tyres,[138] as a co-catalyst for the synthesis of
methanol[17,18,139] as well as white pigment in paint production. [140] ZnO is also
used in medical applications, as an antimicrobial compound and promotes wound
healing.[141–143] Furthermore, it is able to absorb harmful UV radiation and is
therefore used as a sun blocker in several cosmetic products.[144]
ZnO ranks among the class of II-VI semiconductors and has a direct bandgap of
3.3 eV. The direct wide bandgap accompanied by a high exciton binding energy
of

60 mV

and

a

natural

n-type

conductivity makes ZnO attractive for
opto-electronic applications like the
production

of

blue

LEDs.[145–147]

Furthermore, its high transmittance in
the visible light range enables the
application of ZnO as a promising
material for front contacts of solar
cells.[16,148,149]
ZnO crystallizes in the hexagonal
wurtzite crystal structure as depicted in
Figure 2.11, which exhibits a naturally
Figure 2.11:

Schematic

depiction

of

the

hexagonal wurtzite structure of ZnO; Zinc atoms

favoured growth direction along the

shown in grey, Oxygen in red; the unit cell is

crystallographic c-direction. Apart from

marked with black lines.

the

thermodynamically

favoured

wurtzite structure also metastable rock salt type ZnO (Fm-3m) or zinc blende type
ZnO (F43m) can be found under elevated external pressure or via epitaxial
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growth, respectively.[150,151] The unit cell of wurtzite ZnO extends 324 pm in [100]
and 520 pm in [001] direction, containing two atoms of both species, oxygen (O)
and zinc (Zn). The crystal is built by alternating layers of hexagonally closely
packed Zn2+- or O2- layers, respectively. The ions are quaternary coordinated,
filling half of the tetrahedral sites as indicated by the blue tetrahedrons in
Figure 2.11. The unit cell exhibits no inversion centre, classifying ZnO as member
the polar space group P63mc. This results in piezoelectric activity along the polar
(002) axis, which enables the use of ZnO components as fine tuneable actuators
for precision movements as well as highly sensitive sensor for minimal pressure
changes.[21,22]
Preparation of ZnO Nanoparticles
ZnO has been extensively studied for several decades. Consequently, there is a
vast variety of different industrial or laboratory scale preparation methods,
yielding ZnO materials in every possible size and shape. Nevertheless, ZnO
materials are still subject of current research and special interest is given to ZnO
nanoparticles as they provide promising properties like advanced photocatalytic
activity or improved sensing for the preparation of functional materials.
Spherical or quasi spherical materials are often referred to as 0 dimensional. This
class of materials features isotropic morphologies like quantum dots or hollow
spheres.[152] The most prominent method to prepare ZnO quantum dots dates
back to 1987. Bahnemann et al. investigated the spectroscopic properties of
quantum sized ZnO species, which have been obtained from zinc acetate as
precursor.[153] More than 30 years later, Wu et al. used a related temperature
controlled (4°C) sol-gel synthesis to obtain ZnO quantum dots with an average
size of 5.6 nm.[154] These ZnO quantum have subsequently been printed on
graphene to generate an ultrasensitive UV detector. In a recent study Regonia
and Pelicano et al. prepared ZnO quantum dots via a related sol-gel procedure
using zinc acetate dihydrate in basic conditions. The obtained ZnO quantum dots
have been used for machine learning experiments to predict the bandgap energy
with respect to synthesis parameters like time or temperature. [155] Lan et al.
showed that hollow ZnO nanospheres can be obtained by classical
electrospinning and subsequent thermal annealing, using a combination of zinc
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acetate dihydrate and polyvinylpyrrolidone (PVP) as precursor solution. These
hollow nanospheres showed excellent photocatalytic activity towards the
decomposition of Rhodamine B.[156] Tsuji et al. presented hollow ZnO
nanospheres with porous walls of 20-40 nm thickness. These structures were
prepared by thermal decomposition of ZnNO 3 using carbon nanospheres as
templates. The obtained hollow ZnO structures exhibit promising properties for
cancer treatment as they promote the cellular uptake of cancer antigens. [157] A
related method was presented by Bakos et al. Instead of the thermal conversion
of ZnNO3, they used atomic layer deposition of ZnEt2 on carbon spheres and
obtained hollow ZnO nanospheres via subsequent conversion of the metal
organic precursor with water and calcination of the carbon template.[158]
Anisotropic ZnO nanoparticles, with a pronounced extension into one or more
spatial dimension exist in a vast variety of different shapes. Nanorods, nanowires,
nanoneedles,

nanoprisms

or

nanotubes

are

often

referred

to

as

1 dimensional.[159] Due to the naturally favoured growth of ZnO along the
crystallographic c-direction, there are countless examples of ZnO nanomaterials
ranking in this dimensional class. 2 dimensional ZnO nanostructures can be
found as nanoplates,[160] nanodisks,[161] nanosheets[162] or nanoflakes.[163] If ZnO
nanostructures combine structural features of different dimensions or exhibit
arbitrary, non-defined shapes these are referred to 3 dimensional. Mostly found
structures are tetra or multi pods,[164] nanoflowers,[165] or helical spirals.[166–168]
However, there is no distinctively defined nomenclature and hence the denotation
of the morphology is more or less arbitrary to a certain point.
Most commonly ZnO nanoparticles are prepared via conversion of zinc salts like
zinc acetate or zinc nitrate in versatile approaches like hydrothermal,
solvothermal or precipitation methods. Erten-Ela et al. conducted a comparison
study on the quality of ZnO nanorods prepared by solution phase A, autoclave B
and microwave oven C methods.[169] All methods were based on the additive free
conversion of zinc acetate via intermediate zinc(II) monomeric hydroxyl species.
Subsequent calcination of the intermediate species yielded large ZnO nanorods
for every method. Salleo et al. reported a hot-injection based route towards ZnO
nanorods from zinc acetate dihydrate using an automated robotic injection set
up,[170] which has been previously described by Milliron et al.[171] This
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“Workstation for Automated Nanomaterials Discovery & Analysis” (WANDA) setup enabled the reproducible production of ZnO nanorods of various lengths
between 40-110 nm via the temporal control of concentrations of multiple
reactants an educts. Pung et al. obtained relatively large ZnO nanorods close to
one micrometre via solution precipitation, simply by mixing an aqueous solution
of Zn(NO3)2 4 H2O with hexamethylenetetramine and PVP and heating the
mixture to 90°C.[172] They showed that PVP as a ligand is able to prevent
agglomeration of the individual ZnO nanorods, which is beneficial for their
photocatalytic efficiency. A facile MOF-derived approach to obtain octahedral
ZnO nanoparticles was presented by Morsali et al.[173] They obtained Zn(II) metalorganic framework (MOF) nanocubes via an ultra sound assisted method based
on the conversion of zinc nitrate hexahydrate. The obtained MOF nanoparticles
were subsequently used as precursors for the thermal conversion into ZnO
without the addition of any surfactant or capping molecule.
With

a

pronounced

extension

into

the

crystallographic

a,b-direction,

2 dimensional ZnO nanoparticles exhibit an unusual growth behaviour with
respect to the naturally favoured growth of the wurtzite structure along the
c-direction. Nevertheless, increasing the percentage of the (002) surface can be
favourable for properties which are related to it, like enhanced catalytic and
sensing performance compared to the (100) surfaces. [174–178] To obtain ZnO
nanoplates from colloidal synthesis, the a,b-direction needs to be the favoured
direction of growth, while the growth in c-direction has to be decreased.
Ho et al. obtained hexagonal ZnO nanoplates of with an average width of
~600 nm and a mean height (length) of ~250 nm via a microemulsion assisted
hydrothermal conversion of Zn(NO3)2 6 H2O.[15] Sathe et al. investigated the
chemical and electrochemical sensing behaviour of ZnO nanoplates towards
NO2/NO2-, which showed excellent efficiencies.[19] The undefined ZnO nanoplates
of roughly 500 nm edge width were precipitated from an ammoniacal solution of
Zn(OAc)2 2 H2O and PVP as a ligand with a subsequent thermal annealing step.
Similar examples of plate-like ZnO structures found in literature are relatively
large (> 100 nm) or do not exhibit colloidal character.[174,178–181] Other examples
of wurtzite nanoplates of smaller sizes are often afflicted with crystallographic
defects or present as highly agglomerated intergrown structures. [176,182–189]
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Seemingly, there is a serious challenge of growth control in a,b-direction. To
achieve ZnO nanoparticles that exhibit only minor extensions in c-direction, but
feature the same colloidal quality as elongated ZnO nanorods faces certain
difficulties.
The majority of ZnO nanoparticles found in literature exhibits a hexagonal
rotational symmetry. Much less common are examples in which the naturally
hexagonal rotational symmetry of the wurtzite structure is altered, like a triangular
shape, which seems to be impossible or at least highly unlikely at first sight.
However, there are some reports in literature on triangular wurtzite structures.
Most of the examples are based on chemical vapour deposition (CVD) or
molecular beam epitaxy (MBE) based methods of GaN on GaN substrates. [190–
201]

Via these methods, Wang et al. managed to obtain single crystalline

nanocastles of ZnO in 2006.[202] As a consequence, the formed triangular
structures are permanently connected to the substrate. However, under the
premise of colloidal nanoparticles and the possibility of self-assembly, a
stabilization via solid substrates is not applicable. Apart from substrate-based
examples literature offers only few reports on truly colloidal ZnO nanoparticles
with a distinct triangular shape.[197,198] Those examples often show only
temporarily stable triangular morphologies, decaying over a short period of time.
If mentioned in any case, the presented examples from literature exhibit high
degrees of polydispersity and no self-assembly into superstructures has been
observed, which is unfavourable for their use in nanoparticle-based materials.
Superstructures of ZnO Nanoparticles
Apart from the Synthesis of ZnO nanoparticles, also their use as functional
entities in nanoparticle superstructures is pursued by many researchers.
However, contrary to the vast variety of different available colloidal ZnO
nanoparticles shapes and sizes, there are less examples of compelling selfassembled ZnO superstructures, which are actually prepared from colloidal ZnO
building-blocks. A majority of ZnO superstructures found in literature are
variations of different wafer-grown ZnO nanorods or rely on a substrate as
structural support.[147,203–207] These solid substrate-based ZnO nanoparticle
superstructures feature interesting properties and have been used in
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optoelectronic, sensing or catalytic devices. However, as they are not prepared
from colloidal ZnO nanoparticles, they do not directly contribute to the topic of
this work and hence will not be discussed here.
Ackerman and Bals et al. presented the self-assembly of pyramidal-shape ZnO
nanoparticles into pairs of coupled ZnO nanopyramids. [208] Astonishingly, the
coupling appeared only at the basal planes of the ZnO nanopyramids, which was
concluded to a tail-to-tail interaction of anisotropically located ligands.
In a very recent study, Yang et al. investigated the influence of different solvents
on the formation mechanism of ZnO nanorod superstructures. [209] They were able
to identify two different patterns of superstructures, depending on the used
solvent. For methanol, fan-shaped structures were found, whereas n-pentanol
lead to side-by-side assemblies. The formation of the different patterns was
deduced to stem from different electrostatic repulsions of the ~110 nm sized ZnO
nanorods with respect to the used solvent.
Peukert et al. studied the formation of ZnO mesocrystals via oriented aggregation
of ZnO building-blocks within an amphiphilic block copolymer (Jeffamine®)
melt.[210] A multistep consecutive oriented aggregation of ZnO quantum dots to
nanorods, nanorods into cones and subsequently into bi-cone-shaped ZnO
mesocrystals has been presented. However, similar to other studies,[211–215] these
mesocrystals are not formed by post synthetic self-assembly of individual,
previously obtained ZnO colloids. Instead the formation and aggregation (!) of the
ZnO building-blocks takes place as consecutive steps within one synthetic
procedure. Therefore, these structures need to be considered with care as they
could be classified as intermediate structures between individual nanoparticles
and superstructures of individual nanoparticles.
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2.3. Preliminary Work
This project is based on previous work that has been achieved in the group of
Prof. Dr. S. Polarz, especially the ground-breaking studies of Carlos Lizandara
on a molecular pathway towards defined ZnO nanoparticles in organic
solvents.[216] Lizandara established a water in oil microemulsion route, which is
based on a zinc-oxygen precursor with a Zn4O4 hetero-cubane core. Starting from
the very reactive dimethylzinc, the cubic molecule is made up of four “Me-Zn-O-R”
units, in which zinc is covalently bound to a methyl-group as well as coordinated
by an alcoholate-group (R).[217] It was shown, that different [MeZnOR]4 precursor
species

can

synthesised

be
using

different alcoholategroups like MeOH,
i

PrOH or tBuOH or

others. Due to their
Figure 2.12: Schematic depiction of the hydrolytic conversion of

good solubility and

[MeZnOR]4 into ZnO.

sufficient stability in

dry, aprotic organic solvents, these precursors are beneficial for the preparation
of defined ZnO structures. Furthermore, the preliminary formed Zn 4O4 core on a
molecular level, enables the synthesis of ZnO under thermodynamic nonequilibrium conditions.[217]
The reactivity of the precursor is defined by the organic residues, predominantly
the alcoholate-residues. The larger the steric hindrance, the less reactive is the
precursor: [MeZnOMe]4 > [MeZnOiPr]4 > [MeZnOtBu]4.[218] The conversion of
[MeZnOR]4 into ZnO is induced by the addition of water, which leads to a
hydrolysis reaction. Note that in this case water is not a solvent but a reactant.
The suggested mechanism of the hydrolysis and subsequent condensation is
depicted in Figure 2.12. The decomposition of the precursor runs in accordance
with a non-classical crystallization mechanism. Initially an amorphous ZnO prephase is formed, that subsequently transforms into primary ZnO cluster species,
which

convert

into

crystalline

ZnO. [216,217]

Lizandara

used

polyglyceryl-3-polyricinoleate (P3P) (Figure 2.13) as an emulsifying agent for the
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above mentioned water in
oil

microemulsion

simultaneously
stabilizer

for

and

as

a
ZnO

colloids. P3P exhibits a
distinct affinity towards

Figure 2.13: Lewis structure of the emulsifying compound
polyglyceryl-3-polyricinoleate (P3P).

the ZnO surface. This
commercially available oligomeric compound is mainly used in the cosmetic
industry, but also finds application in the preparation of other ZnO
nanoparticles.[91,219] Due to the interaction of the glyceryl-moiety with the (100)
facet, anisotropic ZnO nanoparticles like nanorods can be obtained.[216,220] Even
uncommon triangular ZnO nanoparticles have been obtained via the inverted
microemulsion approach using polyglyceryl-3-polyricinoleate (P3P) as an
emulsifying agent.[220]
Another beneficial aspect of the microemulsion route is the possibility to alter the
electronic properties of the ZnO colloids via the addition of impurities. The
introduction of dopant atoms into the ZnO structure can be achieved, by simply
adding corresponding ions to the water phase. [221]
Further detailed investigations on the influence of the dopant on the electronic
properties, the structure and morphology of the ZnO nanoparticles were
performed by Melanie Gerigk.[222] Various cations with different valences, like
Na+, Mn2+ or Al3+ were added to the ZnO system. It was found, that there is a
distinct correlation between the morphology of the ZnO nanorods and the type
and concentration of the hetero element that was introduced. In particular, the
extension in c-direction (length) of the nanorods was found to depend on the
difference in ionic radius of the dopant compared to Zn2+ ions (Δr). Maintaining
the rod-like morphology, they become shorter, the smaller Δr is.[219] Additionally,
the electronic properties of the doped ZnO nanoparticles were strongly altered,
which was investigated for transition metal containing Mn+@ZnO nanoparticles,
especially Eu@ZnO nanoparticles. Different Eu@ZnO nano-geometries, like
spheres, plates or prisms were realized by using emulsifying agents with different
headgroups like P3P or lauric acid. Analysis of the shape-property relationship,
concerning the photoluminescence properties, yielded distinct differences.
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The spherical nanoparticles, with the lowest surface to volume ratio, exhibit the
strongest Eu3+ luminescence intensity, indicating, that the dopant is not only
attached to the ZnO surface, but incorporated into the bulk crystal lattice. [219]
To enable profound investigations on the self-assembly behaviour of the ZnO
nanoparticles, further effort was made on decreasing their polydispersity. While
the morphology was already uniform, the as prepared ZnO nanorods exhibited
high polydispersity of ~ 20%. Gerigk improved this by a post-synthetic purification
approach. Via solvent density gradient ultra centrifugation the ZnO nanoparticles
were separated by their weight and correspondingly by their size. Thereby, the
polydispersity was significantly reduced to ~10%. [91] Subsequently, a systematic
study on the order and defects formation in nanoparticle superstructures as a
function of polydispersity and aspect ratio of ZnO nanoparticles was conducted.
The superstructures were prepared via EISA process, which yielded semi- and
highly-ordered structures like nematic or smectic phases. [91] The orientational
order and corresponding domain boundaries of the NP superstructures were
analysed from SEM images using the image processing software ImageJ. [223] It
was found, that for nanoparticles with small aspect ratios superstructure
formation is very intolerant towards polydispersity. Less prone to polydispersity
are superstructures from nanoparticles with larger aspect ratios. Overall a low
polydispersity is favourable for larger ordered structures. 90°-angle distortion
between adjacent particles was identified as main defect for the formation of
domain boundaries.[91,222]
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3. Challenges and Objectives
As presented above, literature offers a vast variety of anisotropic ZnO
nanoparticles of different shapes and sizes. However, there are surprisingly few
studies on the use of ZnO nanoparticles as building-blocks for the preparation of
ZnO nanoparticles superstructures. Furthermore, the ZnO nanoparticles used in
these studies act more like monomeric building units, which attach permanently
after assembly and thus lose their individual nanoparticle character. Studies on
the self-assembly of truly colloidal anisotropic ZnO nanoparticles as individual
entities into ordered NP superstructures are hardly found. This issue is seized in
the following, using anisotropic zinc oxide nanoparticles as a model system.
Thereby, the present work contributes to the field of nanoparticle-based materials
by investigating correlations between the morphological attributes of individual
nanoparticles and their impact on the formation and properties of self-assembled
nanoparticle superstructures from truly colloidal ZnO nanoparticle entities.
In literature, polydispersity has been identified as one crucial aspect which affects
the formation of colloidal superstructures.[91] But is the role of polydispersity really
that important? Considering atomic crystals, various binary, ternary or more
divers ionic crystal structures exist, in which the size of directly neighbouring
atoms varies distinctively. According to the cation-anion radius ratio concept,
there is a certain threshold interval of the radial ratio of neighbouring ions before
the crystal structure changes or breaks down completely. The polydispersity in
length (c-axis) as a limiting factor for the self-assembly of ZnO nanorods into
ordered structures has been intensively studied in preliminary works by
M. Gerigk. In contrast, the cross-sectional symmetry of those hexagonal ZnO
nanorods and the impact of polydispersity in width (a,b-axis) on the order of NP
superstructures has gained less attention. However, to profoundly investigate this
polydispersity in width, the major extension of the NPS should be in a,b-direction.
The lack of such studies is partially caused by an absence of nanoparticles with
a suitable shape. Instead of a rod-like morphology, the nanoparticles should
exhibit a rather plate-like shape.
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To close this gap, the first chapter of this work (4.1.) deals with the preparation of
ZnO nanoparticles, which are mainly defined by their extension in a,b-direction
and their assembly into NP superstructures. In the beginning, particular emphasis
should be laid on the synthesis of hexagonal ZnO nanoplates, by suppressing
the naturally favoured growth of ZnO along its c-axis. In a bottom-up approach,
the previously described single source precursor [MeZnOR]4 should be used as
ZnO source and the morphology of the nanoparticles should be controlled by
using organic ligands as growth directing agents. Considering their suitability as
building-blocks for the preparation of nanoparticle-based materials, the resulting
ZnO nanoplates should be in a size regime below 50 nm and inhere colloidal
attributes, like stable dispersibility and a low size distribution. Obtained ZnO
nanoplates should be analysed by means of their individual morphology, as well
as ensemble features, whereas the primary focus should lay in quantifying the
symmetry of the hexagonal cross-section (a,b-plane) and the polydispersity in
width. Subsequently, the influence of the surface ligands on the formation of
nanoparticle superstructures should be investigated, aiming the preparation of
ordered 2D superlattices via self-assembly. Finally, the impact of the
polydispersity in width of the individual hexagonal ZnO nanoplates on the
formation and crystallinity of 2D nanoparticle superlattices should be qualitatively
and quantitatively analysed.

Besides polydispersity, a more active, deliberate factor which influences the
formation of NP superstructures is the shape of the individual nanoparticles.
Therefore, the second major part of this work (chapter 4.2) deals with the
correlation between the shape and symmetry of the individual NP building-blocks
and the symmetry of corresponding NP superlattices. The impact of different
lengths (resp. aspect ratios) of ZnO nanorods on the formation of superstructures
has been extensively studied in previous works. The obtained results imply an
influence on the extension of ordered domains and the appearance of different
defect scenarios. Apart from smectic or nematic variations, an actual change in
the symmetry of the obtained superstructures was not observed. A more radical
approach would be a symmetry break of the rotational symmetry of the ZnO
nanoparticles from six-fold to three-fold. However, this symmetry break approach
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induces serious challenges for the hexagonal wurtzite ZnO crystal system. To
obtain a triangular morphology three of the six identical (100) facets in alternating
order need to grow differently than the other three. How can this symmetry break
be achieved, since the six (100) facets exhibit identical energy and growth rates?
First indications, that the formation of colloidal, triangular shaped ZnO
nanoparticles

is

possible,

have

been

found

in

previous

works

by

Lizandara et al.[220] However, no analysis of the formation of the uncommon
triangular shaped ZnO nanoparticles has been pursued. Furthermore, no ordered
self-assembly has been observed and thus no investigation of the shape
influence on the symmetry of corresponding nanoparticle superstructures took
place. Therefore, in the beginning of chapter 4.2. the formation mechanism of the
triangular ZnO nanorods should be clarified on different levels. First, the intrinsic
restrictions of the wurtzite ZnO crystal structure should be studied and possible
scenarios for a symmetry-break and the corresponding triangular growth should
be identified. Subsequently, the influence of P3P on the shape and the role of the
different structural motives of this oligomeric compound should be clarified.
Based on the obtained results, a formation mechanism of the ZnO nanorods with
triangular cross-section should be proposed. The second part of chapter 4.2
covers the initial hypothesis, that an altered symmetry of the NP building-blocks
induces a symmetry change of the corresponding NP superstructure and thus,
enables the appearance of emergent phenomena. Therefore, periodically
ordered 2D lattices of the triangular ZnO nanoparticles should be prepared via
self-assembly methods. To investigate structural and symmetry changes, related
to the nanoparticle shape and identify correlating differences, the obtained
superstructures should be compared to superstructures prepared from classical
ZnO nanorods with hexagonal cross-section. Finally, the obtained superstructure
should be analysed with respect to the appearance of emergent phenomena,
which can be related to the altered symmetry of the triangular ZnO nanorods.

Versatility in nanoparticle-based materials promotes the possibility of emergent
cooperative effects. Consequently, in the closing chapter of this work,
chapter 4.3., pathways to diversify the ZnO superstructures via the introduction
of secondary nanoparticle species should be explored. This species should
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exhibit a well-defined morphology and meet the size requirements of the obtained
ZnO nanoparticles. Furthermore, the second NP species should enable the
exploitation of the semiconducting properties of the ZnO nanoparticles to promote
possible cooperative phenomena. Meeting these criteria, caesium lead halide
perovskites are chosen as second NP species. Consequently, in the first part of
this chapter caesium lead halide nanoparticles with defined morphology in the
size range of ~50 nm should be prepared. These nanoparticles should be used
for the investigation of optoelectronic coupling with ZnO nanoparticles as well as
for binary self-assembly.
In the second part of this chapter an additional approach towards binary NP
superstructures should be pursued. To enhance the spectrum of possible
secondary NP species, like noble metal nanoparticle, a phase transfer of the ZnO
nanoparticles towards polar solvents should be realized.
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4. Results and Discussion
In this project, the controlled synthesis of anisotropic ZnO nanoparticles with defined
shape was performed, based on the usage of [MeZnOR]4 ZnO precursors. The
applicability of the obtained ZnO nanoparticles as building-blocks for the preparation
of nanoparticle superstructures as well as the emergence of new properties of
respective nanoparticle-based materials are investigated. The acquired results of the
fundamental investigations are scientifically discussed and presented in the following
three main chapters.
The first chapter deals with the challenge of suppressing the naturally favoured growth
direction of ZnO along their c-axis, leading to the formation of well-defined hexagonal
ZnO nanoplates. The advanced shape control opens up the possibility of the formation
of two-dimensional, periodically ordered nanoparticle superstructures. The structural
integrity of these superstructures is analysed in dependence of the polydispersity of
the underlying ZnO nanoplates. Most of the data presented in this chapter was
published in: “Tolerance in superstructures formed from high-quality colloidal ZnO
nanoparticles with hexagonal cross-section”.[224]
The second chapter covers a cooperative ligand induced symmetry-break of ZnO
nanoparticles with common hexagonal shape, leading to a transition into a triangular
morphology. Subsequently, the impact of the particle level symmetry-break on the selfassembly

behaviour

and

packing

symmetry

of

the

resulting

nanoparticle

superstructures is investigated. The discoveries presented in this chapter were
published in: “Ligand-Programmed Consecutive Symmetry Break(s) in Nanoparticle
Based Materials Showing Emergent Phenomena: Transitioning from Sixfold to
Threefold Symmetry in Anisotropic ZnO Colloids”.[225]
Chapter three focuses on the diversification of the ZnO nanoparticle-based materials
towards hetero nanoparticle superstructures. To enable optoelectronic communication
within the binary structures, caesium lead halide perovskites are chosen as a second
NP species. The morphology of the CsPbX3 NPs is fine-tuned to suit the measures of
the obtained triangular ZnO NPs and first experiments on electronic communication as
well as binary self-assembly are conducted.
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4.1. Polydisperse Supercrystals of Hexagonal ZnO Nanoparticles
Two factors are identified which need to be controlled to promote the growth of ZnO in
a,b-direction. First, the more the naturally favoured growth of ZnO along its polar c-axis
is kinetically hindered, the less pronounced should be the extension in c-direction. A
straight forward approach to achieve this can be realized by decreasing the reaction
temperature during the synthesis to a degree where growth of the nanoparticles is
slowed down, but the conversion of [MeZnOR]4 still takes place fast enough to ensure
a short nucleation phase (cf. LaMer [32]). Secondly, using suitable crystal cappers,
which hinder the growth along the (002) direction should further decrease the growth
of the ZnO nanoparticles in c-direction. Sufficient suppression of the growth in (002)
direction of ZnO can be achieved by using long-chained carboxylic acids as ligands,
as they exhibit a distinct affinity towards the (002) facets. Herein, the previously
described hetero-cubane single source precursor [MeZnOR]4 is used in a “moderateinjection” synthesis. The initiation of the conversion of [MeZnOR] 4 to form ZnO is done
by adding a defined amount of water as rapidly as possible. Thereby, all of the
dissolved precursor species are initiated simultaneously, leading to a quick
homogeneous conversion into an amorphous ZnO pre-phase. As mentioned in
chapter 2.1.4, a facile approach to control and guide the growth of nanoparticles from
initial randomly shape seeds into a well-defined morphology is the use of growth
directing agents – ligands.

4.1.1. Suppression of Growth towards Hexagonal ZnO Nanoplates
The results of the above described kinetically driven ligand assisted approach are
shown in the TEM images in Figure 4.1. All of the five micrographs present ZnO
nanoparticles which have been synthesized using the exact same composition of ZnO
precursor, capping ligand and solvent. The sole difference between these samples is
the temperature during the synthesis, which results in different morphologies. As
expected from the above describe kinetic trend, higher temperatures promote the
naturally favoured growth of ZnO along the c-axis. The samples synthesized at higher
temperatures (Figure 4.1-1 = 85°C and Figure 4.1-2 = 75°C) exhibit a more elongated
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rod-like morphology with an aspect
ratio of 2.45 (85°C) and 1.84
(75°C). At a reaction temperature
of 65°C (Figure 4.1-3) the transition
from a more nanorod-like, to a
more nanoplate-like morphology
takes

place.

The

ZnO

nanoparticles have an aspect ratio
close to 1 (0.88) indicating that
length

(c-direction)

and

width

(a,b-direction) are similar in size.
Further lowering the temperature
results in the desired nanoplate
morphology,

as

seen

by

Figure 4.1-4 (55°C, AR = 0.67) and
Figure 4.1-5 (45°C, AR = 0.51).
The

shortening

of

the

ZnO

nanoparticles is accompanied by a
different orientational

behaviour

with respect to the TEM grid. While
the ZnO nanorods preferentially lay
on the (100) side facets, most of
the nanoplates present the (002)
facets.
The decrease of the nanoparticles
length is further highlighted in the

Figure 4.1: TEM images and schematic depictions of
anisotropic ZnO nanoparticles with rod-like and plate-like
morphology; scalebars 100 nm. The temperature dependency

plot of manual measurements of

of the aspect ratio is indicated by the colour gradient bar;

the

redish for higher temperatures (>65°C) and blueish for lower

nanoparticles

(c-direction)

in

black

length
and

temperatures (<65°C).

nanoparticles width (a,b-direction) in grey presented in Figure 4.2a). Preliminary works
showed that the use of the ZnO precursor [MeZnOR]4 is very versatile, as the reactivity
of the precursor can be adjusted according to the alcoholate-moiety.[218] Continuously
decreasing the aspect ratio and hence, the formation of ZnO nanoplates could be
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achieved using precursors with high reactivity, [MeZnOMe] 4 (black curve) as well as
precursors with low reactivity [MeZnOtBu]4 (blue curve) (Figure 4.2b)). Hence, a great
versatility could be confirmed for the here presented method as well.

Figure 4.2: a) Plot of mean sizes of ZnO nanoparticles with respect to the temperature obtained from manual
measurement of TEM images, nanoparticles length (c-direction) in black, nanoparticles width (a,b-direction) in
grey. b) Plot of the aspect ratio of ZnO nanoparticles synthesized with [MeZnOMe] 4 (black) and [MeZnOtBu]4
(blue) against the reaction temperature.

Analysis of the structural integrity of the obtained nanoparticles with respect to the
crystal system is shown in the PXRD diffractogram of the nanoparticles (Figure 4.3a)).
All reflexes can be assigned to Wurtzite ZnO (space group P63mc). The UV/Vis
spectrum of the ZnO nanoparticles (Figure 4.3b)) displays a for semiconductors
typically shaped band edge with a bandgap energy of 378.1 nm (3.3 eV), which is in
accordance to bulk ZnO. Together, both results confirm the successful formation of
ZnO. As mentioned above, the passivation of the (002) facet of ZnO is targeted to
supress the naturally favoured growth of the nanoparticles in that specific
crystallographic direction. Hence, to probe whether the use of long chained carboxylic
acids, in this case oleic acid (OA), as a crystal capping agent offers a sufficient
interaction with the ZnO surface, IR and 1H-NMR spectroscopy of the nanoparticle
sample are conducted (grey) and compared to free, uncoordinated OA (black)
(Figure 4.3c), d)). In both IR spectra in Figure 4.3c) (free OA = black; OA@ZnO = grey)
similar signals of the different stretching bands of OA can be found. The relevant
indicator for an interactive coordination of OA with the ZnO surface lies in a shift of the
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uncoordinated carbonyl (C=O) stretching band at 1712 cm-1 (black).[226,227] This
stretching band is shifted significantly towards lower wavenumbers (1545 cm-1; grey
curve) as indicated by Δν in Figure 4.3c).

Figure 4.3: a) PXRD pattern of the obtained ZnO nanoparticles and indexed wurtzite ZnO reference. b) UV/Vis
spectrum of the obtained ZnO nanoplates. c) IR spectrum of free oleic acid (black) and of the obtained ZnO
nanoparticles (grey). d) 1H-NMR spectrum of free oleic acid (black) and of the obtained OA@ZnO nanoparticles
(grey).

Further proof for the interaction of OA with the ZnO surface is given by 1H-NMR spectra
shown in Figure 4.3d). Again, the spectrum of free OA (black) is compared to OA@ZnO
(grey). For 1H-NMR spectroscopy, a shift towards higher δ, as well as a broadening of
the respective signals of coordinating moieties and protons in direct proximity can be
expected.[228] The triplet of the protons in alpha position to the carbonyl moiety at
2.2 ppm (marked in blue, t, 2H, -CH2-) exhibits a strong broadening and a significant

39

Results and Discussion 4.1

shift of 0.07 ppm towards higher δ. In contrast, the triplet of the terminal protons at
0.89 ppm (marked in grey, t, 3H, -CH3) is neither broadened nor shifted at all, shape
and position of the signal are identical for both free OA (black) and OA@ZnO (grey).
A completely indexed

1

H-NMR spectrum is displayed in the appendix section

Figure A.1)
For both IR- and 1H-NMR spectroscopy, only the signals of the carboxylic moiety or
signals in close proximity to it are shifted due to the interaction with ZnO. Hence, the
conclusion can be drawn that the main interaction of OA with ZnO stems from the
carboxylic group, rather than the aliphatic tail. The above described synthetic approach
yielded ZnO nanoparticles with very short length (c-direction) – nanoplates.
Another method to globally confirm the successful shortening of the ZnO nanorods into
ZnO nanoplates is PXRD. The shape and relative intensities of the reflexes are in direct
correlation to the morphology of the ZnO nanoparticle and thus, information on the

Figure 4.4: a) PXRD patterns of the first three reflexes (100), (002) and (101) of ZnO nanoparticles with
decreasing temperature from black to light blue. b) FWHM of the (002) reflex of ZnO nanoparticles with
decreasing aspect ratio. The colours datapoints refer to a decreasing temperature from black to light blue.

shape of the analysed samples can be extracted. While the reflex positions are
identical for all of the ZnO nanoparticle samples, closer attention has to be drawn to
the full width at half maximum (FWHM) of the (002) reflex since it directly transfers to
the number of (002) facets and hence to the elongation in that crystallographic
direction. Sharp (002) reflexes indicate a more rod-like morphology, while broadened
(002) reflexes can be referred to a more plate-like shape. The PXRD reflexes of the
ZnO nanoparticles shown in Figure 4.4a) follow exactly this trend. At high temperatures
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(black diffractogram) the (002) reflex is distinctly sharper than the other two presented
reflexes ((100) and (101)), which is in accordance with the rod-like morphology of the
ZnO nanoparticles. In contrast, at lower temperatures (light blue diffractogram) the
(002) reflex has broadened significantly, which can be referred to the nanoplate
morphology. This is further demonstrated by Figure 4.4b), in which the FWHM of the
(002) reflex is plotted against the aspect ratio of the ZnO nanoparticles.

Figure 4.5: a) HRTEM image of one individual ZnO nanoplate, scalebar 10 nm. b) excerpt of the ZnO nanoplate
with atomic resolution, scalebar 1 nm. c) FFT of the ZnO nanoplate with indexed lattice planes.

A closer look into the nanoparticles’ intrinsic structure is given by the high resolution
(HR)-TEM image in Figure 4.5. One individual ZnO nanoplate is shown in Figure 4.5a)
indicating the symmetric hexagonal morphology with 120° angles at the corners and
six sharp edges with identical length. An excerpt of the ZnO nanoplate with atomic
resolution is shown in Figure 4.5b). As expected from the hexagonal wurtzite structure,
(see PXRD in Figure 4.4a)) the atoms are arranged with hexagonal symmetry with
fitting crystal plane distances. This is further confirmed by the fast Fourier
transformation (FFT) of the image in Figure 4.5c).
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It can be concluded that the suppression of the naturally favoured growth in c-direction
under the promoting influence of moderate temperatures is successful. From the
obtained results, a suggested formation scenario is depicted in Figure 4.6. Two factors
can be identified, which influence the formation of either a rod-like or a plate-like
morphology. First, the temperature, which increases or decreases the overall kinetics
of the system like diffusion of the ligands or the anyhow favoured growth in c-direction.
Second, the interaction of oleic acid ligands with the ZnO (002) surface. The
attachment on the ZnO surface hinders the diffusion of additional ZnO-growth species
to the surface resulting in a suppression of the growth along the c-axis. It can be
assumed, that the amount of oleic acid and its dwell time on the ZnO nanoparticles is
reciprocally dependent on the temperature. Consequently, for higher temperatures (I),
less ligand species interact with ZnO per time unit, inducing a weaker suppression of
growth and the formation of ZnO nanorods. In contrast, moderate temperatures (III)
lead to an increased amount of ligand on the surface of the growing ZnO seeds per

Figure 4.6: Schematic depiction of the temperature-controlled ligand assisted growth mechanism. In a high
temperature regime (I), the dwell-time of ligands on the ZnO (002) surface is lower and growth is promoted. In
a low temperature regime (III), the dwell-time of the ligands on the ZnO (002) surface is higher and growth is
hindered.

time unit. Thereby, growth in c-direction is sufficiently suppressed, while growth into
the a,b-direction is promoted, yielding the formation of ZnO nanoplates.
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4.1.2. Automated Analysis of Shape, Size and Symmetry of ZnO
Nanoplates
There are several analytical methods to determine the size distribution of colloidal
samples. A very powerful and one of the most common methods is dynamic light
scattering (DLS), which yields the hydrodynamic diameter d h of a hypothetical,
spherical species, which behaves similar to the real sample with respect to Brownian
motion in the corresponding solvent. Hence, the accuracy of the resulting size
distribution of the measured sample
correlates to the sample shape. The
more isotropically shaped the sample
colloids are, the more compliant are
the results of the DLS measurement
with reality. A reversed dependency
can be drawn for anisotropic particles
– the less isotropic their morphology,
the less convincing are the results.
Figure 4.7 shows dh values from DLS
measurements of the previously
shown

ZnO

nanoparticles

with

continuously decreasing aspect ratio
(see

Figure 4.1)

(DLS

Figure 4.7: Comparison of mean sizes of anisotropic ZnO
nanoparticles

with

different

aspect

ratios.

DLS

measurements in black, manual evaluation of TEM images
in grey (length, c-direction) and blue (width, a,b-direction).

measurements are displayed in the
appendix section in Figure A.2). While there is a relatively fitting accordance of d h with
the data from TEM measurements for ZnO nanoparticles with an AR ≤ 1, the values
strongly deviate for elongated rod-like ZnO nanoparticles (AR = 2.45). To overcome
this morphological problem, correcting shape factors can be applied, like the Perrin
friction factors,[229] which assume an ellipsoidal shape. However, these methods do not
meet the nm-scale resolution of different shapes, facets and symmetry variations of
the here presented anisotropic ZnO nanoparticles.
To avoid this inaccuracy while still making reliable statements about the shape of
nanoparticles and their size distribution a standard analytic procedure is the evaluation
of electron microscopy images and manual measurement of nanoparticle sizes.
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To obtain statistically validated results, counting of several hundred individual
nanoparticles is inevitable. To profoundly analyse nanoparticles with anisotropic
shapes, this implies not just one measurement per nanoparticle, but one for each
anisotropic direction. For “simpler” shapes like cylindric nanorods this involves the
measurement of length and width, already doubling the quantity of necessary
measurements.
Because of the hexagonal morphology of the ZnO nanoplates, measuring of length
and width is not satisfactory and more than just two measurements are necessary.
Figure 4.8a) shows a TEM image of several ZnO nanoplates orientated with their (002)
facet parallel to the TEM grid. Besides a relatively broad size distribution, most of the

Figure 4.8: a) TEM image of ZnO nanoplates, scalebar 100 nm. b) Focused view of one individual ZnO
nanoplate, labelled with possible measurements of edge lengths U-Z and inner angles α1-β2.

nanoparticles exhibit six sharp corners. Yet again, these six corners are not always
symmetrically distributed yielding in nanoparticles with a distorted hexagonal
symmetry. Consequently, to make a validated, quantitative statement on the overall
morphology of the ZnO nanoplate sample, several more measurements on one
individual nanoparticle are inevitable. An individual ZnO nanoplate with relevant shape
and symmetry measurements is shown in Figure 4.8b). Six different values for the
edge-lengths U-Z, three different diameters, depending on corner-to-corner or edgeto-edge, as well as six different inner angles α1-β3 can be measured if the nanoparticle
deviates from a perfectly symmetric shape. Summarized, this leads to 18 necessary
measurements per nanoparticle and thus neglecting the suitability of a manual
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measurement for a statistically validated number of particles. Consequently, the
profound analysis of the morphology of the nanoparticles without missing the accuracy
of necessary measurements demands a different approach.
Therefore, based on the evaluation of TEM images via the open source software “Fiji”
(Fiji is the same as ImageJ),[223] a more sophisticated automated quantitative analysis
tool for the morphology of the hexagonal ZnO nanoplates was developed. This tool
was developed in collaboration with Dr. Martin Stöckl of the Bioimaging Centre of the
University of Konstanz.

Figure 4.9: a) TEM image of hexagonal ZnO nanoparticles, scalebar 20 nm. b) Labelled image after application
of the automated analysis tool. Centroids are marked in red, corners in green, the numbers refer to continuous
indexing of the particles per analysed TEM image, scalebar 20 nm. c) Schematic depiction of the geometric
values used to calculate the angle dependent eccentricity Eangle. and the edge length dependent eccentricity
Eedge. d) Schematic depiction of the geometric values used to calculate the angle dependent irregularity I angle
and the edge length dependent irregularity I edge.
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In a frequency band pass denoised TEM image, the ZnO nanoparticle boundaries are
identified using a Laplacian filter to generate a binary map of the particles. Two
normalized circular profiles with a datapoint for every angle degree were measured for
each particle. The first circular profile being the distance from edge to centroid
(maximum of the numerical derivative of the intensity starting from the centroid) and
secondly the intensity of the masked binary TEM image (average intensity of profiles
from the centroid). Both were summed in a weighted profile to be able to identify corner
angles as local maxima. Because of the hexagonal symmetry of the nanoparticles an
opposite angle for each corner angle was introduced, if not present. To obtain putative
corner coordinates regarding the x- and y-position with respect to the TEM image, for
each of these angles the location of the edge was defined as the maximum of the
numerical derivative of the corresponding intensity profile. To remove possible corner
points from inside the hexagonal particle in the image, the obtained coordinates are
used to calculate a convex hull. Subsequently, coordinated on the nanoparticles’ edges
are removed by evaluation of the angle formed by three adjacent putative corner
points. If less than six corners have been identified, the central region of the largest
inner angle is iteratively probed for a local maximum of the intensity profile, indicating
a missed corner. In Figure 4.9 the application of the automated quantitative image
analysis tool is shown. The original TEM image of hexagonal ZnO nanoplates
(Figure 4.9a)) features nanoparticles of different sizes and symmetry. The accurate
identification by the analysis tool is displayed in Figure 4.9b). The corners of the
nanoparticles are marked with green points, whereas the spatial position (x- and ycoordinates) of centroids are labelled in red for every nanoparticle. The red numbers
on each nanoparticle refer to a continuous indexing of the counted nanoparticles.
Having identified six corners, the total area of one individual hexagon is calculated from
the respective coordinates of the corners. From the obtained area of the particle, Dhex
as the diameter of the particle is derived from a geometric hexagon approximation. To
evaluate the shape and symmetry of the hexagonal nanoparticles, “eccentricity” (E)
and “irregularity” (I) are used as parameters. To obtain Eangle from the angles,
opposing inner angles of one hexagon are summed. E angle is then calculated as the
ratio of the minimum and maximum value as depicted in Figure 4.9c). A similar
procedure is done for Eedge of the hexagonal nanoparticles’ edge lengths as shown in
Figure 4.9c). For three pairs of opposite edges, the normalized ratio of the sum of the
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length of two opposing edges together with the sum of the lengths of the remaining
edge is formed. The minimum of these ratios yields as Eedge.
The irregularity of inner angles Iangle is obtained by alternatingly dividing the angles into
two groups. Iangle is then calculated as the ratio of the sums of these group which is
smaller than 1 (Figure 4.9d)). The irregularity of the edges Iedge is calculated identically
as displayed in Figure 4.9d). With the automated quantitative analysis tool in hand, the
hexagonal ZnO nanoplates can now be classified according to their symmetry and
size.

Figure 4.10: a) Colour labelled TEM image of hexagonal ZnO nanoplates, scalebar 100 nm. b) Plot of Δhex-sym
against Dhex of the corresponding symmetry analysis data of the colour labelled nanoparticles. c) Large area
TEM image of hexagonal ZnO nanoplates, scalebar 500 nm. d) Plot of Δhex-sym against Dhex of the data
corresponding to the TEM image in c).

For an ideally symmetric hexagon, equal lengths for all of the six edges U-Z, as well
as equal values for all of the inner angles α1-β3 are expected. To derive a suitable value
47

Results and Discussion 4.1

out of the given data (eccentricity, irregularity and area) for the overall symmetry of a
hexagon, the obtained data is compared to a geometrically ideal hexagon. Hence,
symmetry

parameter

“Δhex-sym”

is

introduced

as

follows

Δhex-sym = (dU + dW + dY)/(dV + dX + dZ), describing the deviation from an ideal hexagon
for which Δhex-sym = 1.
This procedure is shown for a small number of nanoparticles in Figure 4.10a) and b).
In the TEM image in Figure 4.10a), six nanoparticles of various size and symmetry are
labelled with coloured dots. As an example, the dark brown labelled nanoparticle is
significantly smaller compared to the other labelled nanoparticles. Furthermore, it
exhibits a rather low symmetry as there is a distinct variation in the edge lengths. In
contrast, the nanoparticle labelled with the dark green dot is considerably larger and
exhibits a higher symmetry. This qualitative comparison of the two nanoparticles (dark
brown and dark green labelled) is quantitatively displayed in the graph of Figure 4.10b),
in which Δhex-sym is plotted against the Dhex. The data points resemble the coloured dots
of the TEM image, referring to the corresponding nanoparticle. The morphology
differences of the two above described nanoparticles are reproduced accurately by the
automated analysis tool. Compared to the dark green dot, the dark brown one appears
at a lower value for both Δhex-sym and Dhex indicating a smaller size and lower symmetry.
Consequently, the accuracy of the automated analysis tool can be confirmed.
Corresponding comparisons of the other displayed nanoparticles with different colour
labels can be drawn similarly. The application of the tool for a larger, statistically more
relevant number of nanoparticles is shown for the TEM image in Figure 4.10c) and the
corresponding plot of Δhex-sym against Dhex in Figure 4.10d). Due to the larger number
of analysed nanoparticles, a depiction of the results of the measurement as a height
profile distribution for both Δhex-sym and Dhex is more suitable, rather than the display of
single data points. From the maximum of the distribution Δhex-sym and Dhex can be
extracted. The polydispersity index (PDI) is determined from the FWHM of the
distribution. Using the automated quantitative analysis tool, modifications of different
parameters in the synthetic protocol, like concentration of the precursor [MeZnOR] 4 or
the concentration of OA can now be efficiently evaluated. This enables a deeper
understanding of the formation of ZnO nanoplates, as well as how their morphology
can be influenced. Figure 4.11 displays the results of different syntheses with an
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increasing amount of the ZnO precursor [MeZnOiPr]4. The TEM image in Figure 4.11a)
shows ZnO nanoplates with a low precursor concentration of 0.02 g/mL. Besides larger
nanoparticles with distinct hexagonal shape, also several smaller, more roundly
shaped nanoparticles can be found, which implies a rather broad size and shape
distribution.

Figure 4.11: TEM images and results of the automated analysis tool, displaying the influence of the precursor
concentration on the morphology of ZnO nanoplates, scalebars 100 nm. a) 0.02 g/mL; b) 0.06 g/mL;
c) 0.12 g/mL.

The impression of the TEM image is correctly reflected by the corresponding broad
height profile of Figure 4.11a). The maximum of the distribution can be found at 12 nm
for Dhex and 0.65 for Δhex-sym. Increasing the concentration of the precursor to 0.06 g/mL
leads to a significant decrease in size, accompanied by a distinct sharpening of the
size distribution, as shown by the TEM image in Figure 4.11b) and the corresponding
height profile. The maximum is shifted to 9 nm for Dhex, while the value for
Δhex-sym = 0.60 stays nearly constant. This trend is continued by further increasing the
concentration of the precursor to 0.12 g/mL, yielding even smaller nanoparticles as
displayed by the TEM image in Figure 4.11c) and the respective size distribution. Once
more, the position of the maximum of Δhex-sym = 0.6 stayed constant, while Dhex has
decreased to 6 nm. The results of above described influence of the precursor
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concentration on the outcome of the
synthesis are summarized in the
graph of Figure 4.12. Herein, the
position of the maximum of the size
distribution is plotted against the
concentration of the ZnO precursor
[MeZnOiPr]4 in black. The FWHM
corresponds to the blue lines in the
height profiles and is plotted in grey.
Concluding the presented effect of
Figure 4.12: Plot of the position of the maximum diameter of
ZnO nanoplates in black and FWHM of the distribution of
Δhex-sym in grey, obtained from the automated analysis tool
against the precursor concentration.

the precursor concentration on the
size

of

nanoplates,

the
a

obtained
relation

ZnO
to

the

previously described LaMer model
of growth can be drawn. Due to the increased precursor concentration during the rapid
initiation with water, the conversion of the precursor is accelerated and thus, the
nucleation phase is shortened. Hence, more primary crystallisation seeds are formed.
As a consequence, the remaining growth species have a larger number of “attachmentsites”, resulting in a less pronounced growth after nucleation and therefore smaller
nanoparticles.

Figure 4.13: Plot of the position of the maximum diameter of ZnO nanoplates in black and FWHM of the
distribution of Δhex-sym in grey, obtained from the automated analysis tool against the ligand concentration in a)
and against the time in b).
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The results of further studies on the influence of synthesis parameters on the
morphology of the ZnO nanoplates are displayed in Figure 4.13. Increasing the amount
of OA ligand from 0.08, to 0.1, to 0.12 mmol yielded in an increase of the diameter of
the obtained ZnO nanoplates, as opposed to the precursor concentration
(Figure 4.13a)). An explanation for this behaviour can be the effect of enhanced
suppression of growth along c-direction, because of the higher amount of OA
interacting with the (002) surface. Hence, the diffusion and attachment of growthspecies to this facet is hindered more strongly, leading to a promoted growth in
a,b-direction.
Lastly, the evolution of nanoparticles shape and size over a longer period of time is
monitored, to evaluate the stability of the nanoplate morphology. The graph in
Figure 4.13b) clearly shows a distinct increase in size, as well as a moderate drop of
the FWHM after a primary increase. This trend offers similarities to a time dependent
Oswald-ripening process, in which lager particles grow at cost of dissipation of smaller
particles. TEM images and height profiles of both Figure 4.13a) and b) can be found in
the appendix section in Figure A.3 and Figure A.4.
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4.1.3. Tolerance of Nanoparticle Superstructures towards Polydispersity
of ZnO Building-Blocks
One of the key challenges to create new materials on the basis of nanoparticles is the
control of their spatial position with respect to each other, which is mostly done via selfassembly. As mentioned above, external conditions like temperature or time, as well
as internal parameters like polydispersity, the solvent or different stabilizing surface
ligands can alter the self-assembly. For nanoparticles that deviate from a spherical,
isotropic shape this is especially challenging as not only the spatial position, but also
the spatial orientation of the nanoparticles comes into play.
The following chapter describes the employment of the previously presented
hexagonal ZnO nanoplates as building blocks for the preparation of nanoparticle
superstructures. In the first part, the main focus is set on the preparation of such
superstructures and the manipulation of the self-assembly behaviour via the use of
surface ligands. Subsequently the dependency of the intrinsic structure of nanoparticle
superstructures on the polydispersity of nanoparticle building blocks is covered.
4.1.3.1. Self-assembly Behaviour and Preparation of Nanoparticles
Superstructures
The preparation of nanoparticle superstructures requires spatial accuracy on the
nanometre scale and thus is a very precise procedure. Time is one of the major
parameters that influences the outcome of the self-assembly process. In a worst-case
scenario the nanoparticles would sediment instantly, leaving no time for particleparticle interactions or micro rearrangements of already formed nanoparticle clusters.
Hence, one limiting factor for the successful self-assembly is the colloidal stability of
the nanoparticles in dispersion. A straight forward approach to check for colloidal
stability of the hexagonal ZnO nanoplate dispersions is the application of long-time
UV/Vis and DLS measurements (Figure 4.14). Due to the direct proportionality of
UV/Vis spectroscopy to the concentration via the Lambert-Beer’s law, sedimentation
effects can be monitored efficiently. If the nanoparticles would sediment within the
cuvette the concentration of the nanoparticles in dispersion would decrease, resulting
in a loss of absorbance intensity. Figure 4.14a) shows a long-time UV/Vis
measurement over the period of 94 h with a spectrum being recorded every hour.
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Figure 4.14: a) Long-time UV/Vis measurement of hexagonal ZnO nanoplates. b) Plot of the absorbance at a
wavelength of 355 nm over a period of 90 h. c) Long-time DLS measurement of hexagonal ZnO nanoplates. d)
Plot of dh of hexagonal ZnO nanoplates over a period of 70 h.

This is further highlighted by the plot of the absorption intensity at a wavelength of
355 nm in Figure 4.14b). No decrease in the absorbance intensity can be observed,
implying that the ZnO nanoplates are sufficiently stabilized by the initially used OA
ligands. Besides the sedimentation of individual nanoparticles, also the agglomeration
of multiple nanoparticles to undefined clusters plays a role in colloidal stability. Hence,
also DLS long-term measurements are performed as shown in Figure 4.14c). Over a
period of 70 h a measurement was conducted for every hour. As can be seen from the
graph in Figure 4.14d), the resulting values for dh stay constant within small variations
of ± 3 nm and no larger species are observed throughout the experiment. This confirms
the results of the long-time UV/Vis measurements concerning the sedimentation as
well as implying that the individual nanoparticles are stable and do not tend to
agglomerate.
The TEM micrograph in Figure 4.15 displays that without further treatment the ZnO
nanoplates obtained from the synthesis exhibit no preferential self-assembly behaviour
53

Results and Discussion 4.1

into distinct arrays. Nevertheless, some of the particles show semi-ordered clustering,
in which they tend to align along their side facets. Due to the polydispersity of the
nanoparticles,

these

semi-ordered

clusters exhibit irregular boundaries,
neglecting the controlled oriented
attachment of further nanoparticles.
As mentioned above, the successful
self-assembly of nanoparticles into
widely spanned superstructures is
dependent on several factors.
A brilliant method to increase the time
of sedimentation as well as providing
the

chance

of

possible

micro-

rearrangements during attachment

Figure 4.15:

TEM

image

of

randomly

distributed

hexagonal ZnO nanoplates, scalebar 100 nm. Small

processes

of

published

for

nanoparticles
Fe2O3

and

was
CoPt3

nanoparticles by Dong et al.[92] in

clusters are indicated by white squares.

2010. Herein, a defined amount of
nanoparticles dispersion is cautiously placed onto a layer of diethylene glycol (DEG)
which functions as a flexible, liquid substrate. Via slow evaporation of the dispersion
solvent, the nanoparticles spread onto the DEG/Air interface without mixing of the two
phases leaving behind a very thin nanoparticle film. A crucial aspect of this method is
that the dispersion medium and the polar DEG must not be miscible. Otherwise, DEG
would lose the function as an interface-substrate and the nanoparticles would get
dispersed within. Hence, this method works best for nanoparticle dispersions with a
non-polar solvent like cyclohexane, diethyl ether or toluene. Subsequently to the
formation, the NP films can be deposited on various substrates like Si-wafers, glassslides or TEM grids, simply by scooping them from underneath trough the DEG phase.
This method was adopted for the ZnO nanoparticles presented in this work. A
schematic depiction of the NP film formation on the DEG/Air interface is shown in
Figure 4.16a). The resulting NP film can be seen in the photographic image of a petri
dish containing DEG in Figure 4.16b). To better visualize the formed NP film the
boundaries are marked in black. The TEM image in Figure 4.16c) displays the structure
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of the NP film, revealing two effects. First, the hexagonal ZnO nanoplates seem to be
packed in closer proximity to each other compared to the sample in Figure 4.15.
Second, islands of ordered NP clusters have extended to a larger number of NPs.
Furthermore, the polydispersity of the nanoparticles within these islands seems to be
decreased, giving first hints to size dependent exclusion of NPs from the film. In
general, the application of the method presented by Dong et al. is deemed suitable for
the hexagonal ZnO nanoplate system.

Figure 4.16: a) Schematic depiction of the formation of NP superstructures on diethylene glycol.
b) Photographic image of a petri dish and a formed ZnO nanoparticle film diethylene glycol; the boundaries of
the NP film are marked in black (right image). c) TEM image of a corresponding ZnO nanoplate sample;
scalebar 200 nm. Size separating clustering is marked in white.

The packing density of the nanoparticle films obtained from the DEG-assembly has
significantly increased compared to structures obtained from simple drying
preparation. However, no significant increase of the orientational order of the NPs with
respect to each other can be identified. Consequently, the surface modification of the
ZnO nanoplates as another relevant factor that influences the self-assembly behaviour
needs to be investigated. To evaluate the role of the stabilizing ligand the initially used
OA ligands are exchanged with different ligands. To ensure the constant colloidal
stability of the nanoparticles in dispersion, the focus is set on variations of the head
groups of the ligands, while keeping the aliphatic tail constant. In a first step, only minor
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variations where realized by exchanging OA with sodium oleate (NaOl). Therefore, a
simple washing procedure is conducted. The ZnO nanoplates are treated with a
defined solution of NaOl in toluene in an ultrasound bath and subsequently sedimented
via centrifugation. This process was repeated three times. As was already explained

Figure 4.17: a),b) Large scale and close up TEM images of the NaOl@ZnO nanoplates assembled on DEG;
scalebar 500 nm and 100 nm. c) Schematic depiction of the stacked assembly behaviour.

in Figure 4.3. of section 4.1.1., a shift of the wavenumber Δν of the C=O stretching
band can be expected for the coordinated compound. However, due to the identical
molecular structure of NaOl and the deprotonated OA@ZnO, a confirmation of the
ligand exchange was difficult to obtain as both compounds exhibit identical signals (see
appendix section Figure A.6). Nevertheless, the NaOl@ZnO nanoparticles where selfassembled according to the previously described DEG/Air interface method. The
resulting NP superstructures are shown in the TEM images of Figure 4.17a) and b).
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A distinct difference compared to the previously presented NP films (Figure 4.16c)) can
be identified, which is remarkable considering the identical tail group of the ligand. The
nanoparticles do not assemble into densely packed monolayer films, instead they built
more randomly structured networks. Within these networks the nanoparticles
preferentially attach to each other via the (002) facets building sort of stacked packages
of around 5 - 20 nanoparticles as indicated by the scheme Figure 4.17c). Besides the
described stacked arrays, there are also areas in which the NPs are randomly
orientated, as well as agglomerated regions. Although a certain influence of NaOl as a
ligand on the self-assembly behaviour of the ZnO nanoplates has been found. The
order and defined structuration of resulting NP film has not improved compared to the
initial OA coated NPs. Similar results have been obtained for NaOl@ZnO nanorods
which are shown the appendix section Figure A.5. Hence, NaOl is deemed to impair
the self-assembly process and is therefore neglected for further studies.
Previous studies indicated that besides the already used carboxylic acids also glyceryl
esters exhibit a certain affinity towards the ZnO surface. [220] Hence, glyceryl monoOleate (mono-Ol) was used in a second approach to vary the self-assembly behaviour
of the ZnO nanoplates via the use of surface ligands. Again, the aliphatic tail is kept
constant and only the head group is varied. A similar ligand exchange protocol as
mentioned above for NaOl@ZnO nanoplates was conducted. To validate the results
of the ligand exchange, the mono-Ol@ZnO nanoparticles were analysed with IR and
1

H-NMR spectroscopy. Both spectra are displayed in the appendix section Figure A.9

and Figure A.8 and exhibit the expected signals.[226–228] The large area TEM images of
Figure 4.18 display the tremendous effect of mono-Ol on the self-assembly behaviour
of the hexagonal ZnO nanoplates. Figure 4.18a) shows macroscopic two-dimensional
sheet-like nanoparticle films that are extended over several microns. From the distant
overview image, several long-ranging cracks and wrinkled areas can be found within
the sheets which can be referred to drying artifacts. These features strongly indicate
that the sheets appear as permanently interconnected units and therefore exhibit
material-like attributes. Zooming into the macroscopic sheets their nanoparticle-based
character is revealed (Figure 4.20b)). The ZnO nanoplates have formed widely spread
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Figure 4.18: a) Large scale and close up TEM images of the mono-Ol@ZnO nanoplates assembled on DEG;
scalebar 1 µm. b) TEM image with indexed long-range order of the hexagonal ZnO nanoplates. c) Close up
TEM image of an area with two-dimensional crystalline order; scalebar 100 nm. d) FFT of the TEM image in c),
exhibiting distinct diffraction reflexes. d) Schematic depiction of the two dimensional colloidal.

monolayers with hexagonally packed 2D crystalline order. As indicated in the TEM
image of Figure 4.18b) domains can be found, in which up to 60 individual
nanoparticles line up in perfect long-range order to span over several hundred
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nanometres. A closer look into the highly ordered structure is given by the TEM image
in Figure 4.18c). Apart from some vacancies and minor dislocations, the NP
superstructure is mostly defect free. The colloidal crystallinity of the obtained NP films
is proven by the corresponding fast Fourier transformation (FFT) of the TEM image in
Figure 4.18d), which exhibits distinct reflexes with hexagonal symmetry. A schematic
depiction of the NP superstructure is shown in Figure 4.18e). Similar results, although

Figure 4.19: a) TEM image of hexagonal ZnO nanoplates assembled by evaporation of the dispersion solvent
directly on the TEM grid, scalebar 100 nm. b) TEM image of the identical ZnO nanoparticle sample, assembled
on diethylene glycol, scalebar 100nm. c) Plot of the position of the maximum diameter of ZnO nanoplates in
black and FWHM of the distribution of Δhex-sym in grey, obtained from the automated analysis tool for both TEM
images. d) TEM image of the crystallisation front of the sheet formation, scalebar 300 nm.

not with the same quality, have been obtained for mono-Ol@ZnO nanorods which are
shown the appendix section Figure A.7. Apart from the influence of mono-Ol as a
surface ligand another reason for the formation of the 2D colloidal crystals could be
identified. The two TEM images presented in Figure 4.19a) and b) both show the
identical sample of ZnO nanoplates. The sole difference between these two images is
the preparation technique. For Figure 4.19a), the ZnO nanoplates were self-assembled
from dispersion directly on the TEM gird. In contrast, the ZnO nanoplates in
Figure 4.19b) were self-assembled on DEG according to the previously described
method.[92] The polydispersity of the hexagonal ZnO nanoplates has decreased
dramatically. This is confirmed by the use of the automated quantitative analysis tool
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as shown in Figure 4.19c). The FWHM of the size distribution of the nanoparticles has
scaled down more than three times. Furthermore, the maximum of Dhex has also
decreased by 3 nm. This self purification and size separation effect can be related to
colloidal crystallisation,[230] which is further indicated by the TEM image in
Figure 4.19d). Starting from the top left corner of the TEM image, a precisely ordered,
square-shaped monolayer strip of ZnO nanoplates can be seen. After ~400-600 nm
the order of the film breaks down abruptly leaving a distinctly visible edge to a less
ordered domain in the lower right corner of the TEM image. This crystallisation border
proceeds parallel to the edge of the ordered monolayer film, indicating that nucleation
and growth of the 2D NP superstructures takes place at the DEG/Air interface.
4.1.3.2. Polydispersity as a “non”-limiting factor for the formation of
ordered NP superstructures
In Figure 4.20 TEM images of 2D arrays of ZnO nanoplates are shown. The
nanoparticle structures exhibit a certain degree of order, although the individual
nanoparticles seem to be rather polydisperse. The centres of the displayed areas
feature larger particles with defined hexagonal morphology, whereas in the outer
regions smaller, more spherically shaped nanoparticles are present. Interestingly,
there is a continuous transition between the larger and smaller particles and no sharp

Figure 4.20: TEM images of semi ordered ZnO superstructures with polydisperse ZnO nanoplates, scalebars
100 nm. Crystallographic defects like edge-dislocation a) or grain boundaries b) are marked in white.
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domain border or crack can be identified. Instead, the lattice constant of the ordered
nanoparticle crystal is steadily decreasing towards the edge of the structures (and vice
versa for the other direction). Some of the lined-up nanoparticle rows stay completely
straight, whereas others are significantly distorted. Furthermore, also crystallographic
defects like edge-dislocations (Figure 4.20a)) or grain-boundaries (Figure 4.20b)) can
be identified. However, no clear size separation effect can be observed, which is
contradictory to the previously presented results in Figure 4.16. Hence, there must be
a certain degree of tolerance with respect to the polydispersity of the nanoparticles,
below which ordered NP superstructures can still be obtained.

Figure 4.21: TEM images of ZnO superstructures in the upper row and corresponding FFTs in the lower row
with increasing polydispersity, scalebars 50 nm. a) FWHM (Dhex) = 1.38 nm, b) FWHM (Dhex) = 2.28 nm, c)
FWHM (Dhex) = 3.09 nm.

As a straight forward approach to qualitatively analyse the NP superstructures
considering periodicity and lattice order, is the use of diffraction data. FFTs of the TEM
images should lead to distinct diffraction spots, if the depicted NP superstructures
exhibit sufficient crystallinity. Hence, to investigate the dependency of the crystallinity
of the 2D colloidal superstructures on the polydispersity of the nanoparticle building
blocks, several samples of different degrees of polydispersity where produced. In
Figure 4.21 TEM images of three different NP superstructures with increasing
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polydispersity and corresponding FFT images are displayed. The difference between
the shown images and the FFT is clearly visible. The sample with the lowest
polydispersity (Figure 4.21a): FWHM (Dhex) = 1.38 nm) shows the most distinct spots
in the FFT where fourth order signals are still visible. An increase in polydispersity
(Figure 4.21b): FWHM (Dhex) = 2.28 nm) has a direct effect on the definition of the FFT,
as the spots of the FFT appear broadened and higher ordered signals have
disappeared. In the sample with the highest polydispersity (Figure 4.21c):
FWHM (Dhex) = 3.09 nm) no individual spots can be identified in the FFT. Instead,
diffraction rings are found, which imply a polycrystalline structure that is in good
accordance to the corresponding TEM image. The presented results confirm the
expected dependency of the order within NP superstructures on the polydispersity of
the nanoparticles.
Nevertheless, a quantitative correlation
is still pending. To close this gap,
another

approach

to

analyse

the

relation between polydispersity and
crystallinity

was

pursued.

For

a

quantitative estimation of the structural
order

of

the

presented

NP

superstructures a simple expression of
the crystallinity c is introduced. It is
normalized, so that an ideal glass has a
Figure 4.22: Plot of the crystallinity index Ic of ordered

value of c=0, whereas a perfect, defect

NP

free crystal with hexagonal symmetry

superstructures

against

corresponding ZnO nanoparticles.

the

PDI

of

the

yields c=1. Firstly, the TEM images are

binarized, resulting in each particle being represented by a single dark pixel at its
centre of mass. This step eliminates possible artefacts from varying image quality or
contrast. Subsequently, these images are Fourier transformed to obtain the spatial
power spectrum. A hexagonal lattice exhibits 6 first order spots at |k1| = 1/a, where a
is the lattice parameter. The un-normalized crystallinity C was calculated as the
standard deviation of the power spectrum at 0.85 a-1 < |k| < 1.15 a-1. This value is
normalized with: c = (C-C0)/(C1-C0), where C0 is calculated for an ideal glass and C1
results from a perfect hexagonal crystal. The corresponding polydispersity index (PDI)
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is the relative standard deviation of the
particle diameter. The graph in Figure 4.22
displays the quantitative correlation between
the polydispersity and the order of the NP
structures in the form of the crystallinity index
Ic. The displayed data clearly show that I c
decreases with increasing polydispersity of
the nanoparticle building blocks, confirming
the results of Figure 4.21. The obtained data
can be separated into two distinct regions.
First, a linear decrease of Ic with increasing
PDIs is found for PDIs smaller ~15%. It is
important to note, that this linear decrease of
Ic is different from the atomic crystals, where
a threshold radius difference is expected
after which the system breaks down or
changes. For PDIs higher than 15%, Ic stays
at low values indicating a glassy state with
only local order between the nanoparticles.
As mentioned in chapter 4.1.1.2. the
automated quantitative analysis tool enables
the determination of the spatial position (xand y-coordinates) of every individual ZnO
nanoplate with respect to the TEM images.
Therefore, the use of pair correlation

Figure 4.23: a) Schematic depiction of an
artificial 2D crystal of hexagonal nanoplates.
Interparticle distances d1-7 are indexed for the first

functions (PCFs) for further quantitative

7 distances. b) Plot of the abundance of these

analysis

distances against the radius r for every present

of

the

crystallinity

in

NP

superstructures is possible. As shown in

nanoparticle as a reference. c) PCFs of for
superstructures formed by ZnO nanoplates with

Figure 4.23 for a hypothetical hexagonal

increasing polydispersity; black PDI 10%, red

crystal, PCFs have the potential to measure

PDI 13%, blue PDI 25%, reference for d1-7 in

every present distance in an ordered particle

grey.

array. Figure 4.23a) indicates that for every individual nanoparticle there are several
different inter-particles-distances within the structure. Because these distances occur
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multiple times, once for every present particle, their abundance can be converted into
a pattern as shown in Figure 4.23b). Similar to single crystal diffraction, if a
hypothetical, defect free crystal is measured, the signals of the PCF should appear
infinitesimally sharp and their positions should be fixed. Figure 4.23c) shows the
resulting PCFs for three representative NP samples with increasing polydispersity. The
grey reference signals stem from a hypothetical perfect hexagonal crystal formed by
21 nm large hexagons. The PCF for the sample with the lowest polydispersity (black
curve, PDI 10%) is in great accordance to the reference signals in position, as well as
in intensity. This implies a system with long range order. In contrast, the sample with
increased polydispersity (red curve, PDI 13%) already shows a deviation from the
reference signals. While the first three signals (d1-3) are only slightly shifted, the signals
of the larger distances (d4-7) exhibit strong shifts accompanied by changes in the shape
of the signal.

Figure 4.24: Illustration of the tolerance of ordered nanoparticle superstructures towards the polydispersity of
hexagonal ZnO nanoplates.

These shape changes indicate the occurrence of different distances, which can be
referred to grain boundaries or other crystallographic defects like vacancies. Further
increasing the polydispersity (blue curve, PDI 25%) results in a complete deviation
from the reference signals. Though heavily shifted and broadened d 1 can still be
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identified, while the higher order signals (dx ≥ 2) are exchanged by a broad noise
signal. This implicates, that the structure exhibits only local order, but no long-range
order, similar to a glassy state.
The results of this chapter are conclusively illustrated in Figure 4.24. Although the
artificial superstructure is built by polydisperse hexagonal plates (left side) it still
exhibits a certain crystallinity, because the nanoparticles are positions on an ordered
hexagonal lattice. This behaviour has been found for real superstructures built by
polydisperse hexagonal ZnO nanoplates, as shown by the TEM image on the right
side. The nanoparticles self-assemble into ordered 2D lattices with only minor
distortions of the lattice periodicity. This unexpected tolerance towards significant
degrees of polydispersity can be explained when assuming that the main lattice
structure is formed by larger ZnO nanoplates. In this lattice, smaller nanoplates occupy
free spaces between the larger nanoplates and thus, do not disrupt the overall order.
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4.2. Shape Symmetry Hierarchy in Trigonal ZnO Systems
As already mentioned in chapter 2.1.5, nanoparticles with anisotropic morphologies
offer a larger variety of possible packing symmetries. However, a critical issue is that
a transformation from an isotropic to an anisotropic nanoparticle shape does not
necessarily induce a change in the symmetry of the respective superstructure. This
counter-intuitive contradiction is displayed in Figure 4.25. Concerning their rotational
symmetry, the spherical particle has a C symmetry, while the hexagonal shape

Figure 4.25: Schematic illustration of the symmetry differences between individual nanoparticles with isotropic
and anisotropic shapes and corresponding regular 2D arrays. The point lattice symmetry of the superstructures
is displayed by the black dots. The red marks indicate the altered symmetry for the trigonal superstructure.

features a C6 and the triangle a C3 rotational symmetry. Hence, all of the individually
presented shapes can obviously be distinguished from each other. However, when
assembling these different shapes into ordered 2D superstructures, the differences
become less evident as they feature related symmetry attributes. Although their
individual shape differs, spherical and hexagonal particles build identical hexagonal
closed packings with ABAB structure (see chapter 4.1.2). In contrast, the triangular
shape is able to transfer the shape-difference into a symmetry change of the
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corresponding superstructure as indicated by the red marks in the point-lattice
symmetry of Figure 4.25.
To investigate the fundamental principles of shape and symmetry of NP building-blocks
and their corresponding superstructure, the following chapter is split into two major
parts. First, the morphogenesis of colloidal ZnO nanoparticles with triangular crosssection is covered. In the second part the effects of the triangular shape induced
symmetry break on the formation of nanoparticle superstructures and possible
emergent phenomena will be investigated.

4.2.1. Origin of the Three-Fold Symmetry for Hexagonal Wurtzite ZnO

Figure 4.26: In depth schematic depiction of the wurtzite ZnO crystal structure. Illustration of one ZnO bilayer
exhibiting alternating A and B type edges with either one or two dangling bonds and respective growth kinetics
inducing the formation of a triangular morphology.

A triangular morphology for the hexagonal wurtzite zinc oxide system (P63mc) is rather
uncommon, as the six (100) facets show the same symmetry and hence, identical
energy. Therefore, all (100) facets should exhibit similar growth rates, leading to a
symmetric hexagonal growth. Consequently, at first glance, a triangular morphology
should not exist in this crystal system.
However, the key to a triangular morphology lies hidden within the primary stages of
the crystal growth. At a very early “bilayer” state of ZnO (Figure 4.26), which consists
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of one single layer of O2- and one single layer of Zn2+ ions, the crystal structure itself
exhibits the necessary alternating symmetry break of the (100) facets.[190]
As indicated by Figure 4.26b), this bilayer state of ZnO offers alternating edges which
exhibit either two (A-type edges) or one (B-type edges) dangling bonds per atom in the
a,b-direction of growth. Consequently, the different A- and B-type edges can be
distinguished, as the number of dangling bonds correlates to their energetic stability.
The energetically less stable A-type edges exhibit higher kinetic growth rates than the
B-type edges: kA > kB. Hence, an anisotropic growth into a triangular morphology is
indeed possible at a very early stage. [191] This in turn implicates that a sufficient
stabilization of the bilayer state of ZnO has to take place during this critical stage of
growth. The difficulty to obtain such colloids lies within the lack of a stabilizing substrate
which supports the initial ZnO bilayer-state to form the triangular shape.

4.2.2. Symmetry Break Induced Transition towards Trigonal ZnO
Nanorods
In this work, a modified synthetic protocol is used, which is based on the water in oil
microemulsion method presented by Lizandara et al.[220] Instead of the previously
mentioned oligomeric compound P3P, different individual ligand species are applied
here. These ligands exhibit similar structural motives as P3P, but also a more uniform
molecular structure compared to the oligomeric P3P. Combining these ligands enables
the mimicry of the structural moieties of P3P, while similarly obtaining a more precise
molecular composition.
This lead to the formation of exceptionally uniform ZnO nanoparticles with triangular
cross-section. The morphology of the obtained ZnO nanorods with triangular crosssection is schematically depicted in Figure 4.27a). TEM and SEM data in Figure 4.27b)
and c) proof the successful synthesis of the triangular ZnO nanorods. The TEM image
displays ZnO nanorods from two points of view. Nanorods laying on the side facets
exhibit uniform lengths and widths with sharp 90° angles at both ends. The symmetric
triangular cross-section is presented by the ZnO nanoparticles that stand with their
c-axis perpendicular to the TEM grid. Similar features can be identified in the SEM
image, in which some of the nanorods stack up into small bundles. An in-depth view
of the triangular cross-section is given by the HRTEM image of one individual ZnO
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nanoparticle (Figure 4.28a)), where perfect 60° edge-to-edge angles can be found.
The FFT of the single crystalline nanoparticle in Figure 4.28c), features six hexagonally
arranged spots, which fit well to the results of the PXRD measurement in Figure 4.28d).
The obtained diffractogram
features a distinct reflex
pattern which can be clearly
assigned to wurtzite ZnO
(space

group

P63mc).

Manual analysis of the TEM
images yielded in very low
PDIs of less than 10% for
both the length and the
width of the nanorods. This
is in great accordance with
the narrow size distribution
measured

by

DLS

in

Figure 4.28e). The abovementioned P3P is not used
in any of the here presented
results. As displayed by the
structural
Figure 4.27: a) Schematic depiction of the morphology of the ZnO
nanorods with triangular cross-section. b), c) TEM and SEM images of
the triangular ZnO nanorods.

formula

in

Figure 4.29 P3P exhibits
several aliphatic glycerololeate-ester units of various

lengths and is branched multiple times. Consequently, it is not conclusive which of the
different functional moieties of the compound induces the triangular morphology of the
ZnO

nanorods.

Nonetheless,

due

to

previous

studies

(see

chapter

4.1.2.1.,Figure 4.18) it is reasonable to assume that a distinct interaction with the ZnO
surface is done via the glyceryl moiety. Hence, there must be a correlation of the affinity
towards ZnO with the abundance of free OH-groups.
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Figure 4.28: a) HRTEM image of one individual triangular ZnO nanorod, scalebar 10 nm. b) excerpt of the
triangular ZnO nanorod with atomic resolution, scalebar 1 nm. c) FFT of the triangular ZnO nanorod with indexed
lattice planes. d) PXRD of the triangular ZnO nanorods and indexed reference for wurtzite ZnO. e) DLS
measurement of the triangular ZnO nanorods.

To investigate the effect of the glycerol moiety on the formation of triangular ZnO three
different ligands, namely Glycerol-mono-Oleate (mono-Ol), 1,3-Glycerol-di-Oleate
(di-Ol) and Glycerol-tri-Oleate (tri-Ol) are used in the synthesis of ZnO nanoparticles.
They differ in the degree of esterification of the glycerol moiety and thus a dependency
of the number of free OH-groups is ensured. The structural formulas of the three
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ligands are shown in Figure 4.29. Two free OH-groups for mono-Ol, one for di-Ol and
none free OH-group for tri-Ol are indicated by coloured dots. The three ligands were
synthesized according to literature known methods (see 6. Experimental Section),
since neither of them is commercially available in pure form. The use of the three
ligands in pure form or as mixtures in the synthesis of ZnO nanoparticles enables a
profound investigation on the morphogenesis of the triangular ZnO nanorods.
Initially, the general affinity of each
ligand towards the ZnO surface is
analysed. Therefore, three batches
of

ZnO

nanoparticles

were

synthesised using 100% mono-Ol
[M], 100% di-Ol [D] and 100% tri-Ol
[T],

respectively.

These

single-

ligand batches enable the analysis
of the interaction for one ligand at a
time. A straight forward approach to
do so is using IR spectroscopy. As
previously

described

(see

chapter 4.1.1.1. Figure 4.3c)), the
interaction of a ligand with the
Figure 4.29: Structural formulas of the ligands that are used
in the synthesis of ZnO nanoparticles: a) polyglyceryl-3-

nanoparticle surface induces a shift

polyricinoleate (P3P), b) Glycerol-mono-Oleate (mono-Ol),

of the signal of the involved moiety

c) 1,3-Glycerol-dioleate (di-Ol) and d) Glycerol-trioleate

(e.g.

(tri-Ol).

C=O)

towards

lower

wavenumbers. Therefore, to probe

the quality of the interaction with the ZnO surface, the positions of the signals of the
non-coordinated ligand are compared with the position of the signal of the coordinated
ligand. For each of the ZnO nanoparticle batches, identical washing cycles (w-1-3)
were performed reducing the amount of non-coordinated ligand after each washing
step. This is exemplarily shown for the batch with 100% [M] in Figure 4.30a). IR spectra
for 100% [D] and 100 [T] are displayed in the appendix section Figure A.13 and
Figure A.14. The ratio (r) of the normalized relative intensity (norm. I rel.) of the
coordinated C=O stretching bond ( 1560 cm-1) with the norm. Irel. of the noncoordinated C=O stretching bond ( 1740 cm 1) is presented in Figure 4.30b). After the
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first washing step r is below one for all three single ligand batches [M] (black, r = 0.9),
[D] (red, r = 0.8) and [T] (blue, r = 0.7), indicating a larger percentage of noncoordinated ligand. Subsequent second and third washing steps eliminate excess
ligand and r changes. For [M] (r = 1.5) and [D] (r = 1.3), the ratio is significantly larger
than one, which can be deduced to a higher amount of coordinated ligand. In contrast,
for [T] the ratio stays a 1.1 indicating similar percentages of coordinated and noncoordinated ligand.

Figure 4.30: IR spectrum for each washing cycle w-1-3 of ZnO nanoparticles synthesized with 100% [M]. b)
Plots of the the ratio r of norm. Irel.(C=O@ZnO) / norm. Irel.(C=O) against the number of washing cycles for [M]
in black, [D] in red and [T] in blue. c) TGA measurement for each washing cycle w-1-3 of ZnO nanoparticles
synthesized with 100% [M]. d) TGA mass loss Δm after calcination against the number of washings cycles for
[M] in black, [D] in red and [T] in blue.

To further verify these results thermogravimetric analysis (TGA) was performed
(Figure 4.30c)). Herein, a correlation between the mass loss after calcination Δm and
the affinity of the different ligands towards the ZnO surface can be expected. Due to
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the high decomposition temperature of ZnO of  2000°C, the overall weight loss can
be referred to the organic ligand shell. High values for Δm therefore indicate a large
amount of ligand. However, to extract information whether the amount of ligand
consists of coordinated or non-coordinated species similar washing cycle experiments
have to be conducted. As mentioned before, washing the ZnO batches before
calcination reduces the amount of excess non-coordinated ligand. Consequently, Δm
should be high for ligands with a strong affinity towards the ZnO surface and smaller
for ligands with only a weak affinity towards the ZnO surface. Again, this is exemplarily
shown for the batch with 100% [M] in Figure 4.30c). TGA measurements for 100% [D]
and 100% [T] are displayed in the appendix section Figure A.16 and Figure A.17. The
plot of Δm against the number of washing cycles in Figure 4.30d) shows the expected
behaviour. After the first washing cycle Δm is highest for [M] Δm = 48.7% (grey), lower
for [D] Δm = 25.1% (red) and least for [T] Δm = 12.7% (blue). These results underline
the findings of the IR study and similarly indicate the strongest interaction with the ZnO
surface for mono-Ol. A second and third washing cycle lead to coherent results. monoOl again features high values of Δm in the range of 40% (43.7% and 37.8%). For di-Ol
the weight loss stays constant after the second washing cycle at 13.2%. A similar
scenario is observed for tri-Ol, although Δm has reached very low values of only 4.54.2%, indicating a very weak interaction with the ZnO surface. Overall, the performed
TGA washing cycle experiments are in great accordance with the IR studies.
These results imply that there is a distinct difference in the interaction strength of the
three different ligands with the ZnO surface. The affinity is strongest for mono-Ol,
medium for di-Ol and rather unspecific for tri-Ol, which is in accordance with their
number of free OH-groups. Hence, it can be concluded that there is a direct
dependency of the affinity towards the ZnO surface on the number of free OH-groups.
Consequently, these findings support the previously made claim that the glycerol
moiety is the main interaction centre. Being able to control the strength of ligand
interaction via the choice of the right ligand combination is beneficial for later
syntheses, but does not clarify the issue of the anisotropic triangular growth of the ZnO
nanoparticles. Examples from literature indicate, that the morphogenesis of the
triangular shape for wurtzite systems is most probable at a bilayer state of growth. In
most of the mentioned examples, this pivotal bilayer-state is supported by a GaN
wafer.[190,191,198,202]
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However, such a solid substrate is absent in the herein presented wet chemical
synthesis. Consequently, there has to be a different kind of stabilization during the
critical bilayer phase of growth.

Figure 4.31: First row: schematic depiction of the first five bilayers of ZnO; Type-A edges are represented by
criss-crossed facets. Second and third row: computational simulations of the wurtzite crystal structure for the
initial five bilayers of ZnO, seen from a,b- and c-direction. Fourth row: distribution of the electronic structure,
with respect to the number of bilayers and the resulting symmetry of the LUMO.

To analyse such initial phases in-situ, conventional analytical methods like TEM or
PXRD face serious challenges like sample decay/conversion during preparation.
Consequently, they lack in accuracy and are unsuitable to analyse the primary stages
of growth. Therefore, to convincingly analyse and understand the initial phase of
growth of the triangular ZnO nanorods computational methods were conducted
(Figure 4.31). The initial hexagonal-shaped ZnO bilayers were calculated with the ADF
(Amsterdam Density Functional) code implemented in the SCM (Software for
Chemistry & Materials B.V.) suite on PBE (Perdew-Burke-Ernzerhof) and nonrelativistic double zeta level of theory.[231,232] To reorganize the ZnO surfaces, geometry
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optimizations were performed first. Vibrational analyses were performed on the
structures to check for true minima. Subsequently, the lowest unoccupied orbitals
(LUMOs) are visualized by the SCM suite. These results were obtained in collaboration
with Henning Kuper from the group of Prof. Dr. Jörg August Becker of the Institute of
Physical Chemistry and Electrochemistry at the Leibniz University Hannover.
In the first row of Figure 4.31, the five initial bilayers (002) of the ZnO crystal system
are depicted by the beige and green hexagonal plates. The criss-crossed facets
indicate the A-type edges with two dangling bonds per atom, the blanc facets refer to
B-type edges with only one dangling bon per atom. Corresponding wurtzite crystal
structures are shown in a,b-view and c-view for all five layers (second and third row).
The electronic structure of the different layers is represented by the calculation of the
LUMOs in cyan and brown colours for ± signs respectively (the algebraic sign is no
indicator for the location of electronic structures and is only mathematically relevant).
Lastly, the rotational symmetry of the electronic structure is highlighted by the grey
background panels and the Cx notation. The results shown in Figure 4.31 imply a
distinct dependency of the symmetry and location of the electronic structure at the
(100) facets on the number of ZnO (002) bilayers. As expected, a single free standing
ZnO bilayer is heavily distorted due to the lack of a supporting substrate or the
stabilizing effect of any surface ligands (Figure 4.31 first column). The thin initial bilayer
is severely bent and twisted and no symmetric hexagonal shape can be identified as
seen from the crystal structure in a,b and c-view. However, the electronic structure of
this single bilayer is unexpectedly well distributed and exhibits a triangular C3 rotational
symmetry.
Adding another bilayer on top of the first one increases the stability of the crystal
structure in a way that a hexagonal planar sheet with distinct facets is formed. Due to
the symmetry of the wurtzite crystal structure every additional bilayer is rotated by 60°
with respect to the previous one as the crystal continuously grows in (002) direction.
Therefore, the position of the second A-type edge is not located directly above the
initial one, but on the adjacent facet as schematised by the beige and green plate
(N° bilayer = 2). Consequently, “type A-B” and “type B-A” facets are formed.
Energetically these two facets are identical and therefore every (100) facet exhibits the
same electronic structure. This is confirmed by the location of the LUMO, which is
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evenly spread over the whole double bilayer structure, resulting in C2 symmetry.
Hence, an anisotropic growth of three of the six (100) facets is highly improbable.
The addition of another (N° bilayer = 3) bilayer to the structure induces a dramatic
change of the situation. Since the additional bilayer is again turned by 60° with respect
to the previous bilayer, “type A-B-A” and “type B-A-B” facets are formed. These facets
feature different energies due to the different number of dangling bonds and thus an
anisotropic distribution of the electronic structure is possible. The LUMO is mainly
located within the structure and distinctively on only three of the six (100) facets,
resulting in a triangular C3 symmetry. Consequently, an anisotropic growth into a
triangular morphology should be possible for a three-bilayer structure. Consecutively
adding a fourth and fifth ZnO bilayer leads to similar results as obtained for two and
three bilayers, respectively. Four bilayers exhibit a relatively even distributed LUMO
on all of the six (100) facets (C2 symmetry), whereas for five bilayers, the electronic
structure is again locally concentrated on only three of the six (100) facets
(C3 symmetry).
The obtained results for the simulated ZnO structures imply, that for an even number
of ZnO bilayers, the six (100) facets exhibit a symmetric electronic structure, neglecting
the possibility of triangular growth. In contrast, for every odd multiple of ZnO bilayers
the LUMO is found to be distinctively located on three alternating (100) facets indicating
a triangular C3 rotational symmetry and thus the possibility for the formation of a
triangular morphology. However, the difference in the electronic structure of the
alternating facets decreases continuously with every additional bilayer. Hence, the
anisotropic triangular growth of ZnO is not restricted to only one bilayer, but is most
likely for the initial few odd multiples. During the initial phase, the growth rate in the
(002) direction must therefore be sufficiently suppressed so that a triangular seed is
formed first. Otherwise, ZnO nanorods with common hexagonal shape should also be
obtained, which is not the case. From the obtained results an assumption is made that
small clusters with an odd number of bilayers are involved in the nucleation and growth
mechanism of the ZnO nanorods with triangular cross-section. The observed
difference in the electronic structure might induce a preferred growth of one facet over
the other. Consequently, the initially formed nucleation seeds morph into a triangular
shape.
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The above presented results explain the origin of the triangular shape from a crystal
structure point of view, whereas the influence of the used surface ligands on the shape
of the ZnO nanoparticle remains uncertain. To clarify the roles of the individual ligands,
ZnO nanoparticles samples are synthesized with the pure ligands as well as with
different combinations of each ligand. The transition from a hexagonal to a triangular
shape is accompanied by the occurrence of different edge-to-edge angles, which can
be exploited as a suitable observable to investigate the morphogenesis of a triangular
shape. For a six-fold symmetry all outer edge-to-edge angles are 120°, whereas for a
three-fold symmetry, these angles are reduced to only 60°. Hence, a straight forward
approach to investigate the transition from a hexagonal into a triangular morphology
experimentally, is done by measuring the abundance of 120° and 60° angles in TEM
images. To assign a semi-quantitative value for the transitory morphology of
hexagonal, triangular and intermediate ZnO nanoparticle species, Qmorph. is introduced
as the quotient of the quantity of 60° angles divided by the quantity of 120° angles.
𝑸𝒎𝒐𝒓𝒑𝒉. = 𝟏
𝟐

𝑵𝟔𝟎°
𝑵𝟏𝟐𝟎°

(1)

The maximum possible number of 120° angles per particle (ideal hexagon N 120° = 6) is
twice the maximum possible number of 60° angles per particle (ideal triangle N60° = 3).
Hence, to normalize both maxima, the value for N120° has to be divided by two.
Figure 4.32 displays the influence of the different ligands, mono-Ol [M], di-Ol [D] and
tri-Ol [T] on the morphology of the ZnO nanoparticles. A Gibb’s phase triangle with the
three ligands on its edges is shown in Figure 4.32a). The positions of the coloured dots
within the Gibb’s phase triangle correspond to different syntheses of ZnO nanoparticles
with the respective ratio of ligands. The morphology quotient Q morph. is normalized
([0,1]) and is represented by the colour-gradient bar. Yellow-brownish colours refer to
low values of Qmorph., indicating a rather hexagonal morphology, while cyan-greenish
colours refer to higher values of Qmorph., indicating a more triangular morphology. The
colour of the dots in the Gibb’s phase triangle correlates with the colour-gradient bar
and thus, a direct relation between the composition of ligands in the synthesis and the
resulting morphology of the ZnO nanoparticles can be drawn (detailed information on
the syntheses composition and the exact values for Q moprh, as well as further TEM
images of respective syntheses are given in the appendix section in Table A.1 and
Figure A.18. The results of the syntheses are presented by colour-framed TEM images
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in Figure 4.32b), where the colour of the frame again refers to the position of Q morph. on
the colour-gradient bar. The three tips of the Gibb’s phase triangle represent syntheses
with 100% [M], [D] and [T].
Due to the different affinity
of the ligands towards the
ZnO surface (see IR and
TGA

experiments,

Figure 4.30)

distinct

differences in size, shape
and

dispersity

are

expected. The synthesis
with 100% [M] (number 1 in
the Gibb´s phase triangle),
resulted in the formation of
colloidal

ZnO

nanoparticles,

which

confirms the strong affinity
of [M] to the ZnO surface
(Figure 4.32b)-1).
Anisotropic

shapes

like

nanoplates, short nanorods
or other irregular-shaped
species can be found. Most
of the particles are single
crystalline as shown by the
HRTEM

image

in

Figure A.18b) sample 1.
Besides sharp edges and

Figure 4.32: a) Gibb’s phase triangle of the three different ligands
mono-Ol [M], di-Ol [D] and tri-Ol [T] with coloured dots of ZnO
nanoparticle syntheses with different ligand ratios. Colour gradient
indication of norm. Qmorph., corresponding to the colour of the dots. b)
Colour framed TEM images, corresponding to the colours of the
respective dots of ZnO nanoparticle syntheses.

distinctly formed facets also
first hints of a triangular morphology can be found. Consequently, the high affinity of
[M] to the ZnO surface as indicated by IR and TGA experiments can be confirmed. The
distinct influence on the morphology of the resulting ZnO nanoparticles classifies
mono-Ol as shape directing agent.
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In contrast, using 100% [D] (number 2 in the Gibb´s phase triangle) as a ligand during
the synthesis leads to a surprisingly different outcome. Instead of irregular shaped
colloids, uniform, spherical nanoparticles are obtained exhibiting a very low
polydispersity

of

only

7.1%

(Figure 4.32b)-2).

HRTEM

images

in

Figure A.18b) sample 2 reveal the polycrystalline structure of the ZnO nanospheres.
Due to their round shape, neither 120° nor 60° angles can be found, neglecting the use
of Qmorph.. Hence, the corresponding dot in the Gibb’s phase triangle and the
corresponding frame of the TEM image ((Figure 4.32b)-2)) is not coloured. The
spherical shape of the obtained ZnO nanospheres and their occurrence as individual
units make it reasonable that they stem from uniform, monodisperse emulsion droplets.
Since no other species can be found, the conversion of the [MeZnOR]4 single source
precursor into ZnO has to take place within these monodisperse emulsion droplets.
The obtained results further imply that [D] serves a different task than [M]. Instead of a
strong, shape directing interaction with the ZnO surface, [D] acts more as a
polydispersity controlling agent. The main influence of [D] seems to be on the texture
of the microemulsion during the synthesis, enabling the partition of ZnO precursor
species droplet-wise into equal units.
Employing 100% [T] (number 3 in the Gibb´s phase triangle) during the synthesis leads
once more to a totally different outcome. As Figure 4.32b)-3 displays, large, bulky
structures without distinct definition or any colloidal attributes are obtained. Moreover,
the structures do not consist of agglomerated nanoparticles, excluding the possibility
of post-synthetic drying artefacts. Instead, the structures resemble ZnO structures
obtained from syntheses without any added ligand (Figure A.18c)). This finding
underlines the very weak interaction of [T] with the ZnO surface as was already seen
in the IR and TGA experiments (Figure 4.30). Again, Qmorph. is not applicable, since no
distinct 120° or 60° angles can be found in the structures. The corresponding dot in
the Gibb’s phase triangle and the respective frame of the TEM image
((Figure 4.32b)-3)) is thus again colourless. No specific shape influencing role can be
assigned to [T], which is not surprising due to the lack of free OH-moieties as main
interaction centres.
Apparently, ZnO nanorods with a defined triangular cross-section cannot be obtained
using only one of the three ligands presented in this work. Consequently, to achieve
the desired three-fold morphology as well as a low size distribution a combination of
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the above presented effects of the different ligands is reasonable. Using an equimolar
amount of all three ligands (number 4 in the Gibb´s phase triangle) results in ZnO
nanoparticles

with

distinct

faceting

and

an

overall

more

uniform

shape

((Figure 4.32b)-4)). At first glance, the ZnO nanoparticles seem to have improved
compared to those from the single ligand syntheses. However, they exhibit nearly
solely 120° angles leading to the common hexagonal shape and thus a low rating on
the Qmorph. scale. As the above presented results show, [M] and [D] have a significantly
stronger influence on the morphology of the ZnO nanoparticles than [T], which is
therefore neglected in further syntheses. To make use of the shape guidance of [M]
and the polydispersity control of [D], a 50:50 mol% combination (number 5 in the
Gibb´s phase triangle) of the two ligands was used (Figure 4.32b)-5). The obtained
ZnO nanoparticles strongly resemble those obtained from the synthesis with pure [M]
as they are single crystalline and exhibit irregular shapes with well-defined edges.
However, no similarities to the nanoparticles obtained from the synthesis with pure [D]
can be identified. This finding is reasonable, because the interaction of [M] with the
ZnO surface clearly surpasses the effect of [D], which has already been deduced from
the IR and TGA experiments (Figure 4.30).
Consequently, to enhance the polydispersity decreasing influence of [D] on the
outcome of the synthesis, its percentage needs to be increased. It was found that a
ratio of 42:58 ([M]:[D]) (number 6 in the Gibb´s phase triangle) leads to the formation
of ZnO nanoparticles which exhibit nearly solely 60° angles. As shown in
Figure 4.32b)-6 the ZnO nanoparticles have a well-defined rod-like morphology with a
distinct triangular cross-section, resulting in the highest value for Qmorph.. At this point
it needs to be stated, that the triangular ZnO nanorods were obtained using a
commercially available mixture of [M] and [D]. This mixture was analysed via mass
spectrometry (see Experimental Section Table 2) and the ratio was determined to be
42:58 ([M]:[D]). These measurements were performed in collaboration with
PD. Dr. Ulrich Krings of the Institute of Food Chemistry at the Leibniz University
Hannover. Due to the availability, all following nanoparticles were synthesized using
this mixture.
To further understand the formation mechanism of the triangular ZnO nanorods and
get an insight into the different phases during growth, time resolved TEM investigations
were conducted. The TEM images in Figure 4.33a) show the evolution of the ZnO
81

Results and Discussion 4.2.

Figure 4.33: a) TEM images and corresponding illustrations of the evolution of the triangular ZnO morphology
at different times during growth, scalebars 200 nm. b) Plot of the mean length (black squares) and mean width
(black triangles) and corresponding PDIs (grey dotted) of triangular ZnO nanorods against the time during the
synthesis. c) Plot of the aspect ratio of triangular ZnO nanorods against the time during synthesis.

nanoparticles at different times during the synthesis. The evolution of the triangular
nanorod morphology is further displayed by the plot of morphology measurement
against the time during the synthesis.
At an initial state of the synthesis (< 60 min) uniform colloids with spherical morphology
can be found, which resemble the nanoparticles obtained from the synthesis with pure
di-Ol ((Figure 4.32b)-2)). Those nanospheres tent to assemble into 2D closed packings
as their initial polydispersity of 8-15 % is very low. The discovery of these initial
spherical species underline the previously made statement that the precursor
[MeZnOR]4 is portioned into small monodisperse droplet units. Hence, it can be
assumed that the quality of these first ZnO pre-phase species is pivotal for the
monodispersity of the growing ZnO nanoparticles. Subsequently, at  60-100 min the
amorphous ZnO pre-phase starts to convert into crystalline ZnO accompanied by the
appearance of first ZnO crystallites. Furthermore, a decrease in size of the spherical
species can be seen from the plot of the mean size of the nanoparticles against the
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time in Figure 4.33b). This can be explained by the higher density of crystalline ZnO
compared to the amorphous pre-phase. With a PDI of  20% in length and  12% in
width, the nanoparticles exhibit the highest degree of polydispersity during this stage
of growth. After the conversion of the amorphous phase into crystalline ZnO (>100 min)
the growth into the anisotropic nanorods morphology takes place. This is confirmed by
the distinct change of the slope of the graph in Figure 4.33b) and the rapid increase of
the aspect ratio as displayed in Figure 4.33c). The slope change further indicates that
the growth rate in c-direction clearly surpasses the a,b-direction. After approximately
100 min, the spatial extension of the ZnO nanoparticles in a,b-direction is constant,

Figure 4.34: Dependency of the morphology of the triangular ZnO nanorods on the temperature during the
synthesis: a),b) TEM images of the triangular ZnO nanorods at low and high temperatures, scalebars 500 nm.
c) Plot of the mean length (black squares) and mean width (black triangles) and corresponding PDIs (grey
dotted) of triangular ZnO nanorods against the temperature during synthesis. d) Plot of the aspect ratio of
triangular ZnO nanorods against the temperature during synthesis.
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whereas the spatial extension in c-direction nearly doubles. This behaviour can be
expected for wurtzite ZnO, as the growth in c-direction is kinetically favoured over the
a,b-direction which leads to a higher growth rate. Nevertheless, it underlines the
previously made conclusion of the computational study (see Figure 4.31) that initially
a triangular shaped is formed, followed by a growth phase along c-direction. Above
180 min, the final dimensions of the triangular ZnO nanorods are reached. While the
length and the width both stay constant, the polydispersity changes slightly over time
indicating Ostwald-ripening processes.

Figure 4.35: Dependency of the morphology of the triangular ZnO nanorods on the precursor addition rate
during the synthesis: a),b) TEM images of the triangular ZnO nanorods at low and high precursor addition rates,
scalebars 500 nm. c) Plot of the mean length (black squares) and mean width (black triangles) and
corresponding PDIs (grey dotted) of triangular ZnO nanorods against the precursor addition rate during
synthesis. d) Plot of the aspect ratio of triangular ZnO nanorods against the precursor addition rate during
synthesis.
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As already shown in chapter 4.1.1, the anisotropy in the growth behaviour of the
a,b- and c-direction can be used to influence the aspect ratio of the ZnO nanoparticles.
The nanorods’ length is directly dependent on the temperature, which is highlighted by
the TEM images of triangular nanorods in Figure 4.34. A mean length of 58.3 nm can
be found for a synthesis temperature of 35°C as shown in Figure 4.34a), while 75°C
yield nanorods of 84.9 nm length, depicted in Figure 4.34b). Plotted in Figure 4.34c),
there is a linear increase of the AR from 1.2 at 35°C to 3.1 at 75°C. The already
kinetically favoured growth in c-direction is far more affected than the growth in
a,b-direction, which stays nearly constant.
Besides the temperature also the reaction management has a significant influence on
the aspect ratio of the triangular ZnO nanorods (Figure 4.35). The TEM images show
triangular ZnO nanorods with a length of 95.2 nm for a precursor addition rate of
0.05 mmol/mL in Figure 4.35a) and 68.5 nm for a precursor addition rate of
0.16 mmol/mL. Apparently, there is a reciprocal correlation of the addition rate of the
[MeZnOR]4 precursor with the aspect ratio of the respective nanoparticles. A low
addition rate of 0.05 mmol/min results in an AR of 3.1, while a higher addition rate of
0.16 mmol/min results in an AR of 1.8. This behaviour can be explained referring to a
LaMer-like scenario. In all cases the amount of inserted ZnO precursor is identical.
However, there is a difference of the concentration during the synthesis. A low addition
rate leads to a lower concentration of amorphous pre-ZnO species and thus to a
smaller number of nucleation seeds. Consequently, most of the later added ZnO
species attach to a smaller number of previously formed nucleation sites rather than
inducing new ZnO nuclei. This leads to a pronounced growth of the already formed
ZnO species, resulting in the formation of nanorods with a higher AR. A reversed
scenario can be assumed for higher precursor addition rates. A higher concentration
of amorphous ZnO pre-phase leads to a larger number of initial nucleation seeds.
Therefore, in the following added ZnO growth species can attach to a higher number
of ZnO nucleation sites which results in a less enhanced growth and thus a smaller
aspect ratio.
The conducted experiments gave detailed insight into the morphogenesis of the
triangular ZnO nanorods, which makes it possible to conclude a formation mechanism.
The two used active ligands [M] and [D] both play distinct roles. [D] stabilizes small
monodisperse emulsion droplets, which contain the amorphous ZnO precursor phase.
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Due to the small size of these droplets only few primary ZnO bilayers can be formed
enhancing the possibility of the above described symmetry break (Figure 4.33a)
~40-60 min) and thus the anisotropic triangular growth. Due to the strong interaction
of [M] with the ZnO surface the symmetry break towards a triangular morphology is
stabilized and locked in. Subsequently, growth into the triangular nanorod morphology
takes place.

4.2.3.

Superstructures of Triangular ZnO Nanorods and Shape-Symmetry

Correlation
In the previous chapter, the formation mechanism of the triangular ZnO nanorods was
revealed as a symmetry break on the level of isolated nanoparticles. This important
clarification enables a reliable route towards colloidal ZnO nanoparticles with triangular
cross-section. Now, the availability of these nanorods makes it possible to investigate

Figure 4.36: SEM micrographs of extended periodic arrays of triangular ZnO nanorods superstructures. a) ZnO
nanorods standing perpendicular to the Si substrate inducing an ordered hexagonal packing. b) ZnO nanorods
oriented parallel to the Si-substrate, inducing the formation of long-ranged ladder-like arrays.
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the initial hypothesis whether a transition from a hexagonal to a triangular morphology
of the ZnO nanorods induces a symmetry break on the level of nanoparticle
superstructures accompanied by the emergence of new properties.
Initially it is necessary to construct extended periodic arrays of the triangular (and
hexagonal) ZnO nanoparticles. This has been achieved using the method presented
by Dong et al.,[92] which has already been applied for hexagonal ZnO nanoplates in
chapter 4.1.2. Again, a defined amount of nanoparticles dispersion is carefully spread
onto diethylene glycol in a small petri dish. After evaporation of the dispersion solvent,
a thin NP film is formed at the Air/DEG interface, which subsequently can be
transferred to arbitrary substrates. The SEM image in Figure 4.36a) provides a large
area section of the self-assembled superstructures. Most of the ZnO nanorods stand
with their triangular cross-section perpendicular to the Si substrate. As depicted by the
schematic inset, the nanoparticles built 2D mosaic-like patterns. Furthermore, sections
can be found in which the triangular ZnO nanorods form hexagonally ordered domains
that span over several hundred nanometres. The superstructures seemingly resemble
a

2D

hexagonally-

closed

packing,

although

a

certain

intrinsic porosity can
be observed. A second
self-assembly

mode

can be observed in the
SEM

image

Figure 4.36b).

of
Here,

most of the triangular
ZnO

nanorods

are

oriented sideways to
the substrate leading
to the formation of
extended

Figure 4.37: a) Close up TEM image of interlocking self-assembly of
triangular ZnO nanorods. b) HAADF TEM image of the same area. c)
Schematic depiction of the packing architecture.

ladder-like

stackings. Further EM images of larger areas can be found in the appendix section
Figure A.19. This exceptional self-assembly behaviour is quite astonishing as the
periodicity of the nanoparticle-based superstructure is expanded over multiple
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magnitudes with respect to the size of the individual nanoparticle building-blocks. A
closer look into the packing behaviour is given by the TEM image in Figure 4.37a). Via
stacking at the (100) facets, the nanoparticles assemble into a staggered repetitive
pattern. The black indicator lines in the image refer to different measured distances.
The theoretical distance dtheo. (70.6 nm, solid line), which refers to twice the width of
one nanorod and the real measured distance dreal (63.5 nm, dotted line). There is a
difference of 10%, indicating, that the nanoparticles are in closer proximity to each
other than expected. High Angle Annular Dark Field (HAADF) TEM in Figure 4.37b),
offers a more transparent insight of the staggered pattern. Clearly, the nanoparticles
appear as singles units with sharp borders and no sintering effect can be observed.
Furthermore, a distinct overlap between two adjacent nanoparticles is visible, which is
in accordance with the difference of the two observed distances dtheo. and dreal. Hence,
this stacking scenario must be caused by an alternating 180°-rotation along the c-axis
between every two nanoparticles. This rather complex self-assembly behaviour is
further illustrated by the schematic depictions in Figure 4.37c).
4.2.3.1. Shape-Symmetry Correlation in Nanoparticle-Based Materials
Knowing the self-assembly behaviour of the ZnO nanorods with triangular crosssection, it is possible to compare the symmetry of superstructures built from triangular
ZnO nanorods with superstructures build from common hexagonal ZnO nanorods.
Therefore, hexagonal nanorods were synthesised according to the previously
presented method in chapter 4.1.1.[224] and again assembled via the already described
method of Dong et al.[92] As mentioned earlier, triangular ZnO nanorods are able to
form ordered superstructures, which exhibit a certain relation to the hexagonal close
packing (HCP). However, there are some important symmetry differences which can
be described using the mosaic tiling nomenclature presented by Schläfli.[233] This
nomenclature can be applied to any regular polygon tiling and is therefore suitable for
both the triangular and hexagonal structures. Herein, the symmetry of one individual
polygon is described by the number of its corners (X) (X triangle = 3, Xhexagon = 6). The
symmetry of a regular tiling of the corresponding polygons is given by the number Y of
individual polygons, concurring at their corners at the so-called vertex points XY.
Thereby, all necessary symmetry attributes are expressed in one simple term.
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Figure 4.38: a) Ordered 2D arrays of hexagonal a) and triangular b) ZnO nanorods and schematic illustration
of the superstructure, ochre for hexagons, cyan for triangles; P6m symmetry of both structures is indicated by
the black hexagon. Schläfli nomenclature of the symmetry indicated by grey-coloured particles. c) point lattice
symmetry in ochre for hexagons (left side) and cyan for triangles (right side). d) HRTEM close up image of an
individual mesoscale void.

For a triangular shape, six individual nanoparticles meet at the vertex points, resulting
in a 36 symmetry. In the case of a hexagonal shape only three individual nanoparticles
can concur at each corner, leading to a 6 3 symmetry. To highlight these differences, a
comparison of superstructures of both triangular and hexagonal ZnO nanoparticles are
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visualized in Figure 4.38. The TEM image in Figure 4.38a) features superstructures
formed by hexagonal ZnO nanorods. Figure 4.38b) shows analogue structures built
from triangular ZnO nanorods. In both cases, the nanorods present their (002) facets,
as they are oriented with their c-axis perpendicular to the TEM grid. The basic
hexagonal symmetry of both structures is illustrated by the black hexagon in the
schematic drawings, assigning them to the P6m space group.
Nonetheless, the distinct difference between both superstructure symmetries becomes
visible when looking at the grey-coloured particles. In accordance with the abovementioned nomenclature of Schläfli, three grey nearest neighbouring hexagons concur
at each other’s edges giving the hexagon tiling a 6 3 symmetry. For a three-fold
symmetry, six nearest neighbouring triangles meet at the vertex points, resulting in the
expected 36 symmetry. Consequently, the altered symmetry of the nanoparticle
superstructures can clearly be referred to a morphology difference of the nanoparticle
building-blocks. This symmetry-break of the superstructures is further highlighted by
their point lattice symmetries (Figure 4.38c)). On the left side (ochre colour) the point
lattice symmetry of the regular hexagonal tiling is shown, which accurately resembles
the simple point lattice symmetry of a 2D hexagonal closed packing with ABAB
structure. An identical point lattice symmetry can be found for spherical particles, once
more stating that not every shape is able to induce a superstructure symmetry change
(see Figure 4.25).
In contrast, the cyan coloured point lattice of the triangular tiling is shown on the right
side. Due to the empty spots, which are marked with grey circles, a significant
difference to the hexagonal-closed packing can be identified. These empty spots follow
an ordered repetitive pattern and span a periodic ABAB-vacancy superlattice. Within
the nanoparticle superstructure these voids perfectly align with the vertex points, as
their position is exactly at the tips of six concurring triangles. Due to the elongated
nanorod morphology of the ZnO building-blocks, the shape of these vacancies must
be sort of cylindric channel-like with a diameter of 6 nm (Figure 4.38d)). No analogue
vacancy formation is observed for the regular tiling of hexagonal ZnO nanorods. It is
therefore reasonable to conclude that the formation of such meso-scalic voids is an
emergent phenomenon, which is induced solely by the transition to triangular shaped
building-blocks.
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Due to the size of the individual nanoparticle constituents and the periodicity in the
range of optical wavelengths, the herein presented nanoparticle-based materials
exhibit high potential for optical applications. Hence, besides structure related effects,
like the previously mentioned appearance of channel-like vacancies, also symmetry-

Figure 4.39: Numerical simulations of the emergence of optical near-fields in periodic ZnO nanoparticle
superstructures: a) schematic depiction of the hexagon superlattice and polarization-angle dependent field
enhancements for hexagonal ZnO nanorods. b) schematic depiction of the triangle superlattice and polarizationangle dependent field enhancements for triangular ZnO nanorods.
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break induced changes of optical properties are investigated. Non-trivial near-field
effects beyond the refractive index of the ZnO constituents can be expected. To
compare the optical properties of both types of superstructures, numerical simulations
with the finite-difference time-domain method (FDTD, Lumerical Inc.) are conducted.
Therefore, modelled structures of regular hexagon and triangle assemblies are
investigated as shown in Figure 4.39 (upper two panels). The edge length of the
artificial hexagonal and triangular particles is chosen to be 16 nm and 40 nm
respectively. Thereby, identical effective surface areas are obtained, in order to
achieve an instructive comparison. Both structures exhibit a similar height of 80 nm.
The refractive index of ZnO is taken from Querry et al.[234] Electric and magnetic field
vectors are calculated of an incoming plane wave of a wavelength of 575 nm, which
impinges parallel to the z-axis. The numerical mesh size is set to be 0.5 nm and the
boundary conditions are set to periodic along the x- and y-axis, to simulated an infinite
area of self-assembled ZnO nanostructures. The time average of the magnitude of the
electric field is evaluated at a position in the middle of the nanostructures’ height
(z = 40 nm), where the maximum of the field enhancements in the gaps between the
nanoparticles is expected. These studies were performed in collaboration with
Martin Hörmann from the Group of Prof. Dr. Peter Baum of the Department of Physics
at the University of Konstanz. The resulting near-field enhancements are shown in the
middle and lower panels of Figure 4.39. Indicated by the colour-gradient bars,
attenuations of the electric field are displayed in blue colours, whereas electric field
enhancements are shown in red colours. Although both superstructures are composed
of an identical amount of ZnO, the manipulation of the electromagnetic fields differs
significantly due to the shape induced altered symmetry of the superlattices. For the
hexagonal nanorods, a 0° polarization of the incoming plane wave and incident electric
field vectors along the x-axis lead to interrupted and periodically displaced field
enhancements (Figure 4.39, left middle panel). In contrast, for the triangular nanorod
array (Figure 4.39, right middle panel), an identically incoming wave induces field
enhancements which are distributed orthogonal to the polarization and consist of
mostly uninterrupted lines in the form of a wire grid. Changing the polarization to 90°
(lower panels) leads to an inverted scenario. The field enhancement patterns of the
hexagonal nanoparticle arrays now exhibit a wire grid-like structure (lower left panel),
whereas a distorted 2D grid can be found for the array of triangular nanorods
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(lower right panel). For all cases the peak field enhancements are 1.8. The obtained
results indicate that the periodic ZnO superstructures are able to confine light at subwavelength dimensions, leading to the appearance of distinct and regular near-field
patterns over macroscopic dimensions.

Figure 4.40: Illustration of the consecutive symmetry breaks on an individual nanoparticle level resulting in the
morphogenesis of triangular ZnO nanorods and on a superstructure level leading to the formation of
mesoscopic vacancies within the triangular ZnO nanorod superlattice.

A conclusion of this chapter can be drawn when looking at the results illustrated in
Figure 4.40. On the left side, the transition from a common hexagonal morphology
towards uncommon triangular ZnO nanoparticles is shown. This symmetry break
involved an intrinsic anisotropy of the electronic structure, as well as the collaboration
of two ligands, mono-Ol and di-Ol, which played specific roles in the morphogenesis of
the triangular shape. Thereby, the six-fold C6 rotational symmetry of the ZnO
nanoparticles was reduced to a three-fold C3.
Unlike spheres and hexagons, the change of the building-blocks to a triangular shape
induces a symmetry-break of the nanoparticle superlattice as indicated on the right
side of Figure 4.40. While spheres and hexagon build identical hexagonally closed
packed 2D lattices, the ordered 2D superstructure of the triangular ZnO nanorods
exhibits significant difference in the form of meso scale channel-like voids a every
vertex point.
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4.3. Pathways towards Hetero Nanoparticle-Based Materials
The results presented in this chapter are part of open projects, which have been
conducted in addition to the above presented published work (chapters 4.2. [224] and
4.3.[225]). Most of the experiments and results of this chapter have been acquired in
collaboration with students. These studies have not been fully completed and are not
fully comprehensive. Nevertheless, promising results have been achieved, which are
potentially relevant for continuative projects on the topic of nanoparticle-based
materials.
4.3.1. Perovskite Nanoparticles and Binary Self-Assembly
Introducing secondary NP species is a
promising approach to extend the
expected properties of nanoparticlebased materials as it promotes the
possibility

of

the

appearance

of

interparticle coupling phenomena (see
chapter 2.1.4). As mentioned before,
ZnO is widely used in semiconductor
technologies like solar cells or LEDs,
which

makes the investigation of

optoelectronic phenomena
Zeng et al.

showed,

feasible.
that

by

combination of ZnO with lead halide
perovskites it is possible to construct a
beneficial

bandgap

architecture

to

promote electronic coupling events
between

the

two

semiconductor

species.[235] As depicted in Figure
Figure 4.41: a) Bandgap alignment of ZnO and
CsPbBr3, adapted with permission from the Royal

4.41a), ZnO exhibits a suiting bandgap

Society of Chemistry, Ref.: [235]. b) depiction of

alignment to promote exciton splitting

possible self-assembly modes from trigonal ZnO

in CsPbBr3 perovskites.

nanorods and CsPbBr3 nanocubes.
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A related approach is seized here. However, instead of in situ formed bulk
heterojunctions, here is investigated, whether such optoelectronic coupling
phenomena can be observed in nanoparticle-based systems, employing the previously
presented ZnO nanoparticles (Figure 4.41b)). Thereby, the influence of the close
proximity environment of NBMs, which is relevant for possible cooperative effects
between the individual NP species can be investigated. Hence, the effect of order in
self-assembled binary superstructures on the optoelectronic coupling is of interest. As
depicted in Figure 4.41b), triangular and cubic particles enable the possibility of
random as well as quasi crystalline order in NP superstructures, which may lead to
different cooperative effects (see also chapter 2.1.4.)
Therefore, as a second nanoparticle species, caesium lead halide perovskite
nanoparticles are synthesized, which exhibit a cubic shape in the size regime of the
above presented ZnO nanoparticles (~50 nm) to enable self-assembly experiments
with. Two approaches were investigated to obtain the desired perovskite nanocubes.
The first one being one of the most prominent methods to prepare lead halide
perovskite nanoparticles is the previously mentioned hot injection method. Secondly,
a more convenient but less investigated approach via microwave irradiation will be
conducted.
4.3.1.1. Caesium Lead Halide Nanoparticles via Hot-Injection Synthesis
The herein used synthetic protocol has been presented by Kovalenko et al.[236] and is
based on the decomposition of caesium oleate and PbX 2 (X = I, Br or Cl) in the

Figure 4.42: TEM images of CsPbI3 nanoparticles obtained from hot-injection synthesis.
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presence of oleyl amine (OAm) and oleic acid (OA) as ligands within octadecene
(ODE) as high boiling solvent. The results of the described experiments of CsPbI3
nanoparticles are shown in the TEM images of Figure 4.42. The nanoparticles have
assembled into large, loosely spread clusters with ordered domains exhibiting a
distorted rhombic symmetry. TEM images with higher resolution (Figure 4.42c)) reveal
that most of the nanoparticles exhibit a rather spherical morphology with only few
having a cubic shape. The size of the nanoparticles varies between 5 to 20 nm, while
a majority is smaller than 10 nm. Over the course of two days, the intensive red
dispersion decomposes into a brownish yellow slurry, resembling the colour of the PbI 2
educt. Dilution of the dispersion in n-hexane postponed the decomposition of the NP
dispersion to roughly one week, when stored at 6°C.
Due to their great colloidal stability, complete sedimentation of the NPs was not
achieved. Furthermore, due to the high boiling point of ODE (>300°C), gathering
sample by solvent evaporation was also not possible. Consequently, analysis of the
crystal structure of the CsPbI3 NPs via PXRD has not been conducted. Nevertheless,
UV/Vis spectra (Figure A.20) of the sample yielded a bandgap of 1.81 eV, which is in
accordance with literature values and hence speaks for the formation of CsPbI3.[131]
CsPbBr3 nanoparticles were synthesized similarly via hot injection using PbBr2 instead
of PbI2. The results of the synthesis are shown in Figure 4.43. Large scale TEM images
of the crude product in Figure 4.43 show similar structures as observed for the CsPbI 3

Figure 4.43: TEM images of CsPbBr3 nanoparticles obtained from hot injection synthesis: diamond-like (1), rodlike (2) and small cube-like (3) nanoparticle morphologies are marked in c).

nanoparticles. The CsPbBr3 NPs build loosely packed films, with domains of distorted
cubic order. Zooming into these structures reveals that the sample contains more than
just one NP species. As indicated by the squares in the TEM image in Figure 4.43c),
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three different kinds can be identified. First, there are larger diamond-shaped particles
in the size of ~70-90 nm. Due to their light appearance and low electron contrast it is
assumed that these particles are diamond shaped nanoplates, which are assumed to
be rhombic Cs4PbBr6. The second species are very thin nanorods with a size of
~30 nm in length and ~5 nm in width. Small nanocubes of ~3-5 nm can be found as a
third NP species. As evident from the TEM image in Figure 4.43b,c), the second and
third NP species self-assembles into NP superstructures. The small nanorods arrange
into long-range 1D chains, which span over several hundred nanometres. In contrast,
the small nanocubes build 3D rectangular NP superstructures in which they are
arranged in cubic order.
Similar to the CsPbI3 nanoparticles, evaluation of the crystal structure of the CsPbBr 3
nanoparticles via PXRD has not been conducted. Again, no sample could be gathered
through centrifugation due to the colloidal stability of the nanoparticles. However, as
already evident from the morphologies of nanoparticles as shown by the TEM images
in Figure 4.43, it is assumed that more than one perovskite species has been obtained.
Consequently, a superposition of different crystal structures like the cubic CsPbBr 3 and
the rhombic Cs4PbBr6 would be expected. UV/Vis measurements yielded a bandgap
energy of 2.38 eV, which again is in accordance with literature values for CsPbBr3 and
indicates that the majority of formed particles are CsPbBr 3 (Figure A.21).[131] However,
it is reasonable that both CsPbBr3 and Cs4PbBr6 are present.
The very intensive colour in the photographs of the CsPbI 3 and CsPbBr3 NP
dispersions already forecast that both NP samples exhibit promising optical properties.
To further investigate these properties, both samples were analysed under UV light,
via Photoluminescence spectroscopy (PL) and UV/Vis spectroscopy. The photographs
in Figure 4.44a) and b) and Figure 4.44d) and e) show the nanoparticle dispersions at
normal conditions and under UV irradiation. A very bright fluorescence emission is
clearly visible for both samples. The CsPbI3 nanoparticles emit a strong red colour. An
even more intensive greenish fluorescence emission is visible for the CsPbBr 3
nanoparticles. This bright emission induced an automatic adjustment of the brightness,
resulting in the darker impression of the image although it is actually taken under
similar conditions.
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Figure 4.44: Photographs of the perovskite nanoparticle dispersion without being exposed in a), d) and under
UV light in b), e). PL spectra of c) CsPbI3 excited at 300 nm and f) CsPbBr3 excited at 350 nm.

Excitation of the CsPbI3 NPs at 300 nm yields an emission spectrum with a distinct
peak at a wavelength of 671 nm (Figure 4.44c)), which is in accordance to the optical
colour impression of the photograph and literature.[131] The CsPbBr3 NPs were excited
at a wavelength of 350 nm, resulting in a sharp emission peak at 514 nm (Figure
4.44f)), which matches the colour under UV irradiation as seen in the photograph.
The obtained PL peak positions of Figure 4.44c) and f) and corresponding bandgap
Table 1: PL peak positions and corresponding bandgaps of the perovskite NPs prepared via hot injection
synthesis.

peak position /
[nm]

corresp. bandgap /
[eV]

lit. bandgap[18] /
[eV]

CsPbI3

671

1.85

1.78

CsPbBr3

514

2.41

2.36

energies are listed in Table 1. Both the CsPbI3 and CsPbBr3 nanoparticles exhibit a
small blueshift of the bandgap energy compared to bandgap energies found in
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literature. The TEM images in
Figure 4.45 show combinations of
triangular ZnO nanorods with the
CsPbBr3

nanoparticles.

Both

species, the ZnO as well as the
perovskite

nanoparticles

are

clearly visible. However, they do
not seem to affect the selfassembly

behaviour

of

the

triangular ZnO nanorods at all. Due
to their far smaller size they act
more

like

formation

impurities
of

superstructures,

in

the

the

ZnO

rather

than

actively changing their symmetry

Figure 4.45: TEM images of combined samples of triangular
ZnO nanorods and CsPbBr3 nanoparticles.

as schematically shown in Figure 4.41. Therefore, the caesium lead halide perovskites
obtained from the hot injection synthesis were deemed unsuitable for the initially stated
objective, the preparation of quasi ordered binary nanoparticle-based materials.

4.3.1.2. Caesium Lead Halide Nanoparticles via Microwave Assisted
Synthesis
Consequently, a different approach to obtain the desired caesium lead halide
perovskite nanoparticle was pursuit next. Among others, Na et al. recently showed,
that perovskite nanoparticles with defined morphology can also be obtained using
common household microwaves.[237] Herein, CsCO3 and PbX2 (X = I or Br) are mixed
in octadecene together with OA and OAm as ligands in a standard open vessel and
treated at 800 W for an interval of four minutes. This straight forward method will be
adapted here and appropriately adjusted to work with a designated synthesis
microwave. Hence as a first step, suiting conditions for the laboratory scale microwave
had to be established.
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A target temperature of 80°C for an interval of two minutes was chosen for the
preparation of CsPbI3 perovskites, which yielded a dark brownish crude dispersion.
After centrifugation and discarding of the supernatant a deep red precipitate was
obtained. Redispersing the precipitate in hexane yielded a brownish red dispersion.
TEM images of the CsPbI3 perovskites are given in Figure 4.46). In contrast to the

Figure 4.46: TEM images of CsPbI3 nanoparticles obtained from microwave assisted synthesis.

samples of the hot injection synthesis, the obtained perovskite particles from the
microwave assisted synthesis are far larger, in the range of several hundred
nanometres. Although a more defined morphology and distinct facets are visible, no
uniform shape is found. Most of the particles exhibit an elongated rod-like shape with
pointy endings. Besides these rods only few square-shaped particles can be found.
However, these squared particles feature edge length of up to 400 nm and hence are
not in the desired size range (see Figure 4.41). Similar to the CsPbI3 samples obtained
from hot-injection synthesis, the particles obtained from microwave assisted synthesis
exhibit only poor structural stability. The reddish dispersion decomposed to a yellow
precipitate over the course of two days, likely PbI 2. Convincing determination of the
crystal structure of the CsPbI3 NPs from microwave assisted synthesis via PXRD was
challenging (see Figure A.22). The sample likely decomposed during preparation or
during the measurement of the PXRD. This can be attributed to CsPbI3 being highly
sensitive to moisture or air. An alternative identification was again done by UV/Vis
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spectroscopy (see Figure A.23), yielding a bandgap of 1.81 eV, which is in accordance
with literature values.[131]
The obtained dispersion emitted a deep red colour under UV light as seen in the
photograph in Figure 4.47a,b). PL measurement of the sample excited at 350 nm
yielded a broadened peak with a maximum at 670 nm, which is in accordance with the
visible colour impression and literature.[131] As a consequence to the fast degradation
of the samples and their large size compared to the triangular ZnO nanorods, the
CsPbI3 particles were deemed unsuitable as building-blocks for the preparation of
nanoparticle-based materials. Therefore, further studies on improving the morphology
of the CsPbI3 perovskite nanoparticles were not conducted in this work.

Figure 4.47: Photographs of CsPbI3 NP dispersions without (a)) and under UV light (b)). PL emission spectrum
of the CsPbI3 nanoparticles.

CsPbBr3 perovskites were synthesized in the microwave by rapid heating to at a target
temperature of 100°C with a subsequent holding time of 2 minutes at that temperature.
The TEM images in Figure 4.48 show the obtained CsPbBr3 nanoparticles. At first
glance, the results do not seem to be promising at all, as most of the nanoparticles are
distorted spheres with a diameter between 20-50 nm. Furthermore, also short rod-like
nanoparticles and smaller spherical ones can be found. However, the nanoparticles
appear to be in the desired size range and are present as individual entities.
Furthermore, in contrast to the CsPbI3 particles, the CsPbBr3 dispersion is stable and
no decomposition was found over the course of several weeks. Hence, these particles
were deemed to be the most promising NPs for the objective of this work.
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Prior to self-assembly experiments and the combination with the previously presented
triangular ZnO nanorods, the quality of the obtained CsPbBr 3 nanoparticles needs to
be improved in terms of their uniformity, their morphology and size distribution. Hence,

Figure 4.48: TEM images of CsPbBr3 nanoparticles synthesized in a microwave at a target temperature of
100°C.

to obtain a more suiting morphology of the CsPbBr 3 nanoparticles, the initially
employed microwave assisted synthesis needs to be adjusted accordingly. The
temperature, the growth time, the ratio of the ligands as well as the solvent were
identified as pivotal factors, affecting the morphology of the CsPbBr 3 nanoparticles.
The results of these experiments are presented in the following.

Morphological Studies of CsPbBr3 Perovskite Nanoparticles
First the influence of the temperature during the synthesis was investigated, as it
influences not only the diffusion and mixing of the educts, but also their conversion,
nucleation as well as the growth of the NPs. Hence, batches with identical educt and
solvent compositions were prepared, varying the target temperatures from 110 to
160°C. TEM images of each batch are shown in Figure 4.49. A rise of 10K to 110°C
leads to an improved morphology as can be seen from the TEM images in Figure
4.49a). The majority of the obtained CsPbBr3 nanoparticles exhibit a cubic shaped and
defined edges. Manual evaluation of the TEM images resulted in an average edge
length of 27 nm with a rather high PDI of 40%. Besides these nanocubes, which are
most likely CsPbBr3, there are also hexagonally shaped particles, which can be
attributed to cuboctahedra or rhombic morphologies. The latter most likely stem from
Cs4PbBr6 perovskites,[238] which have also been found in the hot-injection samples.
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PXRD measurement of the obtained sample is shown in Figure A.24. However, no
distinct resemblance with the expected pattern of CsPbBr 3 can be observed. The
diffractogram exhibits distinct similarities to CsBr, which has likely formed due to
degradation of the initial sample. A complete clarification of the diffractogram has not

Figure 4.49: TEM images of CsPbBr3 nanoparticles from microwave assisted synthesis. a)-f) are batches with
identical composition, synthesized at different target temperatures ranging from 110°C to 160°C.

been achieved up to this point due to several present sub phases. Nevertheless,
UV/Vis spectroscopy in Figure A.25 yields a bandgap energy of 2.34 eV, which is in
accordance with literature for CsPbBr 3 perovskites.
Tiny spherical spots can be found on the nanoparticles which can be attributed to
progressive sample degradation under the exposition of the electron beam. This
finding is in accordance with literature and can be referred to electron beam induced
desorption of Br and simultaneous formation of Pb nanoparticles.[239] This pronounced
sample degradation is further highlighted by the HR TEM images in the appendix
section in Figure A.26. The images show a certain area of the sample which is
continuously exposed, inducing severe damage to the NP morphology. Further
increasing the synthesis temperature to 120°C resulted in the perovskite nanoparticles
shown in Figure 4.49b). Again, mostly cubic nanoparticles are found which resemble
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those synthesized at 110°C. While there is only a small difference of the mean edge
length to 20-25 nm, the PDI of 22% is significantly lower. Furthermore, less of the
unidentified hexagonally shape particles are present. At 130°C, the mean size of the
nanoparticles has further decreased to ~16-20 nm, while the PDI has again increased
to 35%. Apart from the pure size, also the morphology has changed.
The formerly sharp edges with ~90° angles are rounded and curved outwardly as
indicated by the circles in the TEM image in Figure 4.49c). Very different results have
been obtained at a temperature of 140°C, as shown by the TEM images in Figure
4.49d). Instead of cubic nanoparticles, the sample mostly consists of well-defined
elongated nanorods with sharp edges, which reach up to several hundred nanometres
in length. Their width is determined to be ~30-50 nm. Besides these nanorods also
some cube shaped nanoparticles can be found. Contrary, at a temperature of 150°C
the majority of the CsPbBr3 nanoparticles exhibit the previously seen cubic shape
(Figure 4.49e)). Their uniform squared shape with a mean size of 40 nm and the
narrow size distribution with a PDI of 16% indicate the highest morphological quality
so far. Nevertheless, there are still some rod-like particles present, which reach
~100 nm in length. Synthesis at a target temperature of 160°C resulted in the formation
of slightly larger cubic particles. Additionally, nanoparticles with 120°C angles can be
found which are in the size range of ~100 nm. Due to their size they can clearly be

Figure 4.50: a) Comparison of a: mean length (black squares), mean width (black triangles) and PDIs (grey)
of CsPbBr3 nanoparticles obtained from microwave assisted synthesis against the target temperature. b)
aspect ratio of CsPbBr3 nanoparticles against the target temperature.
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identified as rhombohedral and are therefore attributed to the Cs4PbBr6 type
perovskite.
The results obtained from manual analysis of the TEM images of the synthesis
temperature study are summarized in Figure 4.50. The plot of the mean size against
the temperature has a distorted V shape, as the mean size of the perovskite
nanoparticles decreases from 110°C to a minimum at 130°C. Further rising the
temperature to 160°C induces an increase of the mean size of the perovskite
nanoparticles. The PDI shows a contrary trend. Initially, the PDI decreases with rising
temperature, which is in accordance with conventional LaMer considerations.
Afterwards, a sharp increase to a maximum at 140°C and a subsequent decrease can
be seen. The lowest size distribution is found at 150°C. The aspect ratio of the
perovskite nanoparticles is plotted against the temperature in Figure 4.50b). Apart from
the increased value at 140°C all aspect ratios are in the range between 1.1 and 1.3,
which is in accordance with the mostly found cubic morphology. As expected, the
obtained results confirm that the temperature is a crucial factor for the outcome of the
synthesis. Due to the narrow size distribution, the ideal size range and the aspect ratio
close to one of the CsPbBr3 nanocubes synthesized at 150°C, this temperature will be
chosen as target temperature for the following studies. Besides the temperature also
the time plays a pivotal role in the synthesis of monodisperse nanoparticles.

Figure 4.51: TEM images of CsPbBr3 nanoparticles synthesized at a target temperature of 150°C with holding
times of a): 2 minutes, b): 3 minutes and c): 4 minutes.

Therefore, to further improve the morphology of the CsPbBr 3 nanocubes, syntheses
with different holding times at the previously described target temperature were
performed. The TEM images is Figure 4.51 present the results of these syntheses.
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With a holding time of two minutes the TEM image in Figure 4.51a) corresponds to the
previously described sample which was synthesized at a target temperature of 150°C.
Prolonging the holding time to 3 minutes results in the nanoparticles displayed in Figure
4.51b). Cubic nanoparticles are obtained, which exhibit a rather broad size distribution
between 20 nm to 100 nm. Furthermore, also large distorted nanoparticles with a
spherical shape can be found. The TEM image in Figure 4.51c) displays nanoparticles
synthesized with a holding time of 4 minutes. The size distribution of the obtained
nanoparticles has further increased compared to the previously described sample.
Moreover, the nanoparticles appear to be less defined, as their edges become more
rounded and less sharp, which is most prominent for the smaller nanoparticles.
Quantitative analysis of the morphology of the perovskite nanoparticles from TEM
images is given in Figure 4.52. As indicated by the plot of the mean size against the
holding time at target temperature in Figure 4.52a), the mean sizes show only minor
variations of roughly ± 5 nm. However, a significant increase of the PDI from 22% for
2 minutes holding time to 72% at 4 minutes holding time is observed. This indicates

Figure 4.52: a) Comparison of a: mean length (black squares), mean width (black triangles) and PDIs (grey)
of CsPbBr3 nanoparticles obtained from microwave assisted synthesis against the holding time. b) aspect ratio
of CsPbBr3 nanoparticles against the holding time.

that there are ongoing processes, like decomposition or reformation subsequent to the
formation of the initial perovskite nanoparticles, which induce a broader size
distribution. One explanation might be the increased solubility of the educts, as well as
the instability of the perovskites themselves at these high temperatures. The mean
aspect ratio of the perovskite nanoparticles is like the mean size only weakly affected
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by the holding time as can be seen by the plot in Figure 4.52b). Concluding the
obtained results, the initially chosen holding time of 2 minutes yielded the best results

Figure 4.53: TEM images of CsPbBr3 nanoparticles synthesised with a varying ratio of OAm to OA. a: pure
OAm, b: 3:1, c: 2:1, d: 1:2, e: 1:3, f: pure OA.

concerning morphology and dispersity of the CsPbBr 3 nanocubes and will therefore be
used for further experiments.
As mentioned before (see chapter 2.1.3 and 4.2.), surface ligands play a major role in
controlling the growth of the nanoparticles and are crucial for the formation of defined
shapes. Herein, oleic acid and oleyl amine are used as surface ligands to guide the
growth and furthermore ensure the colloidal stability of the nanoparticles.
Consequently, the ratio of these two ligands must be decisive for the outcome of the
synthesis. A study is conducted, in which the ratio of OAm and OA is varied from pure
OAm to increasing amounts of OA to pure OA. The results of these syntheses are
displayed in the TEM images in Figure 4.53. The use of solely OAm leads to the
formation of the nanoparticles shown in Figure 4.53a). Very large needle-like structures
can be found that range from 500 nm to several micrometres in length and only
25-50 nm in width. Contrary to the elongated rods that have previously been seen
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(Figure 4.49d)), these needles exhibit well defined pointed tips. Furthermore, there are
also few rod-like nanoparticles that are significantly wider (~100 nm) and extend to
700 nm. A ratio of 3:1 OAm to OA results in the nanoparticles shown in Figure 4.53b).
Rectangular shaped nanoparticles are visible, which are clearly extended into one
direction. The majority however is made up from rhombic nanoparticles which appear
in diamond or capped-diamond shape. All described morphologies vary greatly in size
indicating a broad size distribution of 64-69% with mean lengths of 49 nm and mean
widths of 38 nm. The nanoparticles displayed in Figure 4.53c) are synthesized with a
ratio of 2:1 OAm to OA. Herein, the fraction of rhombic shaped nanoparticles has
decreased significantly and the majority is made from cube shaped nanoparticles. In
contrast to the previous sample, these cube shaped nanoparticles are less rectangular,
approaching a more squared shape. While the mean size of the nanoparticles has not
changed much (38-44 nm) the polydispersity has decreased to 51%. The sample with
a 1:1 ratio of OAm to OA corresponds to the initially used ratio of the ligands, which
has been shown above in Figure 4.49e) and Figure 4.51a). The nanoparticles
presented in Figure 4.53d) are synthesized with a ratio of 1:2 OAm to OA. Most
prominent is the clearly visible increase in size distribution up to 58-60% as well as the
appearance of large bulky structures that seem to be heavily agglomerated or even
grown together. The mean size again has stayed in the same range of 38-45 nm.
Additionally, no rhombic shape nanoparticles can be found. Further increasing the
excess of OA to a ratio of 1:3 OAm to OA results in the nanoparticles shown in Figure
4.53e). While most of the nanoparticles exhibit well defined cubic shapes with an
average size of between 45-51 nm, there are also slightly rounded ones visible. The
PDI has further increased to 70%. The rounded nanoparticles resemble the bulky
grown together species that have been found in the previous sample, however here
they are present as individual units. Nanoparticles synthesized solely with OA are
shown in the TEM image in Figure 4.53f). The nanoparticles feature no clearly defined
morphology and not sharp edges. However, some of the nanoparticles appear to have
a cubic structure, where every corner of the cube is severely rounded out, much like a
space filling model of a cubic crystal structure. The effect of the different ligands on the
morphology of the perovskite nanoparticles is summarized in Figure 4.54. The plot of
the means size of the nanoparticles against the ratio of OAm:OA shows that the
average size of the nanoparticles is only weakly affected by the ratio of the used
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ligands. However, this needs to be taken with caution as there is a serious influence
on the polydispersity of the obtained nanoparticles.

Figure 4.54: Comparison of a: mean length (squares) and mean width (triangles), their PDIs (grey) and b:
aspect ratio through different ratios of OAm to OA.

The plot of the PDI against the ratio of OAm:OA exhibits a V shape with a minimum
PDI of 22% at a ratio of 1:1. Varying the ratio to a surplus of one of the ligands induces
a strong increase up to ~70%. The appearance of rhombic shaped nanoparticles was
found to be restricted to samples with an excess of OAm, which is in accordance with
literature.[238] The plot of the aspect ratio against the ligand ratio is displayed in Figure
4.54b). No definitive trend can be deduced, however a higher amount of OAm seems
to increase the aspect ratio towards elongated nanoparticles, whereas an excess of
OA results in an aspect ratio closer to one. These findings are in accordance with the
impression of the syntheses with pure ligand as depicted in the TEM images of Figure
4.53a) for pure OAm and Figure 4.53f) for pure OA. Due to the lowest PDI and overall
uniform morphology, the ratio of the ligands was concluded to be best at 1:1 OAm to
OA. This ratio was used for all following synthesis.
Lastly, the influence of the solvent was analysed. Due to its high boiling point of 315°C,
octadecene is commonly used as a solvent for syntheses at elevated temperatures,
especially in hot-injection methods. The benefit of the high boiling point comes with a
rather high viscosity. Hence, it is hypothesized that the viscous nature of ODE may
hinder a homogeneous inter mixing of the educts within the short period of time during
the synthesis in the microwave. This would lead to concentration differences within the
reaction vessel, which negatively affects the nucleation and growth of the perovskite
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nanoparticles. Therefore, a dilution series with n-hexane was conducted to evaluated
whether a decreased viscosity of the solvent may induce further improvement of the
perovskite nanoparticles in terms of their morphology and dispersity. The overall
volume of the solvent or solvent mixture was kept constant, as well as the temperature,

Figure 4.55: TEM images of CsPbBr3 nanoparticles synthesised with varying volumetric ratio of ODE to
n-hexane at constant total volume. a: 4:1, b: 3:2, c: 1:1, d: 2:3, e: 1:4, f: pure hexane.

the educt concentration and the ratio of ligands. The results of the solvent dilution
series are displayed by the TEM images in Figure 4.55. A ratio of 4:1 ODE to n-hexane
resulted in the formation of the nanoparticles shown in Figure 4.55a). These
nanoparticles clearly resemble those of the synthesis without any n-hexane. Most of
the particles are slightly elongated cubes with well-defined edges. Apart from these
nanocubes also bulky amorphous structures can be found, which do not exhibit any
specific shape. Similar results are obtained when increasing the amount of n-hexane
to a ratio of 3:2 ODE to n-hexane, as depicted in Figure 4.55b). Again, most of the
nanoparticles exhibit a cubic shape, accompanied by an amorphous structure.
First significant changes in the morphology become observable at a ratio of 1:1 ODE
to n-hexane (Figure 4.55c)). While the polydispersity is seemingly unaltered,
111

Results and Discussion 4.3.

the nanoparticles have decreased in size. Furthermore, their edges seem to be less
well defined and less sharp. Instead they are slightly rounded. Larger structures are
also visible, which appear more like individual units and less like the bulky amorphous
structures seen before. Further increasing the fraction of n-hexane to a ratio of 2:3
ODE to n-hexane has a tremendous effect on the quality of the perovskite nanocubes.
As can be seen in the TEM image in Figure 4.55d), the nanoparticles self-assembly
into ordered NP superstructures with cubic symmetry. This superstructure formation is
a distinct indicator for high quality nanoparticles with uniform shape and a low size
distribution. This is confirmed when taking a closer look into the superstructures. Very
uniform nanocubes are visible with a mean size of 30 nm. These superstructures
resemble those reported by Feldmann et al.,[131] which have been obtained by ultra-

Figure 4.56: a) Comparison of a: mean length (black squares), mean width (black triangles) and PDIs (grey) of
CsPbBr3 nanoparticles obtained from microwave assisted synthesis against the volumetric ratio of
ODE:n-hexane. b) aspect ratio of CsPbBr3 nanoparticles against the volumetric ratio of ODE:n-hexane.

sonification as well as assemblies presented by Stöferle et al.[240] Apart from the size
there are also similarities to the above shown superstructures of the hot-injection
synthesis of the CsPbBr3 nanoparticles. Besides the high quality nanocubes that pack
into superstructures, there are also some larger structures which resemble those found
in the previous sample. Figure 4.55e) shows the results of a ratio of 1:4 ODE to nhexane. The sample features both the uniform cubic nanoparticles as well as large
elongated rhombic particles with well-defined morphology. These rhombic particles
hold the majority and are roughly 4-6 times the sizes of the nanocubes. A complete
substitution of ODE with hexane leads to the formation of nanoparticles displayed in
Figure 4.55f). The polydispersity of the cubic nanoparticles has increased compared
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to previous samples as there are various sizes as well as elongated species present.
In addition, several rhombic particles can be found, which are less defined than before.
Quantitative evaluation of the presented TEM images Is given by the plot of the mean
size of the obtained nanoparticles against the ratio of ODE and n-hexane in Figure
4.56a). In contrast to the previously conducted studies on the ratio of the ligands shown
Figure 4.54, the solvent ratio seems to have a stronger impact on the mean size of
perovskite nanoparticles. A significant decrease in size from pure ODE to a ratio of 2:3
ODE to n-hexane can be observed. Furthermore, the decrease in size is accompanied
by a less pronounced but still significant decrease of the PDI from initially 22% for pure
ODE to only ~16%. This is in accordance with the previously stated assumption, that
a reduced viscosity leads to a better mixing of the educts and therefore a more
homogeneous nucleation and growth. Apart from the size distribution, also the
morphology of the perovskite nanoparticles has improved due to the less viscous
solvent as can be seen by the plot of the aspect ratio against the solvent ratio in Figure
4.56b). The initial aspect ratio of 1.18 from the synthesis with pure ODE has decreased
to 1.08, indicating an almost perfect cube shape. The high morphological quality of the
particles synthesized at this ratio (2:3 ODE to n-hexane) is further confirmed by the
formation of self-assembled superstructures. Higher fractions of n-hexane (1:4 ODE to
n-hexane or pure n-hexane) reverse the trend as both the mean size as well as the
polydispersity increase, which also induces an increase of the aspect ratio.
Concluding the results of the morphological studies of the CsPbBr 3 nanoparticles, it
was found that CsPbBr3 nanocubes with a moderated size distribution can be obtained
at a target temperature of 150°C for a holding time of two minutes. The aspect ratio of
the nanocubes is closest to one when using and equal amounts of OA and OAm as
ligands in a solvent mixture of ODE and n-hexane at a ratio of 2:3.

Optoelectronic Studies of CsPbBr3 Perovskite Nanoparticles
The photographic images of the product dispersion in Figure 4.57a) show a yellow
greenish dispersion, which emits an intensive green colour under UV irradiation (Figure
4.57b)). The optical impression is confirmed by the PL spectra given in Figure 4.57c),
which shows a distinct emission peak at a wavelength of 519 nm after excitation at
350 nm. The UV/Vis spectrum in Figure 4.57d) exhibits as distinct step edge
absorption, which determined to a bandgap energy of 2.34 eV.
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Figure 4.57: Photographs of CsPbBr3 NP dispersions without (a)) and under UV light (b)). PL emission
spectrum of the CsPbBr3 nanoparticles.

As displayed by Figure 4.58, the band gap energy of both the CsPbI 3 and CsPbBr3
perovskites from the microwave synthesis are red-shifted compared to the hot-injection
samples. Nevertheless, they are still in accordance with values found in literature.[131]
The red shift of the bandgap energy can be attributed to the much larger size of the
obtained perovskite nanoparticles as seen from the presented TEM images (cf.
chapter 2.1.1)
To gain further insight into their
emission

behaviour,

photo-

luminescence decay measurements
of the CsPbI3 and CsPbBr3 samples
obtained from microwave assisted
synthesis were performed.
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The photoluminescence decay was in both cases fitted with a triexponential curve of
the form
𝑡

𝐹 (𝑡) = 𝐴1 ∙ 𝑒

−(𝜏 )
1

𝑡

+ 𝐴2 ∙ 𝑒

−(𝜏 )
2

𝑡

+ 𝐴3 ∙ 𝑒

−(𝜏 )
3

(2)

with τ1-3 being the respective decay time for short, intermediate and long
photoluminescence lifetime. The resulting decay measurements are shown in Figure
4.59. Both samples were excited at a wavelength of 366 nm with a pulse of 6.5 µs. The
emission of CsPbI3 was measured at 683 nm while the emission for CsPbBr3 was
measured at 520 nm. The short lifetime for CsPbI3 was determined to be 26.649 ns,
the intermediate at 99.95 ns and the long-time decay at 391.326 ns. For CsPbBr3 the
short lifetime is at 36.567 ns, the
intermediate is at 146.347 ns and the
long-time decay is at 599.848 ns. A
comparison of the decay times can be
seen in Figure 4.59. The generally
longer decay times for the CsPbBr 3
indicate that it seems to be a more stable
emitter than the CsPbI3. However, this
needs to be confirmed via more detailed
experiments over a longer period of time.
The lifetimes measured here for the
bromide specifically are far longer than
the ones reported for quantum dots of
the same material by Deng et al.

Figure 4.59: Comparison of Photoluminescence
decay lifetimes of CsPbI3 (triangles) and CsPbBr3
(squares) excited at a wavelength of 366 nm with a
pulse of 6.5 µs.

[241]

In the beginning of this chapter it was hypothesized that there is an electronic coupling
between the CsPbBr3 nanocubes and triangular ZnO nanorods, due to the beneficial
bandgap alignment of the two species. ZnO is expected to quench the fluorescence
emission intensity of CsPbBr3 as excitons are in situ separated and do not recombine
radiatively. Consequently, the fluorescence emission intensity of CsPbBr3 nanocubes
should be dependent on the ZnO concentration. Therefore, to investigate whether a
general communication between the two NP species is present, PL measurements of
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combined samples were conducted. The overall amount of the CsPbBr 3 nanoparticles
was kept constant, while the concentration of ZnO nanoparticles was consecutively
increased. The results of this experiment are displayed in Figure 4.60. PL emission

Figure 4.60: a) PL emission spectra excited at a wavelength of 300 nm, normalized at 450 nm of a mixture of
CsPbPb3 nanoparticles and triangular ZnO nanorods. The concentration of ZnO has been increased stepwise
(brownish to cyan). b) Plot of the maxima of the PL emission spectra against the ZnO addition steps, maxima
of PL emission of ZnO as black triangles, maxima of PL emission of CsPbBr 3 as green squares.

spectra of the combined samples, excited at a wavelength of 300 nm and normalized
at 450 nm are displayed in Figure 4.60a). The emission maxima of both the triangular
ZnO nanorods (~380 nm) and the CsPbBr3 nanoparticles (~520 nm) are clearly visible.
The increase of the ZnO concentration refers to the different colours of the spectra,
from brownish for low concentrations to cyan for high concentrations. A significant
increase of the maximum PL emission intensity of ZnO is visible, while the
corresponding maximum PL emission intensity of CsPbBr 3 decreases. The intensity of
the maxima of both species are plotted against the concentration of ZnO in Figure
4.60b).
The linear increase of the maximum PL emission intensity of ZnO is in accordance with
the increase of the ZnO concentration. In contrast, a reciprocal behaviour is observed
for the maximum PL emission intensity of the CsPbBr 3 nanoparticles. The higher the
concentration of ZnO, the lower the maximum PL emission intensity. This behaviour is
in accordance with the initially stated hypothesis as well as results from literature.[235]
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A significant improvement of the morphology of the CsPbBr 3 nanoparticles has been
achieved, enabling their use for the preparation of binary hetero superstructures
together with the previously presented triangular ZnO nanorods.

Figure 4.61: a): TEM image of cubic CsPbBr3 nanoparticles (marked with squares) combined with triangular
ZnO nanorods (marked with circles). b) HAADF TEM image of cubic CsPbBr 3 nanoparticles combined with
triangular ZnO nanorods.

The results of first experiments are displayed in the TEM image in Figure 4.61a), where
the different species are marked with circles for ZnO and squares for perovskites. An
impression of the different elemental composition of the two species is given by the
HAADF TEM images in Figure 4.61b), in which the perovskite nanoparticles appear
brighter due to the higher atomic number of Cs, Pb and Br compared to Zn and O. In
contrast to the previously presented TEM images of binary structures (Figure 4.45),
both the triangular ZnO nanorods and the CsPbBr 3 nanocubes appear in a similar size
range of ~30-50 nm, which is beneficial for their use as building-blocks. First hints of
the previously described random self-assembly mode (Figure 4.41) can be assumed
in the HAADF TEM image, where few triangular ZnO nanorods align along the facet of
a slightly larger CsPbBr3 nanocube. However, despite the promising conditions, no
specific interaction between the two species and no ordered self-assembly has been
observed up to this point.
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4.3.2. Phase Transfer of ZnO Nanoparticles towards Polar Solvents
As mentioned above, the combination of NPs of different elemental compositions into
nanoparticle-based materials is a promising approach to develop functional materials.
Besides semiconductors, also noble metals like gold, platinum or silver are promising
candidates to enhance the functionality of the nanoparticle-based materials, like
catalytic activity[242,243] or plasmon coupling and related optical properties. [244–246]
However, metal nanoparticles are mostly prepared in polar solvents like water or
ethanol. Hence, to combine them with the here presented ZnO nanoparticles, a phase
transfer from non-polar organic solvents, like toluene or cyclohexane, needs to be
conducted first. Therefore, the initially used surface ligands (in this case P3P) need to
be exchanged. Promising candidates are bifunctional ligands that exhibit an affinity
towards the ZnO surface on one end, as well as another functionality that ensures
dispersibility in polar solvent on the other end. Furthermore, if the second functionality
has a certain affinity towards the surface of the second NP species (e.g. gold), a
directed self-assembly behaviour seems reasonable. Such a structure can be found in
mercapto carboxylic acids, as shown by Figure
4.62. With a carboxylic acid moiety on one end
and a terminal thiol group on the other end, these
were deemed suiting ligands for the phase
transfer of ZnO nanoparticles towards polar
Figure 4.62: General lewis structure of

solvents as well as linkers between the ZnO

mercapto carboxylic acids, with a terminal

surface and metal nanoparticles. Johnson et al.

thiol group and variable aliphatic chain
length.

showed, that 3-Mercaptopropionic acid (MPA) can
be used to conduct a phase transfer of FePt

nanoparticles from hexane into water.[247] A solution of MPA in a polar solvent like water
or methanol is overlaid with the non-polar nanoparticle dispersion. To enhance the
affinity of MPA towards the NP surface and promote the exchange of the previous
ligand, MPA is deprotonated by a base like NaOH or KOH. After gently shaking the
vessel for a few minutes, the NPs precipitate into the polar phase.
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This method was adapted here for ZnO
nanorods,

synthesised

microemulsion

according

via
to

the

methods presented by Lizandara [218]
and Gerigk[91], using P3P as emulsifying
agent and colloidal stabilizer. The TEM
image in Figure 4.63 shows the ZnO
nanorods dispersed in cyclohexane
before the ligand exchange. They
exhibit a well-defined rod-like shape
with straight edges and flat endings. To
get rid of excess P3P from the
synthesis,

the

NPs

were

washed

multiple times with diethyl ether before
the

phase

transition.

The

TGA

measurements in Figure 4.63b) show
the mass loss of the washed ZnO
nanorod samples after each washing
step. As indicated by the black (pure
form synthesis), dark grey (after first
washing step), light grey (after second
washing step) and blue (after third
washing step) curves, there is a
significant amount of excess P3P on the
surface of the ZnO nanorods, which can
be sufficiently removed by washing
them three times with diethyl ether. The
reduction of excess P3P is further

Figure 4.63: a) TEM image of ZnO nanorods before

shown by the IR spectra shown in

ligand exchange. b) TGA measurement of the ZnO

Figure 4.63c). The spectrum of the as

nanorods of for four identical washing cycles to reduce

obtained

ZnO

nanorods

in

grey

distinctively resembles the spectrum of

excess P3P. c) IR spectra of pure P3P in black,
P3P@ZnO before washing with 40 mL diethylene ether
in grey and P3P@ZnO after washing in blue.

pure P3P in black. The blue spectrum
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refers to the ZnO nanorods after the washing procedure in which the signals of P3P
significantly decreased, once more indicating a sufficient removal of excess P3P.
Subsequently, the phase transfer was
conducted using a 0.028 mM solution of
MPA in methanol, which was activated
with KOH. This solution was carefully
overlaid with the ZnO NP dispersion in
cyclohexane.

As

shown

by

the

photograph in Figure 4.64a), the two
phases are clearly separated and the and
the whitish NP dispersion rests on top of
the methanol phase. After five minutes
the vessel was gently shaken resulting in
the precipitation of the NPs into the
methanol phase, which is shown by the
photograph in Figure 4.64b). Apart from
minor residuals on the glass vessel, the
previously white cyclohexane phase
became

transparent,

indicating

the

successful phase transfer. IR spectra of
Figure 4.64: Photographs of the glass vessel before

pure P3P (black), pure MPA (dark blue)

ligand exchange with the non-polar ZnO nanorods

and the corresponding P3P@ZnO (light

dispersion in cyclohexane on top of the methanolic

grey)

MPA solution (left) and after ligand exchange with the
ZnO nanoparticles precipitated to the bottom of the

and

nanoparticles

MPA@ZnO
are

shown

(light

blue)

in

Figure

polar methanol phase. b) IR spectrum of pure P3P

4.64b). The spectrum of the ZnO

(black), P3P@ZnO after washing (light grey), pure

nanoparticles after the ligand exchange

MPA (dark blue) and MPA@ZnO (light blue).

(MPA@ZnO) exhibit no signals, which

can be attributed to P3P. Instead, the spectrum distinctively resembles the spectrum
of pure MPA. The signals of the terminal thiol group between ~2750-2550 cm-1 (grey
bar) are well resolved, indicating that the thiol group is not coordinating to the ZnO
surface.[248] Furthermore, an additional signal can be found at 1553 cm-1 (grey bar in
the spectrum), which can be attributed to a shifted carbonyl stretching bond of
MPA.[226,227]
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Figure 4.65: TEM images of ZnO nanorods after ligand exchange with MPA an KOH. b) TEM images of ZnO
nanorods after ligand exchange with MPA and NH3.

As shown by the TEM images in Figure 4.65, the ZnO nanoparticles maintained their
rod-like shape after the phase transition. However, they are severely agglomerated
and embedded in an amorphous slurry (Figure 4.65a)). Furthermore, close-up images
of the NPs reveal that some of the nanorods appear to be heavily corroded, as they
exhibit clearly visible etching marks on their side facet and deformed, pointy ends
Figure 4.65b). These results lead to the assumption, that KOH might be too aggressive,
partially dissolving the ZnO nanoparticles under the formation of K 2(Zn(OH)4). Hence,
NH3 as a weaker base is used to activate MPA.
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The TEM images in Figure 4.65c,d) show the results of a ligand exchange protocol
using NH3 instead of KOH. Again, the ZnO nanoparticles maintained their nanorod-like
morphology. Nevertheless, the similar etching marks as before can be found on the

Figure 4.66: TEM and HRTEM images of ZnO nanorods after ligand exchange with MUA. IR spectra of free
MUA (dark blue), ZnO nanorods before ligand exchange (light grey) and after ligand exchange with MUA (light
blue).

ZnO nanoparticles although they are less pronounced. Herein, the etching seems to
be located on the tips of the ZnO nanorods, as their side facets remain fairly straight.
Still, an amorphous slurry can be seen in some areas, which seems to originate from
the ZnO nanoparticles. Another factor that can negatively affect the morphology of the
ZnO nanoparticles is MPA itself. Due to the positive inductive effect the acidity of
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carboxylic acids is dependent on the aliphatic chain length. Hence, to optimize the
phase transition a different ligand than MPA is used, namely 11-Mercaptoundecoanic
acid (MUA). The corrosion at the MPA treated particles stems from the acidity of MPA
itself. MPA has a pKa value of 4.34, while MUA has a pKa value of 4.95, indicating its
lesser acidity. The TEM images in Figure 4.66 feature the ZnO nanorods after the
ligand exchange with MUA. Again, most of the nanoparticles are agglomerated, with
some individually dispersed nanorods. However, in contrast to the previously obtained
results from the MPA experiments, these particles are not corroded at al. The ZnO
nanorods exhibit well defined edges and flat tips, as can be seen from the HRTEM
image in Figure 4.66c). Further analysis is given by IR spectroscopy in Figure 4.66d).
Pure MUA is shown in dark blue, the ZnO nanorods before the ligand exchange in light
grey and the after the ligand exchange with MUA in light blue. At first sight, there seems
to be only a minor accordance of the graph of the free MUA (dark blue) and the
MUA@ZnO nanorods (light blue). Most noticeable is the absence of the broad signal
at ~2700-2550 cm-1, which can be attributed to an interaction of the terminal thiol group
with Zn2+ ions on the surface of the ZnO nanorods. [song 2008] Nevertheless, a distinct
proof for the interaction of MUA with the ZnO surface is the disappearance of the sharp
signal at 1700 cm-1 and the appearance of a new band at 1548 cm-1, which again can
be attributed to the coordination of the carbonyl moiety of MUA. These hints of a dual
interaction of MUA via the thiol and carboxylic moiety can be considered to originate
from a back folding of the long aliphatic chain of MUA (C 11), which is not possible for
the short MPA (C3). The presented results show, that is possible to functionalize ZnO
nanoparticles with dual moiety ligands, while maintaining their well-defined
morphology. Crucial factors influencing the functionalisation with mercapto carboxylic
acids are the strength of the additive base, as well as the acidity of the ligand itself.
Furthermore, the functionalisation enabled the phase transfer of the herein used ZnO
nanoparticles from non-polar into polar solvent. However, no further experiments on
the actual effect of the MUA functionalized ZnO nanoparticles on the binary selfassembly with metal nanoparticles have been conducted in this work.
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5. Conclusion and Outlook
The present work dealt with the impact of morphological properties of individual
ZnO nanoparticles on the formation and order of corresponding ZnO nanoparticle
superstructures. In the process, ZnO nanoparticles with anisotropic shapes that
are uncommon in literature have been realized, based on wet-chemical synthesis
using the ZnO single source precursor [MeZnOR]4.
In chapter 4.1, the influence of the polydispersity in width (a,b-direction) of
anisotropic ZnO nanoparticles was investigated. Therefore, the main extension
of the morphology of the ZnO nanoparticles was tuned to be the a,b-direction,
rather than the kinetically favoured c-direction. This was achieved in a “moderateinjection” approach, by suppressing the growth along the c-axis via the
application of oleic-acid as crystal capping agent for the (002) facet of ZnO.
Experimental studies showed that the aspect ratio of the ZnO nanoparticles
correlates with the synthesis temperature during the synthesis. It was found, that
higher temperatures (85°C) lead to an extended nanorod morphology, while
lower temperatures (45°C) yield shortened nanoplates. In contrast to literature,
the obtained ZnO colloids are present as individual units and range in sizes below
50 nm in diameter. They exhibit a uniform hexagonal plate-like shape, with a
polydispersity of less than 15% in width. Consequently, the here presented ZnO
nanoplates surpass any other examples from literature in that size regime.
The analysis of the polydispersity and symmetry of the ZnO nanoplates from TEM
images posed a major challenge due to the large number of individual manual
measurements per nanoparticle. To overcome this time-consuming manual
analysis, an automated image analysis tool was developed. With this tool in hand,
it was possible to automatically measure statistically valid numbers of
nanoparticles (>500) directly from TEM images in less than 10 minutes. This
became very beneficial for the analysis of experimental iterations of the synthetic
protocol and helped to improve the morphological quality of the ZnO nanoplates.
Subsequently, the ZnO nanoplates were used as building-blocks for the
preparation of nanoparticle superstructures. Interfacial self-assembly of the NPs
was conducted on diethylene glycol as a liquid substrate. This yielded loosely
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packed superstructures, which exhibit no preferential order or symmetry. To
promote the formation of ordered structures the influence of the colloidal stabilizer
was analysed first. Via ligand exchange, the during the synthesis initially used
oleate capping agents were exchanged by sodium oleate or glyceryl monoOleate. It was found that the different capping agents significantly influence the
self-assembly behaviour of the ZnO nanoplates. In the case of sodium oleate,
most of the nanoplates packed randomly, while some exhibit a minor preference
to stack up via the (002) surfaces. A completely different scenario was found for
glycerol oleate as capping agent. The ZnO nanoplates self-assembled into
largely spread sheets with hexagonal closely packed order via attachment of the
(100) facets. Due to distinct diffraction patterns in the FFT measurements, the
obtained structures can be classified as 2D colloidal crystals. Based on syntheses
of ZnO via [MeZnOR]4 precursors, this is the first time that superstructures are
obtained in such high-quality periodic order. Considering, that both ligands exhibit
identical aliphatic tails, this is a quite astonishing result. Consequently, it is
assumed that the different self-assembly behaviour originates from the ligands
sitting at different facets of the ZnO nanoplates.
After establishing the system, it was now possible to investigate the influence of
the polydispersity of the ZnO nanoplates on the formation and order of
corresponding NP superstructures. Therefore, superstructure samples of ZnO
nanoplates with increasing polydispersity were prepared. Qualitative analysis of
the hexagonal FFT patterns yielded a decreasing abundance of higher order
reflexes as well as a transition from distinct spots to more ring-like signals. This
indicated a transition from a crystalline phase for low polydispersity to a more
polycrystalline or even glassy state at higher polydispersity. For a quantitative
analysis of the order in the ZnO superstructures, the spatial position of each
individual nanoparticle with respect to every adjacent particle was measured.
Thereby, it was possible to obtain a pair correlation function (PCF) of the ZnO
superstructures. The PCFs of samples with increasing PDI were compared to an
artificially generated 2D hexagonal closely packed crystal as a reference. The
results showed, that for PDIs of less than ~15%, the curve resembles the
reference signals quite good, indicating that there is still a long-ranging order in
the superstructure. For higher PDIs of ~25% no accordance with the reference
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can be found and the PCF signals are strongly broadened, yielding a glassy state.
Finally, a crystallinity parameter Ic was introduced for the ZnO superstructures,
which displays the deviation from a perfect hexagonal diffraction pattern with
respect to the polydispersity of the ZnO nanoplates. In contrast to atomic crystals,
no threshold polydispersity was found beyond which the crystal structure breaks
down. Instead, a linear transition from a highly ordered crystalline state to a less
ordered glassy state could be identified. An explanation for this tolerance of the
superstructure towards polydispersity of the NP building-blocks can be given. It
is assumed that the colloidal lattice is mainly build by larger ZnO nanoplates,
while ZnO nanoplates of medium or smaller sizes fill up vacancy spots. Due to
their smaller size, these nanoplates fit in well and induce only minor distortions of
the colloidal lattice. Thereby, the main order in the superstructure can be
preserved, although the polydispersity of the NPs increases. The results of this
chapter have been published in the international journal Crystal Engineering
Communications.[224]

Chapter 4.2 deals with the shape-symmetry relationship between anisotropically
shaped ZnO nanoparticles and the impact of their shape on the symmetry of the
corresponding superstructure. Therefore, the goal was to induce a significantly
altered symmetry of the nanoparticle building block. An alternation of the aspect
ratio of wurtzite ZnO nanoparticles has been extensively studied in previous
works and is rather common in literature. Instead, an alternation of the rotational
symmetry of the cross-section (a,b-plane) of the nanoparticles from six-fold to
three-fold was targeted.
Preliminary results of triangular ZnO nanoparticles indicated that a certain affinity
towards ZnO arises from the oligomeric compound P3P (polyglyceryl-3polyricinoleate). Therefore, to probe the influence of different structural motives
of P3P on the formation of the triangular morphology, different glycerol-oleate
esters were used. Three different species with either two (mono-Ol, [M]), one (diOl, [D]) or no (tri-Ol, [T]) free OH-moiety were synthesized. Initially, the affinity of
the three different ligands towards the ZnO surface was investigated via IR
spectroscopy and TGA experiments. Both methods revealed that the affinity
towards the ZnO surface increases with an increasing number of free OH-groups.
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This is an important finding, as it indicates different roles for [M], [D] and [T] in the
formation of the triangular ZnO nanoparticles. To better understand the
crystallographic requirements for a triangular shape, its origin was analysed via
ab-initio computational simulations. Therefore, the distribution of the electronic
structure (LUMOs) was calculated for a hexagonal bilayer of ZnO consisting of
one layer of Zn2+ and one layer of O2- ions. Overall, up to 5 bilayers of ZnO were
analysed with an individual simulation for every additional bilayer. Astonishingly,
the results showed that there is an anisotropic distribution of the LUMO for every
odd number of bilayers. The electronic structure is distinctly located on only three
alternating facets, which leads to energies for adjacent facets. This symmetrybreak of the electronic structure enables different growth rates for the identical
(100) facets and hence, promotes the growth of a triangular shape. It was further
found, that the anisotropic distribution of the electronic structure is strongest for
one bilayer and decreases with an increasing number of bilayers. This indicates
that the formation of a triangular shape is most likely at a very early stage of
growth.
It was concluded, that this initial stage of growth must be sufficiently stabilized by
the used capping agents. Consequently, to obtain further insight on their
morphological influence, the different ligands [M], [D] and [T] were applied in
water in oil microemulsion syntheses of ZnO nanoparticles. Pure [M] yielded
polydisperse, single crystalline ZnO colloids with sharp edges but undefined
shape. In contrast, pure [D] resulted in monodisperse, polycrystalline ZnO
colloids with uniform spherical morphology and no distinct facets. The synthesis
with pure [T] as ligand had no effect on the morphology of ZnO and resembles
syntheses without any added ligand. Monodisperse ZnO nanorods with the
desired triangular cross-section were achieved using a ligand ratio of
42:58 ([M]:[D]). This ratio was found in a commercially available mixture “monoOlein”, which was analysed by mass spectrometry. Based on the obtained
results, different roles were attributed to [M] and [D] and a formation mechanism
can be proposed. [D] mainly affects the texture of the water in oil microemulsion
separating the ZnO pre-phase into monodisperse droplets. Within these droplets
[M] stabilizes primary ZnO bilayers and thus promoting a triangular growth. This
formation mechanism is affirmed by monitoring the growth of the triangular ZnO
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nanorods over time using TEM. Initially monodisperse spheres are visible, which
subsequently transform into first crystallites and afterwards grow into the
triangular nanorod morphology.
The triangular ZnO nanorods exhibit excellent self-assembly properties and
assemble into 2D superstructures with periodic order, which span up to several
micrometres. To evaluate the symmetry of this triangular ZnO nanorod
superstructure, it was compared to superstructures obtained from common
hexagonal ZnO nanorods. Besides symmetrical similarities, also distinct
differences have been identified. The point lattice symmetry of the triangular ZnO
superstructure exhibits a periodic distribution of empty spots. These spots refer
to a periodic vacancy superlattice made from channel like voids, which appear at
the concurrent tips of six triangles. Because these voids are absent in the
hexagon superstructure they can be deduced as shape-symmetry related
emergent phenomenon. First computational experiments were conducted to
probe the appearance of possible cooperative effects within the here presented
ZnO nanoparticle-based materials. Therefore, hexagonal and triangular
superstructures were used as antennas and their interaction with an incident
linear polarized light wave (575 nm) was simulated. In both cases, the
superstructures were able to confine the light at sub-wavelength dimensions.
Furthermore, the results showed, that the amplitude of the light wave was
significantly altered due to the lattice symmetry of the nanoparticle-based
structures. These spatially resolved electromagnetic field-enhancements make
the periodic arrays of anisotropic ZnO nanoparticles promising candidates for
nanoparticle-based materials with cooperative optical properties. The results of
this chapter have been published in the international journal Advanced Functional
Materials.[225]

Pathways towards the diversification of the previously presented ZnO
nanoparticle superstructures via the introduction of a second NP species were
explored in the closing chapter 4.3. The first part of this chapter dealt with the
synthesis of a second nanoparticles species which meets the size criteria of the
triangular ZnO nanorods to enable binary self-assembly experiments. To promote
optoelectronic
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perovskites were chosen due to the beneficial bandgap alignment with ZnO.
Furthermore, it was hypothesized that these cubic nanoparticles exhibit a suiting
morphology to open the possibility of quasi crystalline binary superstructures.
CsPbI3 and CsPbBr3 nanoparticles were prepared via hot-injection and
microwave assisted synthesis. For both perovskite species, the hot-injection
synthesis yielded nanoparticles in the size range of ~5 nm. The obtained NPs
exhibit bright fluorescence emissions under UV light in a deep red for CsPbI3 and
a loud greenish-yellow for CsPbBr3. It was found that the CsPbI3 nanoparticles
degrade over a short period of time, making them unsuitable for self-assembly.
In contrast, the CsPbBr3 nanoparticle dispersion maintained their bright
fluorescent colour for several weeks. Combined self-assembly with triangular
ZnO nanorods yielded no binary superstructures. Instead, the perovskite
nanoparticles acted like small impurities, which did not influence the assembly of
the ZnO nanorods, which was attributed to their too small size compared to the
ZnO NPs. Therefore, the perovskite NPs obtained from the hot-injection
synthesis were deemed unsuitable for their use as secondary NP species in
hetero nanoparticle superstructures.
A different scenario resulted from the microwave assisted synthesis of CsPbI3
and CsPbBr3. The obtained nanoparticles are far larger, in the size range
>100 nm for CsPbI3 and ~50 nm for the CsPbBr3 nanoparticles. The CsPbI3
nanoparticles appeared as large, elongated prisms, while the CsPbBr 3
nanoparticles exhibit a rounded cube-like shape. Besides those also rhombic
nanoparticles have been found, which refer to Cs 4PbBr6. A final clarification of
the crystal structure has not been achieved due to sample degradation. Similar
colours as the above-mentioned species from hot-injection synthesis were
visible. Furthermore, a very poor stability was again observed for the CsPbI 3
perovskites, leading to a sample degradation and loss of fluorescence after one
day. This, accompanied with their large size excluded the CsPbI3 nanoparticles
from further investigations. In contrast, the CsPbBr 3 nanoparticles from
microwave assisted synthesis were chosen as most promising candidates for the
binary assembly. Reasons being their suitable size with respect to the triangular
ZnO nanorods and their stability over several days up to few weeks.
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The morphology of the CsPbBr3 nanoparticles has been significantly improved by
several experimental adjustments. This resulted in the formation of the desired
cubic nanoparticles with a relatively narrow size distribution of ~16% and an ideal
aspect ratio of 1. First experiments to investigate the optoelectronic coupling
between the CsPbBr3 nanocubes and the triangular ZnO nanorods were
performed. Thus, the evolution of the maximum of the photoluminescence
emission of both CsPbBr3 and ZnO were correlated with the concentration of the
species. Consecutively increasing the concentration of ZnO, while at the same
time keeping the amount of CsPbBr3 constant, lead to the increase of the
maximum of the photoluminescence emission of ZnO. Simultaneously, the
maximum of

the

photoluminescence

emission

of

CsPbBr 3 decreased

consecutively. This observation can be attributed to an optoelectronic coupling of
the two species, which is in accordance with literature. However, to further verify
the results, additional experiments like combined PL lifetime measurements
would be necessary. Nevertheless, these experiments display promising
indications for further studies. First experiments on the binary self-assembly of
the triangular ZnO nanorods with the CsPbBr 3 nanocubes showed promising
results. The two species are homogeneously distributed and readily align
alongside their edges. However, formation of long-range superstructures was not
observed up to this point.

The second part of this chapter covered the phase transition of ZnO nanorods
from non-polar into polar solvents, to increase the possibilities of binary selfassembly with other NPs, like noble metal nanoparticles. These studies were
performed on ZnO nanorods obtained from microemulsion synthesis with P3P as
colloidal stabilizer. The phase transfer was achieved via ligand exchange of P3P
with mercapto carboxylic acids. The functionalisation of the ZnO NPs with these
dual moiety ligands targeted two pivotal factors. The first being the dispersibility
in polar media due to the terminal thiol group, the second being the affinity of the
terminal thiol group towards the surface of noble metal nanoparticles like gold. It
was found that mercapto propionic acid (MPA) with KOH as additive is able to
exchange P3P and transfer the ZnO nanoparticles from cyclohexane into
methanol. However, this was accompanied by a severe damage of the
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morphology of the ZnO nanoparticles, which was attributed to the KOH being a
too strong base as well as MPA being to acidic. Consequently, instead of MPA,
the longer chained mercpato undecanoic acid was used with NH 3 as additive.
Thereby, it was possible to maintain the ZnO nanorods initially well-defined
morphology and no etching marks or other damage was observed. However,
studies on the self-assembly behaviour of the functionalised ZnO nanoparticles
with noble metal nanoparticles have not been conducted up to this point.

During the last few years it became apparent, that the whole field of nanoparticle
research is at a turning point. There are continuously less studies on individual
nanoparticles. Instead, the interest is more and more shifted towards the
formation of nanoparticle-based materials, their properties and conversion into
sophisticated functional applications.
A whole library of different ZnO nanoparticle shapes has been realized in
previous works and here. Hence, continuative studies could focus more on the
preparation of nanoparticle-based materials rather than the morphogenesis of
individual nanoparticles. A fascinating topic would be to investigate host guest
interactions of various guest species like molecules or small NPs in nanoparticlebased materials. First indications of porous NBMs have been seen in the obtained
triangular ZnO superstructures with mesoscale channel-like voids. Further
attention could be drawn to the assembly into 3-dimesional superstructures. Also,
hetero nanoparticle materials are very interesting, as they could induce certain
electronic-coupling phenomena. Solid foundations for future projects on hetero
nanoparticle-based systems have been presented and first indications of an
optoelectronic coupling between ZnO and caesium lead halide perovskite NPs
have been observed. Based on these results, future projects could focus more
on the binary self-assembly and investigate the influence of chaos and order in
NP superstructures on various cooperative phenomena.
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6. Schlussfolgerung und Ausblick
Die

vorliegende

Arbeit

behandelt

den

Einfluss

von

morphologischen

Eigenschaften von einzelnen ZnO Nanopartikeln bezüglich der Entstehung und
Ordnung in entsprechenden ZnO Nanopartikelüberstrukturen. Basierend auf
nass-chemischen Synthesen mit dem single source Präkursor [MeZnOR]4,
konnten dabei ZnO Nanopartikel mit anisotropen Formen hergestellt werden, die
in der Literatur unüblich sind.
In Kapitel 4.1 wurde der Einfluss der Polydispersität der Breite (a,b-Richtung) der
anisotropen ZnO Nanopartikel auf die Bildung von NP Überstrukturen untersucht.
Dementsprechend, wurde die Morphologie der ZnO Nanopartikel so eingestellt,
dass statt der kinetisch bevorzugten c-Richtung, die Hauptausdehnung in der
a,b-Richtung liegt. Innerhalb eines „moderate-injection“ Ansatzes konnte durch
den Einsatz von Ölsäure als Wachstumsinhibitor bezüglich der (002) Fassetten
von ZnO das Wachstum entlang der c-Achse effizient unterdrückt werden.
Experimentelle Untersuchungen haben gezeigt, dass das Aspektverhältnis der
ZnO Nanopartikel sehr stark von der Temperatur während der Synthese abhängt.
Es wurde festgestellt, dass erhöhte Temperaturen (85°C) zu einer gestreckten
Nanostäbchen-morphologie führen, wohingegen niedrigere Temperaturen
(45°C) verkürzte Nanoplättchen ergeben. Im Vergleich zur Literatur liegen die
erhaltenen ZnO Kolloide einzeln vor und haben eine Größe von unter 50 nm im
Durchmesser. Sie weisen eine gleichmäßige, hexagonale plättchenartige Form
auf, mit einer Polydispersität von weniger als 15%. Demnach übertreffen die hier
gezeigten ZnO Nanoplättchen sämtliche anderen Beispiele aus der Literatur in
diesem Größenbereich.
Aufgrund der hohen Anzahl an verschiedenen möglichen Messungen erwies sich
die manuelle Analyse von TEM Bildern bezüglich der Polydispersität und
Symmetrie der ZnO Nanoplättchen als große Herausforderung. Um diese sehr
zeitaufwändige Hürde zu umgehen wurde eine automatisierte Bild Analyse
Methode entwickelt. Mit Hilfe dieser Methode konnte eine statistisch relevante
Anzahl an ZnO Nanopartikeln (>500) in weniger als 10 Minuten direkt aus TEM
Bildern automatisch vermessen werden. Dies stellte sich als sehr vorteilhaft für
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die Analyse von experimentellen Veränderungen der Synthese heraus und führte
zur Verbesserung der morphologischen Qualität der ZnO Nanoplättchen.
Nachfolgend wurden die ZnO Nanoplättchen als Bausteine zur Herstellung von
Nanopartikel Überstrukturen verwendet. Grenzflächen-Assemblierung der NPs
wurde auf Diethylenglykol als flüssig-Substrat ausgeführt. Dies führte zu locker
gepackten Überstrukturen, die keine bevorzugte Ordnung oder Symmetrie
aufwiesen. Um die Entstehung von geordneten Strukturen zu begünstigen wurde
zunächst der Einfluss des kolloidalen Stabilisators untersucht. Über einen
Ligandenaustausch wurde die während der Synthese initial verwendete Ölsäure
durch Natriumoleat oder Glycerol Monooleat ausgetauscht.
Es konnte gezeigt werden, dass die unterschiedlichen Liganden das SelfAssembly Verhalten der ZnO Nanoplättchen signifikant beeinflussen. Im Fall von
Natriumoleat als Ligand lag die Mehrheit der ZnO Nanoplättchen willkürlich
orientiert vor, wobei sich einige teilweise eher über die (002) Fassetten
anlagerten. Ein deutlich anderes Szenario wurde für Glycerol Monooleat als
Ligand gefunden. Die ZnO Nanoplättchen haben sich durch Anlagerung an den
(100) Fassetten zu weit aufgespannten Filmen assembliert, die eine hexagonaldichteste Packung aufweisen. Über definierte Diffraktionsmuster in FFT
Messungen wurden die erhaltenen Strukturen als 2D kolloidale Kristalle
klassifiziert. Ausgehend von ZnO Synthesen die auf der Verwendung von
[MeZnOR]4 Präkursoren basieren, ist dies die erste Arbeit in der Überstrukturen
mit so hoher periodischer Ordnung erhalten werden konnten. Dieses Ergebnis ist
sehr beeindruckend, da die beiden verwendeten Liganden identische
aliphatische Schwanzgruppen aufweisen. Demnach ist davon auszugehen, dass
das unterschiedliche Self-Assembly Verhalten daran liegt, dass die Liganden
jeweils mit unterschiedlichen Fassetten wechselwirken.
Nachdem das System etabliert wurde ist es nun möglich den Einfluss der
Polydispersität der ZnO Nanoplättchen auf die Bildung von entsprechenden
Nanopartikelüberstrukturen

und

deren

Ordnung

zu

untersuchen.

Dementsprechend wurden Überstrukturen ausgehend von ZnO Nanopartikeln
mit steigender Polydispersität präpariert. Eine qualitative Analyse der
hexagonalen FFT Muster ergab ein abnehmendes Auftreten von Signalen mit
höherer Ordnung, sowie ein Übergang von definierten Punkten zu eher
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ringförmigen Signalen. Dies lies auf den Übergang von einer kristallinen Phase
für niedrige Polydispersitäten hin zu polykristallinen oder sogar glasartigen
Zuständen für höhere Polydispersitäten schließen. Um eine quantitative Analyse
der Ordnung innerhalb der ZnO Überstrukturen zu erreichen wurde die räumliche
Position jedes einzelnen Partikels in Bezug auf jeden benachbarten Partikel
gemessen. Dadurch konnte eine Paarverteilungsfunktion (pair correlation
function, PCF) der ZnO Überstrukturen erhalten werden. Die PCFs von Proben
mit steigendem Polydispersitätsindex wurden mit einem künstlichen hexagonaldichtest gepackten 2D Kristall als Referenz verglichen. Die Ergebnisse zeigen
das die PCF für Proben mit PDIs unter ~15% sehr der Referenz ähneln was für
eine weiterhin vorhandene langreichweitige Ordnung in der Überstruktur spricht.
Für höhere PDIs von ~25% konnte keine Übereinstimmung mit der Referenz
gefunden werden. Die Signale der PCF sind stark verbreitert was für einen
glasartigen Zustand spricht.
Final wurde ein Kristallinitätsparameter Ic für die ZnO Überstrukturen eingeführt,
der die Abweichung von einem perfekten hexagonalen Diffraktionsmuster in
Abhängigkeit der Polydispersität der ZnO Nanoplättchen beschreibt. Im
Gegensatz zu Atomkristallen konnte keine „Grenz-Polydispersität“ (vgl.
Grenzradienquotient) identifiziert werden die, sobald überschritten, zum
Zusammenbruch der Struktur führt. Stattdessen konnte ein linearer Übergang
von einem hochgeordneten kristallinen Zustand zu einem weniger geordneten
glasartigen Zustand festgestellt werden. Die Toleranz der Überstruktur
gegenüber der Polydispersität der einzelnen Nanopartikel kann folgendermaßen
erklärt werden. Unter der Annahme, dass das kolloidale Gitter der Überstruktur
hauptsächlich von größeren Nanoplättchen aufgebaut ist, können kleinere
Nanoplättchen Leerstellen innerhalb dieses Gitters einnehmen. Aufgrund ihrer
kleineren Ausmaße induzieren diese jedoch nur minimale Verzerrungen des
kolloidalen Gitters. Dementsprechend kann die Hauptordnung des Gitters
erhalten bleiben, obwohl die Polydispersität der Nanoplättchen zunimmt. Die
Ergebnisse dieses Kapitels wurden in der internationalen Fachzeitschrift Crystal
Engineering Communications publiziert.[224]
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Kapitel 4.2 behandelt den Zusammenhang zwischen Form und Symmetrie von
anisotropen ZnO Nanopartikeln und deren Einfluss auf die Symmetrie von
entsprechenden Nanopartikelüberstrukturen. Dafür war ein Ziel eine deutlich
veränderte Symmetrie der Nanopartikel Bausteine zu erreichen. Eine
Veränderung des Aspektverhältnisses sollte dabei ausgeschlossen werden, da
dies bereits ausführlich in Vorarbeiten sowie in der Literatur behandelt wurde.
Stattdessen wurde eine Änderung der Drehsymmetrie des Querschnitts
(a,b-Ebene) der ZnO Nanopartikel von sechsfach zu dreifach erstrebt.
Vorarbeiten zu trigonalen ZnO Nanopartikeln ließen darauf schließen, dass eine
bestimmte Affinität zu ZnO von der oligomerischen Substanz Polyglycerol-3polyricinoleat

(P3P)

ausgeht.

Um

den

Einfluss

der

verschiedenen

Strukturmerkmale von P3P und deren Einfluss auf die Morphologie der trigonalen
ZnO Nanopartikel zu untersuchen wurden entsprechende Glycerol-oleat-Ester
verwendet. Drei unterschiedliche Spezies mit entweder zwei (mono-Ol, [M]),
einer (di-Ol, [D]) oder keiner (tri-Ol, [T]) freien OH-Gruppe wurden synthetisiert.
Zu Beginn wurde die generelle Affinität der verschiedenen Liganden zur ZnO
Oberfläche über IR Spektroskopie und TGA untersucht. Beide Methoden
ergaben, dass die Affinität zur ZnO Oberfläche mit steigender Anzahl an freien
OH-Gruppen zunimmt. Dies stellt eine wichtige Erkenntnis dar, da es auf
unterschiedliche Rollen der Liganden [M], [D] und [T] während der Bildung der
trigonalen ZnO Nanopartikel schließen lässt.
Um ein besseres Verständnis für die kristallografischen Voraussetzungen einer
trigonalen

Form zu

erhalten

wurden

ab-initio

Computer

Simulationen

durchgeführt. Dabei wurde die Verteilung der elektronischen Struktur (LUMOs)
für hexagonale ZnO Doppelschichten, bestehend aus jeweils einer Lage Zn 2+ und
O2- Ionen berechnet. Insgesamt wurden bis zu 5 dieser ZnO Doppelschichten
analysiert, mit einer einzelnen Simulation für jede dazu kommende Lage.
Erstaunlicherweise ergab sich eine anisotrope Verteilung der elektronischen
Struktur für jede ungerade Anzahl an Doppelschichten. Dabei ist die
elektronische Struktur eindeutig auf nur drei alternierenden Fassetten lokalisiert,
was zu unterschiedlichen Energien für benachbarte Fassetten führt. Dieser
Symmetriebruch der elektronischen Struktur ermöglicht unterschiedliche
Wachstumsraten

für

die

identischen

(100)

Fassetten

und

begünstigt
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dementsprechend die Bildung einer trigonalen Form. Weiterhin wurde
festgestellt, dass die anisotrope Verteilung der elektronischen Struktur am
stärksten für eine ZnO Doppelschicht ausgeprägt ist und mit zunehmender
Anzahl an Doppelschichten abnimmt. Dies deutet daraufhin, dass die Bildung
einer

trigonalen

Form

am

wahrscheinlichsten

für

ein

sehr

frühes

Wachstumsstadium ist.
Entsprechend wurde schlussgefolgert, dass dieses initiale Wachstumsstadium
hinreichend durch die eingesetzten Liganden stabilisiert werden muss. Demnach,
um deren tatsächlichen morphologischen Einfluss zu untersuchen, wurden die
unterschiedlichen Glycerol Ester Spezies [M], [D] und [T] als Liganden in Wasserin-Öl-Mikroemulsionssynthesen verwendet. Reines [M] ergab polydisperse,
einkristalline ZnO Kolloide mit scharfen Kanten jedoch undefinierter Form.
Dagegen führte reines [D] zu der Bildung von monodispersen, polykristallinen
ZnO Kolloiden mit einheitlich runder Form ohne deutlich erkennbare Fassetten.
Die Verwendung von reinem [T] als Ligand hatte keinen Einfluss auf die
Morphologie der ZnO Partikel. Stattdessen kann eine deutliche Ähnlichkeit zu
Synthesen ohne jeglichen Liganden erkannt werden. Monodisperse ZnO
Nanostäbchen mit dem erstrebten trigonalen Querschnitt wurden bei einem
Ligandenverhältnis von 42:58 ([M]:[D]) erhalten. Dieses Ligandenverhältnis
wurde in einer kommerziell erhältlichen Mischung „Monoolein“ gefunden, welche
mittels Massenspektrometrie analysiert wurde. Ausgehend von den erarbeiteten
Ergebnissen können den Liganden verschiedene Rollen zugesprochen und ein
Bildungsmechanismus vorgeschlagen werden. [D] beeinflusst hauptsächlich die
Textur der Wasser-in-Öl-Mikroemulsion indem die amorphe ZnO Vorstufe in
monodisperse Tropfen aufgeteilt wird. Innerhalb dieser Tropfen stabilisiert [M]
frühe ZnO Doppelschichten und begünstigt dadurch das trigonale Wachstum.
Dieser Bildungsmechanismus wird durch die Beobachtung des Wachstums der
trigonalen ZnO Nanostäbchen über die Zeit mittels TEM bekräftigt. Zu Beginn
sind monodisperse sphärische Spezies sichtbar, die sich zu ersten Kristalliten
umwandeln und anschließend zu trigonalen ZnO Nanostäbchen wachsen.
Die trigonalen ZnO Nanostäbchen zeigen herausragendes Self-Assembly
Verhalten und lagern sich zu 2D Überstrukturen mit periodischer Ordnung an, die
sich über mehrere Mikrometer erstrecken. Um die Symmetrie dieser trigonalen
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ZnO

Nanostäbchen

Überstruktur

zu

begutachten

wurden

diese

mit

Überstrukturen von gewöhnlichen, hexagonalen ZnO Nanostäbchen verglichen.
Neben

symmetrischen

Übereinstimmungen

konnten

auch

deutliche

Unterschiede festgestellt werden. Die Punktsymmetrie der trigonalen ZnO
Überstruktur weist fehlende Punkte auf, die selbst eine periodische Verteilung
haben. Diese Punkte entsprechen einer periodischen Leerstellen-Überstruktur,
die aus kanalförmigen Lücken aufgebaut ist, welche sich an zusammenlaufenden
Spitzen von jeweils sechs Dreiecken befinden. Da diese mesoskaligen Lücken in
der hexagonalen Überstruktur nicht auftreten, können sie als Form-Symmetrie
induziertes Phänomen angesehen werden. Um die hier gezeigten ZnO
Nanopartikel-basierten Materialien nach möglichen kooperativen Effekten zu
untersuchen wurden erste computerbasierte Experimente durchgeführt. Dazu
wurden die hexagonalen und trigonalen Überstrukturen als Antennen verwendet
und deren Wechselwirkung mit einer einfallenden linear polarisierten Lichtwelle
(575 nm) simuliert. In beiden Fällen konnten die Überstrukturen das einfallende
Licht in Dimensionen kleiner der Wellenlänger einengen. Weiterhin zeigten die
Ergebnisse, dass die Überstruktursymmetrie zu einer signifikanten Änderung der
Amplitude der Lichtwelle führt. Diese örtlich aufgelösten elektromagnetischen
Felderhöhungen machen die periodischen Überstrukturen von anisotropen ZnO
Nanopartikeln zu vielversprechenden Kandidaten für Nanopartikel basierte
Materialien mit kooperativen optischen Effekten. Die Ergebnisse dieses Kapitels
wurden in der internationalen Fachzeitschrift Advanced Functional Materials
publiziert.[225]

Verschiedene

Routen

zur

Erweiterung

der

bereits

gezeigten

ZnO

Nanopartikelüberstrukturen über die Einführung einer zweiten Partikelspezies
wurden im abschließenden Kapitel 4.3. behandelt. Der erste Teil dieses Kapitels
handelt von der Synthese einer zweiten Nanopartikelspezies im Größenbereich
der trigonalen ZnO Nanostäbchen, um Experimente zu binärem Self-Assembly
zu ermöglichen. Um optoelektronische Kopplungsphänomene zu begünstigen,
wurden

Cäsium-Bleibromid

Perowskite

aufgrund

ihrer

vorteilhaften

Bandlückenausrichtung mit ZnO ausgewählt. Weiterhin wurde die Hypothese
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aufgestellt, dass diese kubischen Nanopartikel eine passende Morphologie
aufweisen um quasikristalline binäre Überstrukturen zu erschaffen.
CsPbI3 und CsPbBr3 wurden über Hot-Injection und Mikrowellen-unterstütze
Methoden hergestellt. Die Hot-Injection Synthesen ergaben Nanopartikel im
Größenbereich um ~5 nm für beide Spezies. Die erhalten NP weisen eine
intensive Fluoreszenz unter UV Licht auf, tiefrot für CsPbI 3 und ein grelles
grüngelb für CsPbBr3. Es wurde festgestellt, dass die CsPbI3 Nanopartikel nach
sehr kurzer Zeit degradieren, was sie für Self-Assembly Experimente ungeeignet
macht. Dagegen behielten die CsPbBr 3 Nanopartikeldispersionen ihre intensive
Fluoreszenzfarbe über mehrere Wochen. Kombiniertes Self-Assembly mit den
trigonalen ZnO Nanostäbchen ergab keine binären Überstrukturen. Stattdessen
verhielten sich die Perowskit Nanopartikel eher wie kleine Fremdkörper, die die
Assemblierung der ZnO Nanostäbchen allerdings nicht beeinflussten. Dies wurde
auf die wesentlich kleinere Größe verglichen mit den ZnO Nanostäbchen
zurückgeführt. Dementsprechend wurden die Perowskit Nanopartikel, die über
die Hot-Injection Methode erhalten wurden als ungeeignet für den Gebrauch als
sekundär Nanopartikelspezies für Heteroüberstrukturen erachtet.
Ein anderes Szenario ergab sich aus den Mikrowellen-assistierten Synthesen
von CsPbI3 und CsPbBr3. Die erhaltenen Nanopartikel sind deutlich größer, im
Größenbereich von >100 nm für die CsPbI3 und ~50 nm für die CsPbBr3
Nanopartikel. Die CsPbI3 Nanopartikel wiesen eine große, prismenförmige Form
auf, die CsPbBr3 waren rundliche Würfel. Daneben wurden auch rhomboedrische
Nanopartikel gefunden, die Cs4PbBr6 entsprechen. Eine endgültige Aufklärung
der Struktur konnte jedoch aufgrund von Probenzersetzung nicht erreicht
werden. Ähnliche Farben wie bei den zuvor beschriebenen Spezies der HotInjection Synthesen waren sichtbar. Weiterhin wurde wiederum eine geringe
Stabilität der CsPbI3 Nanopartikel festgestellt, was nach ca. einem Tag zur
Zersetzung und dem Verlust der Fluoreszenz führte. Dies, sowie ihre großen
Ausmaße schlossen die CsPbI3 Nanopartikel für weitere Untersuchungen aus.
Im Gegensatz dazu erwiesen sich die CsPbBr 3 Nanopartikel aus den
Mikrowellen-assistierten Synthesen als am vielversprechendsten für das binäre
Self-Assembly. Gründe für diesen Schluss waren zum einen die passende Größe
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in Bezug auf die trigonalen ZnO Nanostäbchen und zum anderen die Stabilität
über mehrere Tage bis hin zu mehreren Wochen.
Die Morphologie der CsPbBr3 Nanopartikel wurde durch mehrere experimentelle
Anpassungen verbessert. Dies führte zu den angestrebten kubischen
Nanopartikeln mit einer relativ niedrigen Größenverteilung von 16% und einem
idealen Aspektverhältnis von 1. Erste Experimente zu optoelektronischen
Kopplungen zwischen den CsPbBr 3 Nanowürfeln und den trigonalen ZnO
Nanostäbchen wurden durchgeführt. Dazu wurde die Entwicklung des
Maximums der Photolumineszenzemission von sowohl CsPbBr3 als auch ZnO
mit der Konzentration der Spezies korreliert. Schrittweises Erhöhen der
Konzentration von ZnO, bei gleichzeitig konstanter Menge and CsPbBr 3 führte zu
einem Anstieg des Maximums der Photolumineszenzemission von ZnO.
Simultan verringerte sich das Maximum der Photolumineszenzemission der
CsPbBr3 Nanowürfel schrittweise. Diese Beobachtung lässt sich auf eine
optoelektronische

Kopplung

der

beiden

Spezies

zurückführen,

die

in

Übereinstimmung mit der Literatur ist. Jedoch, um diese Ergebnisse weiter zu
bestätigen sind zusätzliche Untersuchungen wie Photolumineszenz Lebenszeit
Messungen

erforderlich.

Nichtsdestotrotz,

sind

diese

Experimente

vielversprechend für zukünftige Studien. Erste Experimente zum binären SelfAssembly von CsPbBr3 Nanowürfeln und trigonalen ZnO Nanostäbchen zeigen
vielversprechende Ergebnisse. Die beiden Spezies sind homogen verteilt und
lagern sich dicht entlang ihrer Kanten aneinander. Dennoch konnten bisher keine
langreichweitigen Überstrukturen erhalten werden.

Der zweite Teil dieses Kapitels behandelt den Phasentransfer von ZnO
Nanostäbchen von unpolaren in polare Medien um die Möglichkeiten für binäres
Self-Assembly mit anderen Nanopartikeln, wie Edelmetallen zu erweitern. Diese
Studien wurden an ZnO Nanostäbchen durchgeführt, die über MikroemulsionsSynthese unter der Verwendung von P3P als Stabilisator hergestellt wurden. Der
Phasentransfer

wurde

über

Ligandenaustausch

von

P3P

mit

Mercaptocarbonsäuren erzielt. Die Funktionalisierung der ZnO Nanostäbchen
mit solchen Liganden mit zwei funktionellen Gruppen zielte auf zwei Faktoren ab.
Erstens, die Dispergierbarkeit in polaren Medien aufgrund der polaren,
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endständigen Thiolgruppe, zweitens die Affinität der Thiolgruppe gegenüber der
Oberfläche von Edelmetall Nanopartikeln wie Gold. Es konnte gezeigt werde,
dass Mercaptopropionsäure (MPA) mit KOH als Additiv P3P austauschen kann,
was einen Phasentransfer von Cyclohexan zu Methanol ermöglichte. Jedoch
führte dies zu erheblicher Korrosion der ZnO Nanostäbchen, was auf KOH als zu
starke Base, sowie auf die Acidität von MPA zurückgeführt wurde.
Dementsprechend wurde statt MPA die langkettige Mercaptoundecansäure mit
NH3 als Additiv verwendet. Dadurch konnte die ursprüngliche Morphologie der
ZnO Nanostäbchen ohne korrodierte Stellen erhalten werden. Dennoch wurden
im Rahmen dieser Arbeit keine weiteren Experimente zum binären SelfAssembly der funktionalisierten ZnO Nanostäbchen mit Edelmetall Nanopartikeln
durchgeführt.

Über die letzten Jahre hat sich abgezeichnet, dass sich das ganze
Forschungsfeld der Nanopartikel weiterentwickelt, da zunehmend weniger
Studien zu einzelnen Nanopartikeln veröffentlicht werden. Stattdessen fokussiert
sich das Interesse mehr und mehr auf die Bildung von Nanopartikel-basierten
Materialien, deren Eigenschaften und die Umwandlung in fortschrittliche
funktionelle Materialien.
Eine ganze Bibliothek an verschieden geformten ZnO Nanopartikeln konnte in
dieser Arbeit, sowie in Vorarbeiten realisiert werden. Demnach könnten
fortführende Studien den Fokus eher auf die Bildung von Nanopartikel-basierten
Materialen legen, statt der Morphogenese von einzelnen ZnO Partikeln.
3-dimensionales

Assembly

oder

auch

die

Bildung

von

hetero

Nanopartikelstrukturen stellen ein sehr interessantes Thema dar, besonders die
Untersuchung von möglichen optoelektronisch Kopplungsphänomenen. Ein
weiteres faszinierendes Feld

stellt

die Untersuchung

von Wirts-Gast-

Wechselwirkungen von verschiedenen Spezies wie kleinen Molekülen oder
weiteren NP innerhalb der Nanopartikelüberstruktur dar. Erste Anzeichen einer
entsprechenden Porosität der Nanopartikelüberstrukturen wurden bereits als
mesoskalige kanalförmige Lücken bei den trigonalen ZnO Überstrukturen
beobachtet. Weiterhin sind 3-dimensionales Assembly oder auch die Bildung von
hetero Nanopartikelstrukturen sehr interessant, besonders die Untersuchung von
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möglichen optoelektronisch Kopplungsphänomenen. Auch hier konnten bereits
erste Vorabreiten geleistet werden, die für eine optoelektronische Kopplung
zwischen den ZnO Nanopartikeln und Cäsium-Bleibromid Perowskiten sprechen.
Basierend auf diesen Ergebnissen könnten zukünftige Projekte den Fokus noch
mehr auf binäres Self-Assembly legen und den Einfluss von Chaos und Ordnung
in

Nanopartikelüberstrukturen

auf

verschiedene

kooperative

Effekte

untersuchen.
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7. Experimental Section
The syntheses of ZnO precursors [MeZnOR]4 as well as the syntheses of ZnO
nanoparticles of various sizes and morphologies were conducted under inert
atmosphere using standard Schlenk techniques. All solvents were purified and
dried using standard methods.

Syntheses of the ZnO precursor [MeZnOR]4
(Exemplarily for [MeZnOiPr]4)
20 mL of dry toluenep.a. are placed in a 250 mL Schlenk flask and cooled to -78°C
with a dry-ice isopropanol bath. Then 7.9 mmol (1.1 eq.) ZnMe2 are added while
stirring. When the temperature is again stable a -78°C, a solution of 0.55 mL dry
isopropanolp.a. in 5 mL dry toluenep.a. is added very slowly (0.35 mL/min) drop by
drop via a syringe pump. Afterwards the cooling bath is removed and the solution
is allowed to heat until room temperature overnight. The solvent is removed in
vacuo and a white crystalline substance is obtained.

4

3

2

1

0

-1

 / [ppm]
Figure-Exp. 1: 1H-NMR (400 MHz, CDCl3) of [MeZniOPr]4: δ in ppm = 1.26 (d, 6H, -CH(CH3)2), 4.15
(m, 1H, -OCH(CH3)2), -0.6 (s, 3H, -ZnCH3).
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Preparation of hexagonal ZnO nanoparticles with different aspect ratios
67 mmol of ZnO-precursor were dissolved in 10 mL dry THFp.a. 1.8 mL of 0.1 mM
oleic acid in THFdry were added to the solution, which was stirred vigorously for
5 min at the target temperature (85, 75, 65, 55, 45°C). Then 0.3 mL of deionized
water were added rapidly to start the decomposition of the precursor. The
reaction was stirred for 24 h at the target temperature until a whitish opaque
colour was visible indicating the formation of ZnO nanoparticles.

Preparation of triangular ZnO nanorods
A mixture of 35 mL of cyclohexanep.a., 1.5 mL H2Odest. and 1.9 mmol ligand were
placed into a 250 mL two-neck flask at 40°C oil bath temperature and treated with
an ultrasonic lance at 65% intensity. After 20 minutes a solution of 1 g (1.6 mmol)
of [MeZnOR]4 in 10 mL dry toluenep.a.. was added via a syringe pump at an
addition rate of 0.7 mL/min (0.1 mmol/min).

General ligand exchange protocol:
1 mL of NP dispersion was treated with 5 mL of 56 µM ligand in toluenep.a. and
treated in an ultrasound bath for 10 min. Afterwards, the NPs were centrifuged at
9500 rpm for 12 min and separated from the clear supernatant. This process was
repeated three times.

Ligand synthesis:
2,3-Dihydroxypropyl (Z)-9-octadecenoat (X) (mono-Ol [M])
Adapted from K. Mori et. al.[249]
2,2-Dimethyl-1,3-dioxolane-4-methyl (Z)-9-octadecenoate (A). (±)-2,2-Dimethyl1,3-dioxolane-4-methanol (2,3-acetone glycerol, 2.34 g, 17.7 mmol), (Z)-9octadecenoic acid (oleic acid, 5.00 g, 17.7 mmol) and 4-(dimethylamino)-pyridine
(DMAP, 0.13 g, 1.06 mmol) were dissolved in 90 mL dry DCM and cooled to 0
°C. A solution of N,N’-dicyclohexylcarbodiimide (DCC, 7.30 g, 35.4 mmol) in 60
mL dry DCM was added dropwise and the solution was stirred for 16 h. The
solution was diluted with 150 mL n-hexane and precipitated dicyclohexylurea was
removed by filtration over diatomaceous earth. After evaporation of solvent, the
residue was purified via FC (petroleum ether/ethyl acetate 15:1) to yield 6.70 g
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(95 %) of A as colourless oil. Rf(A) = 0.32 (petroleum ether/ethyl acetate 10:1);
H-NMR (400 MHz, CDCl3): δ = 5.41-5.27 (m, 2 H, CH2CHCHCH2), 4.34-4.26 (m,

1

1 H, (C=O)OCH2CHCH2O), 4.18-4.07 (m, 2 H, (C=O)OCH2CHCH2O), 4.07-4.03
(m, 1 H, (C=O)OCH2CHCH2O), 3.72 (dd, J = 8.4 Hz, 2.3 Hz, 1 H,
(C=O)OCH2CHCH2O), 2.32 (t, J = 7.6 Hz, 2 H, (C=O)CH2CH2), 2.06-1.93 (m, 4
H, CH2CHCHCH2), 1.66-1.56 (m, 2H, (C=O)CH2CH2), 1.42 (s, 3 H, (CH3)2CO2),
1.36 (s, 3 H, (CH3)2CO2), 1.35-1.19 (brm, 20 H, CH2), 0.87 (t, J = 6.9 Hz, 3 H,
CH2CH3) ppm;

13

(CH2CHCHCH2),

C-NMR (101 MHz, CDCl3): δ = 173.7 (C=O), 130.1, 129.9
109.9

((CH3)2CO2),

73.8

((C=O)OCH2CHCH2O),

66.5

((C=O)OCH2CHCH2O), 64.7 ((C=O)OCH2CHCH2O), 34.2 ((C=O)CH2CH2), 32.0,
29.9, 29.8, 29.6, 29.4, 29.3, 29.2 (CH2), 27.4, 27.3 (CH2CHCHCH2), 25.0
((C=O)CH2CH2), 22.8 (CH2CH3), 14.2 (CH2CH3) ppm.

2,3-Dihydroxypropyl (Z)-9-octadecenoat (X). A (6.18 g, 15.6 mmol) was dissolved
in 62 mL of 80 % aqueous acetic acid and heated to 50 °C for 2 h. Solvent was
removed in vacuo and the residue dissolved in diethyl ether and washed with
saturated, aqueous NaHCO3. The organic phase was dried over MgSO 4 and
solvent removed to yield 5.4 g (97 %) of X as white, waxy solid. R f(X) = 0.23
(petroleum ether/ethyl acetate 1:1); 1H-NMR (400 MHz, DMSO-d6): δ = 5.38-5.27
(m, 2 H, CH2CHCHCH2), 4.83 (d, J = 5.3 Hz, 1 H, CH(OH)), 4.59 (t, J = 5.7 Hz,
1H, CH2OH), 4.10-3.83 (m, 2 H, (C=O)OCH2CH), 3.66-3.58 (m, 1 H, CH(OH)),
3.39-3.28 (m, 2 H, CH2OH), 2.31-2.23 (m, 2 H, (C=O)CH2CH2), 2.04-1.90 (m, 4
H, CH2CHCHCH2), 1.56-1.45 (m, 2 H, (C=O)CH2CH2), 1.35-1.17 (brm, 20 H,
CH2), 0.85 (t, J = 6.9 Hz, 3 H, CH2CH3) ppm;

C-NMR (101 MHz, DMSO-d6): δ

13

= 172.8 (C=O), 129.57, 129.55 (CH2CHCHCH2), 69.3 (CH(OH)), 65.5
((C=O)OCH2), 62.7 (CH2OH), 33.5 ((C=O)CH2CH2), 31.3, 29.11, 29.09, 28.9,
28.7, 28.61, 28.59, 28.57, 28.50, 28.48 (CH2), 26.59, 26.57 (CH2CHCHCH2), 24.4
((C=O)CH2CH2), 22.07 (CH2CH3), 13.9 (CH2CH3) ppm.

1,3 Di-(Z)-9-octadecenoyl 2-hxdroxypropane (Y) (di-Ol, [D])
Adapted from M. Pérignon et al.[250]
1,3-Di-(Z)-9-octadecenoyl-propane-2-one (B). 1,3-Dihydroxyacetone (2.00 g,
22.2
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44.4
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4-(Dimethylamino)-pyridine (5.43 g, 44.4 mmol) were dissolved in 50 mL dry
DCM, a solution of DCC (9.16 g, 44.4 mmol) in 25 mL dry DCM was added
dropwise and the reaction mixture stirred for 24 h. Precipitated dicyclohexylurea
was removed by filtration over diatomaceous earth. After evaporation of solvent,
the residue was purified via FC (petroleum ether/ethyl acetate 9:1 to 7.5:1) to
yield 11.31 g (82 %) of B as colourless solid. Rf(B) = 0.68 (petroleum ether/ethyl
acetate 7:3); 1H-NMR (500 MHz, CDCl3): δ = 5.39-5.29 (m, 4 H, CH2CHCHCH2),
4.74 (s, 4 H, OCH2(C=O)CH2O), 2.41 (t, J = 7.6 Hz, O(C=O)CH2CH2), 2.05-1.94
(m, 8 H, CH2CHCHCH2), 1.69-1.60 (m, 4 H, O(C=O)CH2CH2), 1.39-1.20 (brm, 40
H, CH2), 0.87 (t, 3 H, CH2CH3) ppm;

C-NMR (126 MHz, CDCl3): δ = 198.3

13

(OCH2(C=O)CH2O), 173.0 (O(C=O)CH2CH2), 130.2, 129.9 (CH2CHCHCH2), 66.3
(OCH2(C=O)CH2O), 33.8 (O(C=O)CH2CH2), 32.0, 29.9, 29.8, 29.6, 29.4, 29.3,
29.19, 29.16 (CH2), 27.34, 27.28 (CH2CHCHCH2), 24.9 (O(C=O)CH2CH2), 22.8
(CH2CH3), 14.2 (CH2CH3) ppm.

1,3 Di-(Z)-9-octadecenoyl 2-hxdroxypropane (Y). B (11.31 g, 18.3 mmol) was
dispersed in a mixture of 240 mL THF p.a. and 16 mL H2O and cooled to 0 °C.
NaBH4 (1.59 g, 42.0 mmol) was added in small portions and the reaction mixture
stirred for 2 h. The mixture was neutralized by dropwise addition of glacial acetic
acid, resulting in the formation of a white precipitate. Solvent was evaporated and
the residue dissolved in 200 mL DCMp.a., washed with saturated, aqueous
NaHCO3 and dried over Na2SO4. Solvent was evaporated and the crude product,
also containing small amounts of 1,2-di-(Z)-9-octadecenoyl 3-hxdroxypropane
(Y2), was purified via FC (petroleum ether/ethyl acetate 10:1 to 5:1), to yield 7.82
g of Y (69 %), 2.38 g (21 %) of a 1:1 mixture of the region-isomers Y and Y2 and
0.23 g (2%) of pure Y2 as colourless oils. Rf(Y) = 0.58 (petroleum ether/ethyl
acetate 7:3), Rf(Y2) = 0.51 (petroleum ether/ethyl acetate 7:3); 1H-NMR of Y (500
MHz, CDCl3): δ = 5.38-5.29 (m, 4 H, CH2CHCHCH2), 4.19-4.09 (m, 4 H,
OCH2CH(OH)CH2O), 4.09-4.03 (m, 1 H, OCH2CH(OH)CH2O), 2.60 (d, 1 H,
OCH2CH(OH)CH2O), 2.33 (t, J = 7.5 Hz, 4 H, O(C=O)CH2CH2), 2.04-1.94 (m, 8
H, CH2CHCHCH2), 1.66-1.56 (m, 4 H, O(C=O)CH2CH2), 1.37-1.19 (brm, 40 H,
CH2), 0.87 (t, J = 7.1 Hz, 6 H, CH2CH3) ppm; 13C-NMR of Y (126 MHz, CDCl3): δ
= 174.0 (C=O), 130.1, 129.8, (CH2CHCHCH2), 68.4 (CH(OH)), 65.1
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(OCH2CH(OH)CH2O), 34.2 (O(C=O)CH2CH2), 32.0, 29.9, 29.8, 29.6, 29.4, 29.3,
29.2 (CH2), 27.32, 27.27 (CH2CHCHCH2), 25.0 (O(C=O)CH2CH2), 22.8
(CH2CH3), 14.2 (CH2CH3) ppm; 1H-NMR of Y2 (500 MHz, CDCl 3): δ = 5.39-5.28
(m, 4 H, CH2CHCHCH2), 5.10-5.04 (m, 1 H, (C=O)OCH2CH(O(C=O)), 4.34-4.20
(m, 2 H, (C=O)OCH2CH(O(C=O)), 3.76-3.69 (m, 2 H, CH2OH), 2.37-2.28 (m, 4
H, O(C=O)CH2CH2), 2.15 (brm, 1 H, CH2OH) 2.07-1.94 (m, 8 H, CH2CHCHCH2),
1.66-1.57 (m, 4 H, O(C=O)CH2CH2), 1.39-1.19 (brm, 40 H, CH2), 0.87 (t, J = 7.1
C-NMR of Y2 (126 MHz, CDCl 3): δ = 173.9

Hz, 6 H, CH2CH3) ppm;

13

((C=O)OCH2CH(O(C=O)),

173.6

(CH2CHCHCH2),

((C=O)OCH2CH(O(C=O)),

72.3

130.2,

((C=O)OCH2CH(O(C=O)),

129.8
62.2

(((C=O)OCH2CH(O(C=O)), 61.7 (CH2OH), 34.4, 34.2 (O(C=O)CH2CH2), 32.0,
29.9, 29.8, 29.7, 29.5, 29.3, 29.24, 29.22, 29.19 (CH2), 27.4, 27.3
(CH2CHCHCH2), 25.05, 25.00 (O(C=O)CH2CH2), 22.8 (CH2CH3), 14.2 (CH2CH3)
ppm.

1,2,3 Tri-(Z)-9-octadecenoyl propane (tri-Ol, [T])
Commercial tri-Ol (Tri-Olein, 80%) was purchased from ABCR and further purified
via a Büchi Reveleris® X2 Medium Pressure Liquid Chromatography (MPLC).
H-NMR (500 MHz, CDCl3): δ = 5.42-5.28 (m, 6 H, CH2CHCHCH2), 5.28-5.22 (m,

1

1 H, OCH2CH(O)CH2O), 4.31-4.10 (m, 4 H, OCH2CH(O)CH2O), 2.33-2.26 (m, 6
H, O(C=O)CH2CH2), 2.07-1.92 (m, 12 H, CH2CHCHCH2), 1.65-1.54 (m, 6 H,
O(C=O)CH2CH2), 1.37-1.20 (m, 60 H, CH2), 0.87 (t, J = 7.1 Hz, 9 H, CH2CH3)
ppm;

C-NMR (126 MHz, CDCl3): δ = 173.3 (CH2O(C=O)), 172.9 (CHO(C=O),

13

130.1,

129.8

(CH2CHCHCH2),

69.0

(OCH2CH(O)CH2O),

62.2

(OCH2CH(O)CH2O), 34.3 (CH(O)(C=O)CH2), 34.1 (CH2O(C=O)CH2CH2), 32.0,
29.9-29.1 (CH2), 27.32, 27.27 (CH2CHCHCH2), 24.98, 24.94 (O(C=O)CH2CH2),
22.8 (CH2CH3), 14.2 (CH2CH3) ppm.

Analysis of the commercial Mono-Olein
The composition of the commercial monoolein was determined by means of direct
inlet APCI (atmospheric pressure chemical ionization) mass spectrometry using
a Varian MS 320 triple quadrupole mass analyzer. Samples dissolved in
acetonitrile/water (95%/5%; both with 0.1% formic acid) were introduced into the
146
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APCI source using a syringe pump at a flow rate of 100 µL min-1. MS parameters
were: APCI in the positive mode; corona current: 2.0 µA; nebulizer gas pressure:
379 kPa; drying gas: 172 kPa at 200 °C; vaporizer gas 82.7 kPa at 400 °C, and
detector voltage at 1200 V. Resulting protonated substances were detected in a
range of m/z 330 to m/z 930. In each case the most intense ion (MH +-H2O) was
used for quantitation and calculation (in triplicate ± SD) of the mass fraction of the
respective olein.
The commercial monoolein consisted of mono- and diolein in ratio of
42.0/58.0 ± 1.5
Table 2: Three-fold determination of the mixture

Monoolein [%]

MW ± STABW

Diolein [%]

43,7

56,3

41,0

59,0

41,3

42,0 ± 1,5

58,7

MW ± STABW

58,0 ± 1,5

Nanoparticle self-assembly
Adopting the method of Dong et al.[92] for ZnO nanoparticles, 3 mL of Diethylene
glycol (DEG) were spread into a petri dish with 4 cm diameter. The DEG was
overlayed with 200 µL of 3.75 mg/mL nanoparticle dispersion in toluene p.a.. After
the addition of the nanoparticle dispersion the petri dish was covered with a glass
lid to ensure a slow evaporation of the dispersion solvent. The nanoparticle
sheets were collected after 24 h by scooping them with a carbon-coated copper
TEM grid. Afterwards, the TEM grids were kept in a vacuum chamber for 5 h to
remove residual DEG.

Preparation of Cs-oleate as hot injection precursor
To a 250 mL round flask Cs2CO3 (0.814 g, 2.5 mmol) was added along with
octadecene (40 mL, 90%) and oleic acid (2.5 mL, 90%). The mixture was put
under vacuum using Schlenk technique and then dried for one hour at 120°C
under continuous stirring. Then it was put under Ar-atmosphere and heated to
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150°C. It was then stirred until the solid completely disappeared and the liquid
turned slightly yellow, indicating the formation of Cs-oleate. The mixture was then
left to cool and stored under Ar-atmosphere.

Hot injection synthesis
In a 50 mL two-necked round flask each PbBr2 (0.069 g, 0.188 mmol), PbI2
(0.087 g, 0.188 mmol), PbCl2 (0.052 g, 0.188 mmol) were added respectively. To
each octadecene (5 mL, 90%) was added. The mixtures were then degassed
using Schleck technique and then dried under vacuum for one hour at 120°C
while being stirred continuously. To this oleic acid (0.5 mL, 90%) and oleyl amine
(0.5 mL, 90%) as well as trioctyl phosphine (1 mL, 97%) in the case of the PbCl 2
were injected under Ar-atmosphere. After the solids were completely solved, the
temperature was raised to 150°C. The Cs-oleate solution was heated to 120°C
under Ar-atmosphere to liquify it. Then to each PbX2 (X = I, Br, Cl) mixture Csoleate (0.4 mL) was injected rapidly. After 5 seconds the mixtures were cooled in
an ice bath whilst being continuously stirred.

Purification of the hot injection nanoparticles
The crude products were transferred to centrifugation flasks along with
n-hexanep.a. (2 mL) and centrifuged for 10 minutes at 4000 rounds per minute
(rpm) and then again for 10 minutes at 6000 rpm. As there was no precipitate,
the solutions were then diluted with 20 mL n-hexanep.a. The samples were stored
at 6°C.

Basic microwave synthesis
To a 25 mL round flask, octadecene (5 mL, 90%), oleic acid (1 mL, 90%) and
oleyl amine (1 mL, 90%) were added. The solution was degassed using Schlenk
technique and dried using a heat gun. To the microwave tubes PbBr 2 (0.0738 g,
0.2 mmol) and PbI2 (0.0926 g, 0.2 mmol) were added respectively. To each
vessel 6 mL of the dried solvent mixture were added. The microwave samples
were then placed in the microwave. They were set to first pre-stir for 30 seconds,
then while still being stirred heat quickly up to 150°C for PbBr 2 and 80°C for PbI2
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and, once at their respective temperature, set to be held there for 2 minutes
before being rapidly cooled down.

Purification of the microwave nanoparticles
The crude products were transferred to centrifugation flasks along with
n-hexanep.a. (2 mL) and centrifuged for 10 minutes at 4000 rpm. The supernatant
was discarded and the solid redispersed in n-hexanep.a.. The product was then
stored at 6°C

Ligand exchange via the use of mercapto carboxylic acids was performed
according to Johnson et al.[247]
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8. Analytical Methods
FT-IR spectra have been measured with a Perkin Elmer Spectrum 100
spectrometer with an ATR unit, as well as with a Bruker Tensor 27 spectrometer.
SEM images were acquired with a Zeiss Gemini 500 equipped with an Oxford
Ultim Max 100 EDX detector as well as a Zeiss Auriga CrossBeam
TEM micrographs were taken on a Zeiss Libra120 with 120 kV acceleration
voltage.
HR TEM images have been taken with a JEOL JEM 2200FS with an acceleration
voltage of 200 kV as well as with a JOEL JEM-2100F-UHR. The individual
nanoparticles samples have been prepared from colloidal dispersions on copper
TEM grids with a carbon-coating and a net distance of 400 mesh.
UV-Vis spectra have been measured with an Agilent Technologies Cary 60 UVVis as well as Varian Cary 100 Scan
DLS measurements have been done with a Malvern Zetasizer µV.
TGA measurements were performed under O 2 using a Netzsch STA F3 Jupiter
with a heating rate of 10 K/min for 300–1000 °C.
Sonification of the water-in-oil emulsions during the synthesis of the nanorods
has been done with a Bandelin-Sonopuls HD 3100 generator with an ultrasound
converter UW3100, a standard horn SH70G and a 3 mm microtip MS73.
Syringe pumps were from KD Scientific model KS200 and Landgraf model
LA 10 RS232.
PXRD diffractograms have been obtained with a Bruker D8 Discover with CuKα
radiation

as

well

as

a

STOE

STADIP-diffractometer

with

Ge(111)

monochromatized CuKα radiation, as well as on a STOE ThetaTheta Goniometer
in Bragg Brentano geometry.
NMR spectra were measured on a Varian Unity INOVA 400 spectrometer. NMR
spectra were recorded on a JEOL 500 (500 MHz) and on a Bruker Avance III 400
(400 MHz). analysed with MestreNova.
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a.u.

arbitrary unit

ATR

attenuated total reflection

di-Ol/[D]

glycerol di-Oleate

FFT

fast Fourier transformation

FTIR

Fourier transformed infrared spectroscopy

GlyOl

glycerol mono-Oleate

I

intensity

i

Pr

iso-propyl group

IR

infrared

kB

Boltzmann constant

Me

methyl group

mono-Ol/[M]

glycerol mono-Oleate

NMR

nuclear magnetic resonance spectroscopy

norm.

normalized

O

Oxygen

RT

room temperature

Sc

critical supersaturation

SEM

scanning electron microscopy

T

temperature

t

Bu

tert-butyl group

TEM

transmission electron microscopy

TGA

thermogravimetric analysis

tri-Ol/[T]

glycerol tri-Oleate

UV-Vis

ultraviolet-visible

Zn

Zinc

ZnO

Zinc Oxide

ν

wavenumber

NP

nanoparticle

Qmorph.

quotient of morphology

Ic

crystallinity index
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hex-sym

hexagonal symmetry

Δ

delta (difference in)

USPTO

United States Patent Trade Office

EPO

European Patent Office

NBM

nanoparticle-based material

PCF

pair correlation function

VB

valence band

CB

conduction band

Eg

bandgap energy

eV

electron Volt

nm

nanometre

µm

micrometre

ED

electron diffraction

EELS

electron energy loss spectroscopy

EDX

energy dispersive x-ray
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11.1. Appendix of Chapter 4.1: hexagonal ZnO nanoparticles

Figure A.1: 1H-NMR (400MHz,THF)𝛿 (ppm)= 0.89 (t,3H,CH3), 1.31 (m,20H,-CH2-), 1.57 (t,2H,-CH2-),
2.04 (q,2H,-CH2C=), 2.2 (t,2H,-CH2-), 5.3 (dt,2H,-CH=CH-).
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a)

b)

c)

d)

e)

Figure A.2: DLS measurements (THF) of anisotropic ZnO nanoparticles with varying aspect ratio
according to the synthesis temperature: a) 45°C: AR = 0.51, b) 55°C: AR = 0.67, c) 65°C: AR = 0.88,
d) 75°C: AR = 1.84, e) 85°C: AR = 2.45
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Figure A.3: TEM images and results of the automated analysis tool of the influence of the concentration
of the ligand on the morphology of ZnO nanoplates, scalebars 100 nm. a) 0.08 mmol, b) 0.1 mmol, c)
0.12 mmol.
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Figure A.4: TEM images and results of the automated analysis tool of the evolution of the morphology
of ZnO nanoplates over time, scalebars 100 nm. a) 2 d, b) 3 d, c) 7 d, d) 10 d.
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Figure A.6: IR spectrum of OA@ZnO in black and NaOl@ZnO in grey and free NaOl in blue: 3400 cm -1:
residual H2O from KBr matrix, 300-2800 cm -1: aliphatic C-H stretching, ~2300 cm -1: C=C stretching,
1744 cm -1: carbonyl stretching C=O, 1562 cm-1: shifted carbonyl stretching due to deprotonation,
1450 cm-1: asymmetric C-H bending.

a)

b)

c)

Figure A.5: a),b) Large scale and close-up TEM images of the NaOl@ZnO nanorods assembled on
DEG; scalebar 500 nm and 100 nm. c) Schematic depiction of the stacked assembly behaviour.

167

Appendix 4.1.

Figure A.8: IR spectrum of OA@ZnO in black and mono-Ol@ZnO in grey and free mono-Ol in blue:
3400 cm -1: residual H2O from KBr matrix, 300-2800 cm-1: aliphatic C-H stretching, ~2300 cm -1: C=C
stretching,1744 cm -1: carbonyl stretching of GlyOl, C=O, 1562 cm-1: shifted carbonyl stretching due to
deprotonation of OL, 1450 cm -1: asymmetric C-H bending, 1300-1000 cm -1: aliphatic C-O ester
stretching of Mono-Olein

a)

b)

c)

Figure A.7: a),b) Large scale and close-up TEM images of the mono-Ol@ZnO nanorods assembled
on DEG; scalebar 500 nm and 100 nm. c) Schematic depiction of the stacked assembly behaviour.
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Figure A.9: 1H NMR GlyOl. (400 MHz, CDCl3) 𝛿 (ppm) = 0.88 (t, 3H, -CH3), 1.27 (m, 20H, -CH2-), 1.63
(t, 2H, -CH2-), 2.02 (m, 4H, -CH2C=), 2.35 (t, 2H, -CH2-), 3.6 (dd, 1H, -CHH’-), 3.7 (dd, 1H, -CHH’-), 3.93
(pq, 1H, -CHO-) 4.15 (dd, 1H, -CHH’-), 4.21 (dd, 1H, -CHH).
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11.2. Appendix of Chapter 4.2: triangular ZnO nanoparticles
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Figure A.10: Histrogram of the length and width and corresponding PDIs the triangular ZnO nanorods,
obtained from manual measurement of TEM images.
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Figure A.11: UV-Vis spectra of triangular ZnO nanorods
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Figure A.12: IR spectra of the three ligands mono-Ol (black), di-Ol (dark grey) and tri-Ol (light grey) and
plot of the intensity of the C=O and O-H bands.
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Figure A.13: Normalized IR spectra of ZnO nanoparticles synthesized with pure pure di-Ol for three
identical washing cycles: ~3500-3200 cm -1: O-H stretching bond of residual water; 3000-2800 cm-1:
aliphatic C-H stretching bond; ~2300 cm-1: C=C stretching bond; 1740 cm-1: non-coordinated carbonyl
stretching bond, C=O; 1557 cm-1: shifted, coordinated carbonyl stretching bond; 1394 cm -1: asymmetric
C-H bending; 1300-1000 cm-1: aliphatic C-O ester stretching bond.
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Figure A.14: Normalized IR spectra of ZnO nanoparticles synthesized with pure pure tri-Ol for three
identical washing cycles: ~3500-3200 cm -1: O-H stretching bond of residual water; 3000-2800 cm -1:
aliphatic C-H stretching bond; ~2360 cm-1: C=C stretching bond; 1743 cm-1: non-coordinated carbonyl
stretching bond, C=O; 1560 cm-1: shifted, coordinated carbonyl stretching bond; 1394 cm -1: asymmetric
C-H bending; 1300-1000 cm-1: aliphatic C-O ester stretching bond.

Figure A.15: Evolution of the normalized relative intensity of the C=O stretching band for coordinated
and non-coordinated ligands for three identical washing cycles. mono-Ol in black, di-Ol in red and tri-Ol
in blue.
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Figure A.16: TGA measurement for each washing cycle w-1 in black, w-2 in dark grey and w-3 in light
grey of ZnO nanoparticles synthesized with 100% [D].

Figure A.17: TGA measurement for each washing cycle w-1 in black, w-2 in dark grey and w-3 in light
grey of ZnO nanoparticles synthesized with 100% [T].
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Table A.1: Molar ratios of the different glycerol ligands and corresponding values of Qmorph.

Sample

Xmono-Ol [mol%]

Xdi-Ol [mol%]

Xtri-Ol [mol%]

Qmorph.

1

100

0

0

0.05037

2

0

100

0

--

3

0

0

100

--

4

33.3

33.3

33.3

0.02255

5

50

50

0

0.04685

6

80

20

0

0.10877

7

70

30

0

0.14336

8

65

27.85

7.15

0.06765

9

42

58
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Figure A.18:
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Figure A.18a): Normalized plot of Qmorph. of the different molar compositions of the glycerol ligands
presented in Table A.1
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Figure A.18b): TEM images of ZnO samples, synthesized with different compositions of glycerol
ligands as presented in Table A.1
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Sample 2:

Sample 3:
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Sample 4:

Sample 5:

Sample 6:
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Sample 7:

Sample 8:

Sample 9:

178

Appendix 4.2.

Sample 10:

Sample 11:

Sample 12:
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Figure A.18c): TEM images of ZnO particles, synthesized without any of the
three ligands.

Figure A.19: SEM image of ordered ZnO nanorods with triangular cross-section.
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11.3. Appendix of Chapter 4.3: hetero nanoparticle systems

Hot-Injection Synthesis of CsPbI3 and CsPbBr3

Figure A.20: UV/Vis spectrum of CsPbI3 from hot-injection synthesis.

Figure A.21: UV/Vis spectrum of CsPbBr3 from hot-injection synthesis.
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Microwave Assisted Synthesis of CsPbI3 and CsPbBr3

Figure A.22: PXRD of CsPbI3 nanoparticles obtained from microwave assisted synthesis. Reference of
CsPbI3 in red, CsI in grey and PbI2 in blue.

Figure A.23: UV/Vis spectrum of CsPbI3 from microwave assisted synthesis.
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Figure A.24: PXRD of CsPbBr3 nanoparticles obtained from microwave assisted synthesis. Reference
of CsPbI3 in green, CsBr in grey and PbBr2 in blue.

Figure A.25: UV/Vis spectrum of CsPbBr3 from microwave assisted synthesis.
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a)

b)

c)

Figure A.26: HR TEM images of CsPbBr3 perovskite nanoparticles degrading under continuous
exposition of the electron beam, with and interval of ~1 minute between samples a), b) and c).
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a)

b)

Figure A.27: Photoluminescence decay over time of perovskite nanoparticles synthesised by
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Figure A.28: PL emission spectra of triangular ZnO nanorods with increasing concentration.
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