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Foreword

Some scientists, especially those far off materials sciences, still perceive the
prefix “nano” as a hype. To my opinion, this notation might describe the
vigorous expansion phase of nanosciences and nanotechnology, but the hype
meanwhile turned into real science, into real products and jobs.

Contrary to previous hyped topics, the nano-community was able to fill
many promises with reality, at least to a larger extent, and this is why
nanosciences are still flourishing, still growing, partly even beyond expec-
tations of the educated experts.

A key part of nanosciences is nanoparticulate matter, including nanoparti-
cles, nanorods, nanoplates, or even more complex tectonic assemblies. Exactly
on these examples we can nicely illustrate what nanosciences really provides.
Simply by finely dispersing common bulk materials down to the nanoscale,
new properties can be observed: inert materials become catalysts, insulators
become conductors, white substances become transparent, stable materials
become combustible. It is known since the ancient world: Gold nanoparticles
are shining red or blue, and the beauty of medieval church windows is based
on the extraordinary color strength and the high thermal stability of those
dispersions, exceeding ordinary dyes by some orders of magnitude.

There is more than only plasmonic color to be discovered: There is a whole
new world out there in the nano cosmos, a world which already Wolfgang
Ostwald about a hundred years ago named the “world of lost dimension”.
Some colleagues even regard nanostructures as a new adjustable state of
matter. This is due to the fact that atoms at surfaces behave differently to
those in the bulk, and nanoparticles are literally dominated by those surfaces.

It is a save prediction: The new questions to face while analyzing alterna-
tive energy cycles of society, communication technology, the desire for new
catalysts for more efficient chemical reactions, new light sources, or better
performing construction materials will only be answered by implementation
of nanostructural aspects. There will be no real alternative or choice.

For many of those applications, appropriate nanostructures however do not
yet exist, or their production is not sustainable so that “de novo”systems and
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viii Foreword

their synthetic pathways have to be designed from scratch. This is where the
present book sets in: Both authors are most competent in this field, pioneers
of a synthetic route towards metal oxide nanoparticles, which is meanwhile
called “nonaqueous sol-gel route”. This technique not only turned out to be
simple, convenient, scalable, mass efficient and rather sustainable, but it also
was proven to be extremely flexible with respect to size and composition so
that – within just a few years – an impressive number of binary, ternary and
quaternary nanocrystalline oxides in a variety of sizes and morphologies could
be assessed. This explosive development is nicely summarized and structured
in this book, and this is why it is a timely endeavor.

The book not only reviews comprehensively the primary literature and
observations, it also gives an actual description of current trends in the field
and the still ongoing improvements of the technology, say by incorporation
of microwave synthesis. Special emphasis is also put on the “social behavior”
of nanoparticles, i.e., their ability to self-organize towards most complicated
and aesthetically very appealing superstructures. If I look on some of those
images, the word “emergence” is getting a real meaning even in the other-
wise “dead” inorganic world. Some exemplary model cases delineating the
properties and applications of nanoparticles are completing the story.

I think, the book is an excellent compendium both for the expert reader
(due to the comprehensive, systematic presentation of the data) as well as a
reading for students and laymen to get “infected” with the real fascination
and potential of the “nanos”. Beside the wish for controlling and accessing
the unknown, it is also the beauty of the found and the joy of the discovery
which makes science so attractive. The following book is rich in that!

Potsdam, Prof. Dr. Markus Antonietti
February 2009



Preface

“Oxide Synthesis as Cornerstone of Nanoscience” – This statement was the
title of a short Editorial we recently wrote for a special issue of the European
Journal of Inorganic Chemistry on Metal Oxide Nanoparticles (Eur. J. In-
org. Chem. 2008, 825). Without any doubts, metal oxide nanoparticles play
an outstanding role in many applications that are regarded as particularly
promising within the broad area of Nanotechnology, e.g., nanophotonics, spin-
tronics, energy storage and conversion, catalysis, or biomedical applications.

The great variety of structures and properties of metal oxides made this
class of materials not only the primary target in solid state chemistry, but also
represents a major inspiration for designing new materials on the nanoscale.
It is therefore not surprising that a large number of synthesis methodologies
have been reported for the size and shape-controlled synthesis of metal oxide
nanostructures. One of the most versatile and fast developing approaches are
nonaqueous or nonhydrolytic synthesis protocols, i.e., syntheses performed in
organic solvents under exclusion of water. The main challenge we faced dur-
ing writing this book was that we wanted to present both general and basic
principles of metal oxide nanoparticle research as well as a rather exhaus-
tive overview of the various metal oxide nanoparticles synthesized in organic
solvents so far. We solved the problem in such a way that the main text
explains the concepts on selected examples, whereas several tables list the
various metal oxides synthesized via nonaqueous processes. We put great ef-
forts in the preparation of these tables, i.e., we included all the literature we
were aware of (until the end of 2008), offering a unique information source for
chemists, physicists, materials scientists, and engineers to find the appropri-
ate synthesis method for a targeted metal oxide with the desired properties.

The contents of the various chapters in this book were chosen based on
a personal priorization of the most fascinating topics in this research area.
After a short and general excursion into the world of nanoparticles in Chap-
ter 1, we discuss the basic principles of nonaqueous sol-gel chemistry in com-
parison with aqueous systems. Although water-based processes are generally
preferred, in the case of metal oxide nanoparticle synthesis the use of or-
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x Preface

ganic solvents represents an advantageous alternative, which is elaborated in
more detail in Chapter 2. Chapter 3 and 4 are fully dedicated to the syn-
thesis of metal oxide nanoparticles and metal oxide-based organic-inorganic
hybrids, involving surfactant-assisted (Chapter 3) and surfactant-free routes
(Chapter 4). Chapter 5 presents the main chemical pathways leading to metal
oxides in organic solvents. There is no doubt that in addition to the exten-
sive synthesis work, also the assembly and positioning of nanoparticles in
desired locations and across extended length scales as well as the in-depth
investigation of the physical and chemical properties are key steps on the
way to implement these materials into technological devices. We took these
topics into account in Chapter 6, dealing with the assembly, Chapter 7 on the
characterization and Chapter 8 on the properties and applications of metal
oxide nanoparticles. The last Chapter of the book summarizes the current
knowledge and the future challenges in the field of metal oxide nanoparticles
prepared in organic solvents.

We are thankful to our current and past group members for their great
scientific work and in particular to Guylhaine Clavel for proofreading the
manuscript.

Zurich and Aveiro, Prof. Dr. Markus Niederberger
February 2009 Prof. Dr. Nicola Pinna



Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Fascination and Motivation of Nanoparticle Research . . . . . . . 1
1.2 Metal Oxides: Properties and Applications . . . . . . . . . . . . . . . . . 3
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Aqueous and Nonaqueous Sol-Gel Chemistry . . . . . . . . . . . . . 7
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Aqueous Sol-Gel Chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3 Nonaqueous Sol-Gel Chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.4 Surfactant-Directed vs. Solvent-Controlled Nonaqueous

Sol-Gel Approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3 Surfactant-Assisted Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.1 Hot-Injection Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2 Heating-Up Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.3 Comparison of the Heating-Up and Hot-Injection Method . . . 26
3.4 Solvothermal Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.5 Microwave Technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.6 Seed-Mediated Growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.7 Self-Assembled Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.8 Heterostructures/Multicomponent Nanoparticles . . . . . . . . . . . 32
3.9 Nonaqueous Processes Using Traces of Water . . . . . . . . . . . . . . 35
3.10 Tabular Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4 Solvent-Controlled Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.1 Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.1.2 Experimental Set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.1.3 Reaction of Metal Halides with Alcohols . . . . . . . . . . . . 55

xi



xii Contents

4.1.4 Reaction of Metal Alkoxides, Acetates and
Acetylacetonates with Alcohols . . . . . . . . . . . . . . . . . . . . . 58

4.1.5 Reaction of Metal Alkoxides with Aldehydes and
Ketones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.1.6 Reaction of Metal Acetylacetonates with Amines and
Nitriles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.1.7 Others . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.1.8 Microwave Technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.1.9 Tabular Overview of Metal Oxide Nanoparticles . . . . . . 66

4.2 Organic-Inorganic Hybrid Materials . . . . . . . . . . . . . . . . . . . . . . . 74
4.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.2.2 Rare Earth Oxide Based Hybrid Nanoparticles . . . . . . . 75
4.2.3 Tungsten Oxide Based Hybrid Materials . . . . . . . . . . . . 78
4.2.4 Hybrid Materials Synthesized in Other Solvents . . . . . . 78

4.3 Nonaqueous Routes Applied to Atomic Layer Deposition . . . . 81
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5 Reaction Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
5.2 Alkyl Halide Elimination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
5.3 Ether Elimination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
5.4 Ester and Amide Eliminations . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
5.5 C-C Bond Formation Between Alkoxy Groups . . . . . . . . . . . . . . 107
5.6 Aldol/Ketimine Condensation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
5.7 Oxidation of Metals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
5.8 Other Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
5.9 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6 Assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
6.2 Oriented Attachment and Mesocrystals . . . . . . . . . . . . . . . . . . . . 130
6.3 Superlattices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
6.4 Mesoporous Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

7 Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
7.2 Transmission Electron Microscopy . . . . . . . . . . . . . . . . . . . . . . . . 148

7.2.1 The Operation Modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
7.2.2 HRTEM Image Simulations . . . . . . . . . . . . . . . . . . . . . . . . 153
7.2.3 TEM Studies of Nanostructures by Oriented

Attachment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
7.3 Powder X-ray Diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
7.4 Combination of a Range of Techniques . . . . . . . . . . . . . . . . . . . . 164



Contents xiii

7.4.1 Hollandite-Type Vanadium Oxyhydroxide Nanorods . . 164
7.4.2 Lanthanide-Based Organic-Inorganic Hybrid

Nanostructures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

8 Properties and Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
8.2 Magnetic Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

8.2.1 Magnetic Metal Oxides . . . . . . . . . . . . . . . . . . . . . . . . . . . 176
8.2.2 Diluted Magnetic Semiconductors . . . . . . . . . . . . . . . . . . 177

8.3 Photoluminescent Metal Oxides . . . . . . . . . . . . . . . . . . . . . . . . . . 180
8.3.1 Rare Earth-Based Nanostructures . . . . . . . . . . . . . . . . . . 180
8.3.2 Semiconductor Nanoparticles . . . . . . . . . . . . . . . . . . . . . . 185

8.4 (Photo)catalysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
8.5 Gas Sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

8.5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
8.5.2 Sensor Devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
8.5.3 Nanoparticles Made in Surfactant-Free Systems . . . . . . 189
8.5.4 Nanoparticles Made in Surfactant Systems . . . . . . . . . . . 194
8.5.5 Sensing Layers Synthesized by ALD . . . . . . . . . . . . . . . . 194

8.6 Biomedical Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196
8.7 Other Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197

9 Summary, Conclusion and Outlook . . . . . . . . . . . . . . . . . . . . . . . 205

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211



Chapter 1

Introduction

1.1 Fascination and Motivation of Nanoparticle
Research

Research on nanoparticles, including synthesis, characterization of the struc-
tural, chemical and physical properties, assembly into 1-, 2- and 3-dimensional
architectures extending over several lengths scales and with hierarchical con-
struction principles, and application in various fields of technology, represents
a fundamental cornerstone of nanoscience and nanotechnology. Many differ-
ent synthesis techniques gave access to nanomaterials with a wide range of
compositions, well-defined and uniform crystallite sizes, extraordinary and
unprecedented crystallite shapes, and complex assembly properties. Although
gas-phase processes are successfully employed for the low-cost production of
large quantities of nanopowders [7, 12, 25], it seems that liquid-phase syn-
theses are more flexible with regard to the controlled variation of structural,
compositional, and morphological features of the final nanomaterials. Liquid-
phase routes include coprecipitation, hydrolytic as well as nonhydrolytic sol-
gel processes, hydrothermal or solvothermal methods, template synthesis and
biomimetic approaches [3]. However, often the synthesis protocol for a tar-
geted material involves not just one, but a combination of several of these
methods.

The synthesis of particles with control over size, shape and size distribution
is not a special feature of nanoscience, but has been an integral part of colloid
chemistry for decades. However, for quite a while, most efforts invested in the
preparation of uniform, finely dispersed particles were essentially considered
as due to the curiosity of colloid scientists, and, with the exception of poly-
mer colloids (latexes), without any practical significance [14, 15]. With the
advent of nanoscience this attitude has changed completely. Nowadays, there
is no doubt about the fundamental role of uniform powders in many areas of
science and technology. Parallel to the development of highly advanced an-
alytical tools, enabling the characterization of small structures with atomic
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2 1 Introduction

resolution, the size of the targeted objects and devices decreased rapidly be-
low the 100 nm limit. The preparation of nanostructures on such a small
size scale makes great demands to the synthesis methodology and therefore
it is a great challenge to develop a “synthetic chemistry” of nanoparticles
that is as precise as that used to make molecules [27]. Two strategies are
generally pursued to prepare nanostructures: the “top-down”approach, using
physical methods such as photolithography and related techniques, and the
“bottom-up” employing physical and chemical approaches. Miniaturization
by lithographic techniques is mainly driven by microelectronics industry and
has reached a level, at which feature sizes of around 10 nm can be generated
[6, 26]. However, upon down-scaling the costs associated with lithography
equipment and operating facilities rapidly increase, and the features achiev-
able are on the one hand rather coarse and irregular on an atomic scale,
and on the other hand difficult to extend onto non-planar surfaces or to
3D structures. The bottom-up approach, making use of both specific and
non-covalent interactions (e.g. hydrogen bonding, electrostatic and van der
Waals interactions) between molecules or colloidal particles to assemble dis-
crete nanoscale structures, represents a valuable alternative on the way to
further miniaturization of electronic devices and to the fabrication of com-
plex 3D architectures [18, 28]. The use of nanoparticles as building blocks has
the advantage that highly advanced synthesis methodologies provide control
over crystallite size and shape with a precision well beyond that of top-down
lithography. The bottom-up assembly of nanoparticles may prove to be a solu-
tion to the technological challenges faced by the semiconductor industry [13].
From a scientific point of view, the use of nanoparticles as “artificial atoms”
to form 1-, 2- and 3-dimensional arrays extending over several length scales
is particularly fascinating, because these superlattices are expected to have
unprecedented and striking collective properties resulting from the interac-
tions between the nanobuilding blocks that cannot be found in the individual
constituents, thus opening up an almost indefinite playground to design novel
multi-component materials [16, 22, 24, 29].

The availability of reproducible colloidal synthesis protocols for nanoparti-
cles whose compositional, structural, morphological and surface characteris-
tics are well-defined and uniform, is a prerequisite on the way to such complex
superstructures. Research on the preparation of inorganic nanoparticles and
nanostructures has always been, and still will be, at the heart of nanoscience
for the next few years. The significance of nanoparticle synthesis is also re-
flected in the fact that many groundbreaking findings that can be regarded
as milestones in the history of nanoscience are directly related to synthetic
work, for example the discovery of carbon nanotubes [10], the synthesis of
well-defined quantum dots [17], or the shape control of CdSe nanocrystals [19].

The size- and shape-dependent physical and chemical properties of semi-
conductor nanoparticles [9, 1, 2] as well as the increased surface-to-volume
ratio of nanoscale materials in general raised expectations for a better per-
formance of nanomaterials compared to their bulk counterparts in many ap-
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plications. Intensive works on semiconductor-doped glasses [5], on the photo-
catalytic properties of colloidal CdS [11, 8] and on the “absorption of light in
a semiconductor sphere” [4] finally resulted in the description of the quantum
size effect more than 25 years ago. Brus et al. found that CdS crystallites
in the size range of a few nanometers did not have the electronic spectra of
the bulk material, even though they exhibited the same unit cell and bond
length as the bulk material [23]. These findings opened up a new and excit-
ing possibility to tailor the chemical and physical properties of a material:
New applications and properties are a result of controlling crystallite size and
shape on a nanometer scale rather than of altering the composition [2].

1.2 Metal Oxides: Properties and Applications

Among all the functional materials to be synthesized on the nanoscale, metal
oxides are particularly attractive candidates, from a scientific as well as from
a technological point of view. The unique characteristics of metal oxides make
them the most diverse class of materials, with properties covering almost all
aspects of materials science and solid state physics. The great variety of struc-
tures and properties made them the primary target in solid state chemistry
and still gives inspiration for designing new materials. The crystal struc-
tures range from simple rock salt to highly complex incommensurately mod-
ulated structures, and the nature of the metal-oxygen bonding varies from
nearly ionic to covalent or metallic [20, 21]. Associated with such changes
in structure and bonding, oxidic materials exhibit fascinating electronic and
magnetic properties. Some oxides like RuO2 or ReO3 are metallic, whereas
BaTiO3 for example is an insulator. The magnetic properties found in ox-
ides include ferro-, ferri- or antiferromagnetic behavior. Some oxides possess
switchable orientation states as in ferroelectrics (e.g., titanates, niobates, or
tantalates). Other fascinating classes of materials within the metal oxide fam-
ily are the cuprate superconductors, the manganites showing colossal magne-
toresistance, or multiferroics combining ferroelectricity and ferromagnetism
within the same material (e.g., BiFeO3, BiMnO3). This exceptionally broad
spectrum of properties makes (bulk) metal oxides a vital constituent in tech-
nological applications like gas sensing, medical science, electronics, ceramics,
energy conversion and storage, and surface coatings, just to mention a few
(Figure 1.1).
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Fig. 1.1. Selected applications of metal oxides
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Chapter 2

Aqueous and Nonaqueous Sol-Gel
Chemistry

2.1 Introduction

The most widely used synthetic technique for bulk metal oxides has been the
ceramic method, which is based on the direct reaction of powder mixtures.
These reactions are completely controlled by the diffusion of the atomic or
ionic species through the reactants and products. To bring the reaction part-
ners sufficiently close together and to provide high mobility, these solid state
processes require high temperature and small particle sizes. Although the
harsh reaction conditions only lead to thermodynamically stable phases, pre-
venting the formation of metastable solids, these approaches gave access to a
large number of new solid compounds, enabling the development of structure-
properties relationships. However, in comparison to organic chemistry, where
highly sophisticated synthetic pathways are employed to make and break
chemical bonds in a controlled way, the ceramic method is a rather crude
approach. It is therefore no surprise that for the size- and shape-controlled
synthesis of nanoparticles especially liquid-phase routes represent the most
promising alternatives. In contrast to solid-state processes, but analogous to
organic chemistry, “chimie douce” approaches offer the possibility to control
the reaction pathways on a molecular level during the transformation of the
precursor species to the final product, enabling the synthesis of nanoparticles
with well-defined and uniform crystal morphologies and with superior purity
and homogeneity [12]. Among the various soft-chemistry routes, sol-gel pro-
cedures were particularly successful in the preparation of bulk metal oxides
(e.g., ceramics, glasses, films and fibers) [33, 20], and therefore they have
also been applied for nanoparticle synthesis. But in spite of great efforts, the
number of oxidic nanoparticles obtained by sol-gel chemistry is still rather
small compared to the variety of compounds obtained via powder routes.
It turned out that in many cases a synthesis protocol developed for a bulk
metal oxide could not directly be adapted to its corresponding counterpart on
the nanoscale. The reasons for this observation are manifold. Aqueous sol-gel

7
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chemistry is quite complex, on the one hand due to the high reactivity of the
metal oxide precursors towards water and the double role of water as ligand
and solvent, and, on the other hand, due to the large number of reaction pa-
rameters that have to be strictly controlled (hydrolysis and condensation rate
of the metal oxide precursors, pH, temperature, method of mixing, rate of ox-
idation, the nature and concentration of anions, ...) in order to provide good
reproducibility of the synthesis protocol [33]. Another fundamental problem
of aqueous sol-gel chemistry is that the as-synthesized precipitates are gen-
erally amorphous. The required post-synthetic annealing step to induce the
crystallization process prevents any subtle control over crystal size and shape.
For the preparation of bulk metal oxides these limitations play only a minor
role, however, in the case of nanoparticle synthesis they constitute a major
issue.

Nonaqueous (or non-hydrolytic) sol-gel processes in organic solvents, gen-
erally under exclusion of water, are able to overcome some of the major
limitations of aqueous systems, and thus represent a powerful and versatile
alternative [30, 40, 38, 37, 41]. The advantages are a direct consequence of
the manifold role of the organic components in the reaction system (e.g., sol-
vent, organic ligand of the precursor molecule, surfactants, or in situ formed
organic condensation products). On the one hand they act as oxygen-supplier
for the oxide formation and strongly determine the particle size and shape
as well as the surface properties due to their coordination properties, and
on the other hand the moderate reactivity of the oxygen carbon bond gen-
erally results in slower reaction rates. Altogether these parameters lead to
the situation, where nonaqueous synthesis routes generally yield metal ox-
ide nanoparticles with uniform, yet complex crystal morphologies, crystallite
sizes in the range of just a few nanometers, and good dispersibility in or-
ganic solvents. Another important point is the fact that the chemistry of the
oxygen-carbon bond is well-known from organic chemistry. This aspect is of
utmost significance considering the fundamental role of organic reaction path-
ways in nonaqueous sol-gel chemistry approaches (cf. Chapter 5). Parallel to
the formation of the inorganic nanoparticles, also the initial organic species
undergo transformation reactions often following elementary mechanisms of
organic chemistry [39]. Based on the identification and quantification of these
organic by-products, it is possible to correlate the processes leading to these
organic species by retro-synthetical analysis to the growth mechanisms of the
oxide nanoparticles. The connection of organic chemistry with the synthe-
sis of inorganic nanomaterials thus represents first, but fundamental steps
towards a future rational synthesis design for inorganic nanoparticles.

We have to point out that many examples discussed in this book do not
strictly follow the definition of sol-gel chemistry, i.e., the transformation of
the molecular precursor does not exclusively proceed along the formation of
a sol and then a gel. However, we denote any process as “sol-gel”, as long as
the transformation of the molecular precursor into the final oxidic compound
involves chemical condensation reactions in liquid-phase under mild condi-
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tions. This definition allows us to draw comparisons between aqueous and
nonaqueous sol-gel processes, highlighting the analogy between the mecha-
nistic pathways found in both methods. We will also discuss some examples
in this book that are not based on sol-gel chemistry, but on simple thermal
decomposition of molecular precursors in liquid media. Furthermore, in the
current literature the synthesis of metal oxides in organic solvents is typi-
cally denoted as “nonhydrolytic”. However, in some cases these procedures
involve the use of hydrated metal oxide precursors and/or water is produced
in situ, so that a hydrolytic reaction pathway cannot be excluded. Therefore,
we prefer to name these routes as “nonaqueous sol-gel chemistry”.

2.2 Aqueous Sol-Gel Chemistry

The aqueous sol-gel process can shortly be defined as the conversion of a pre-
cursor solution into an inorganic solid via inorganic polymerization reactions
induced by water. In general, the precursor or starting compound is either
an inorganic (no carbon) metal salt (chloride, nitrate, sulfate, ...) or a metal
organic compound such as an alkoxide. Metal alkoxides are the most widely
used precursors, because they react readily with water and are known for
many metals [47, 6]. Some alkoxides, which are widely used in industry, are
commercially available at low cost (Si, Ti, Al, Zr), whereas other ones are
hardly available, or only at very high costs (Mn, Fe, Co, Ni, Cu, Y, Nb,
Ta, ...). In comparison to the preparation of silicates from silicon alkox-
ides, sol-gel processing of transition metal oxides has much less been studied,
mainly due to the high reactivity of transition metal alkoxides.

In general, the sol-gel process consists of the following steps (Figure 2.1)
[34]: i) Preparation of a homogeneous solution either by dissolution of metal
organic precursors in an organic solvent that is miscible with water, or by
dissolution of inorganic salts in water; ii) conversion of the homogeneous
solution into a sol by treatment with a suitable reagent (generally water
with or without any acid/base); iii) aging; iv) shaping; and v) thermal treat-
ment/sintering. The first step in a sol-gel reaction is the formation of an
inorganic polymer by hydrolysis and condensation reactions, i.e., the trans-
formation of the molecular precursor into a highly crosslinked solid. Hydrol-
ysis leads to a sol, a dispersion of colloidal particles in a liquid, and further
condensation results in a gel, an interconnected, rigid and porous inorganic
network enclosing a continuous liquid phase. This transformation is called the
sol-gel transition. There are two possibilities to dry the gels. Upon removal of
the pore liquid under hypercritical conditions, the network does not collapse
and aerogels are produced. When the gel is dried under ambient conditions,
shrinkage of the pores occurs, yielding a xerogel. One of the highly attractive
features of the sol-gel process is the possibility to shape the material into any
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Fig. 2.1. Various steps in the sol-gel process to control the final morphology of the
product

desired form such as monoliths, films, fibers, and monosized powders, and
subsequently to convert it into a ceramic material by heat treatment.

As mentioned before, the sol-gel processes can be classified into two dif-
ferent routes depending on the nature of the precursors: a) the precursor is
an aqueous solution of an inorganic salt or b) a metal organic compound
[33]. The inorganic route involves the formation of condensed species from
aqueous solutions of inorganic salts by adjusting the pH, by increasing the
temperature or by changing the oxidation state. But this method has sev-
eral disadvantages. The aqueous chemistry of transition metal ions can be
rather complicated because of the formation of a large number of oligomeric
species, depending on the oxidation state, the pH or the concentration. The
role of the counter anions, which are able to coordinate the metal ion giving
rise to a new molecular precursor with different chemical reactivity towards
hydrolysis and condensation, is almost impossible to predict. These ions can
influence the morphology, the structure and even the chemical composition
of the resulting solid phase. Also the removal of these anions from the final
metal oxide product is often a problem. Many of these issues can be avoided
by using metal alkoxides as precursors. They are often soluble in organic sol-
vents, providing high homogeneity, and they can easily be converted to the
corresponding oxide.

The sol-gel conversion of metal alkoxides involves two main reaction types:
hydrolysis and condensation (Scheme 2.1). During hydrolysis, the alkoxide
groups (-OR) are replaced via the nucleophilic attack of the oxygen atom
of a water molecule under release of alcohol and the formation of a metal
hydroxide. Condensation reactions between two hydroxylated metal species
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leads to M-O-M bonds under release of water (oxolation), whereas the re-
action between a hydroxide and an alkoxide leads to M-O-M bonds under
release of an alcohol (alkoxolation).

M OR + H O2 M OH + ROH

M OH + M O M +

M OR +

H O2

M O M + ROH

HO M

HO M

(2.1)

(2.2)

(2.3)

Scheme 2.1. Main reactions in the sol-gel process using metal alkoxides. Hydrolysis
(Eq. 2.1) and condensation, involving oxolation (Eq. 2.2) and alkoxolation (Eq. 2.3)

Chemical aspects play an important role in studying and controlling the
sol-gel process. The chemical reactivity of metal alkoxides towards hydroly-
sis and condensation depends mainly on the electronegativity of the metal
atom, its ability to increase the coordination number, the steric hindrance
of the alkoxy group, and on the molecular structure of the metal alkoxides
(monomeric or oligomeric). The amount of added water in the hydrolysis step
and how the water is added, determines, whether the alkoxides are completely
hydrolyzed or not and which oligomeric intermediate species are formed. Ad-
ditional parameters are the polarity, the dipole moment, and the acidity of
the solvent.

The major problem of sol-gel methods based on the hydrolysis and con-
densation of molecular precursors is the control over the reaction rates. For
most transition metal oxide precursors, these reactions are too fast, result-
ing in loss of morphological and also structural control over the final oxide
material. Furthermore, the different reactivities of metal alkoxides make it
difficult to control the composition and the homogeneity of complex multi-
metal oxides by the sol-gel process. One possibility to decrease and to adjust
the reactivity of the precursors is the use of organic additives like carboxylic
acids, β -diketones or functional alcohols, which act as chelating ligands and
modify the reactivity of the precursors [33, 21]. An alternative strategy in-
volves the slow release of water by chemical or physical processes, allowing
control over the local water concentration and thus, over the hydrolysis of
the metal oxide precursors [9]. In spite of all these efforts, the strong sensi-
tivity of aqueous sol-gel processes towards any slight changes in the synthesis
conditions and the simultaneous occurrence of hydrolysis and condensation
reactions makes it still impossible to fully control the sol-gel processing of
metal oxides in aqueous medium.

More information and mechanistic details about the aqueous sol-gel pro-
cessing of metal oxides can be found in several excellent books and reviews
[33, 20, 7, 29].
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2.3 Nonaqueous Sol-Gel Chemistry

In nonaqueous sol-gel chemistry the transformation of the precursor takes
place in an organic solvent under exclusion of water. In comparison to aqueous
sol-gel chemistry, the list of potential precursors is longer and includes, in
addition to inorganic metal salts and metal alkoxides, also metal acetates
and metal acetylacetonates. Organometallic compounds are also frequently
used, but then the process is rather based on thermal decomposition than
sol-gel (remember: organometallic compounds are defined as having a direct
metal-carbon bond, whereas metal organic compounds have a metal-hetero
atom (usually oxygen) bond between the metal center and the organic ligand).

Nonaqueous sol-gel processes have a long history, although they never be-
came as popular as their aqueous analogs. Early studies on nonaqueous sol-gel
processes date back to the middle of the 19th century, when the reaction be-
tween various metal chlorides and alcohols were investigated. Ebelmen, for
example, found that silicon tetrachloride forms silica gels in ethanol [14]. More
than 80 years later, Dearing and Reid presented their work on“Alkyl Orthosil-
icates”, proposing an aqueous and nonaqueous route to silica gels, assuming
that they might show “different absorptive power” [13]. Many other groups
continued to work on this topic [42, 17, 16], including peculiar but interesting
examples like the conversion of chlorosilanes to oligosiloxanes and of silicon
and titanium tetrachloride to the respective oxide by refluxing in dimethyl-
formamide [43], the reaction of silicon tetrachloride with benzaldehyde [49]
and organic ethers [45], or the synthesis of silica-sodalite from nonaqueous
systems [4]. Nevertheless, these publications were more or less isolated efforts
without receiving much attention. However, in the middle of the 1980s, and
more intense around the beginning of the 1990s, research on nonhydrolytic
preparation routes to metal oxides became popular to a larger scientific com-
munity [9, 48, 19]. Two main research directions could be distinguished: One
focusing on the preparation of metal oxide gels, the other on metal oxide
powders. Several groups worked on the preparation of powders using metal
alkoxides and alcohols [15, 23, 25] or inert organic solvents [25, 26, 24]. Espe-
cially the glycothermal method involving the reaction of metal alkoxides or
acetylacetonates with 1,4-butanediol is a versatile approach to various metal
oxides [31] and has recently been reviewed [22]. On the other side, in 1992
Corriu et al. published their work on monolithic silica, alumina, and titania
gels, as well as on gels containing two metals [8, 11, 10]. In the same year,
the synthesis of zinc oxide gels was presented, using zinc alkoxides as pre-
cursors and acetone as condensation agent [18]. Upon aging, the gels formed
a precipitate, which contained 4 nm zincite nanocrystals. An analogous ap-
proach was later on used for TiO2, BaO, and BaTiO3 [3]. Following these
examples, a large variety of metal oxide gels were synthesized and reported,
including silica, alumina, titania, mixed Al/Si and transition metal oxides
from the corresponding metal chlorides and metal alkoxides or ethers as oxy-
gen donors [1, 2], metal ferrites from the metal nitrates and ethylene glycol
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[44], and zirconia and zircon from metal carboxylates and metal alkoxides
[28]. Although some of these “earlier” examples also led to the formation of
nanoscale materials, it was probably the work on the synthesis of titanium ox-
ide nanoparticles, published in 1999 by three independent groups [46, 32, 27]
that gave the starting signal for the intensified search of new synthesis routes
to metal oxide nanoparticles under nonaqueous and/or nonhydrolytic reac-
tion conditions. Nowadays, the family of metal oxide nanoparticles that are
prepared by nonaqueous processes has grown immensely and ranges from
simple binary metal oxides to more complex ternary, multi-metal and doped
systems.

In aqueous systems, metal alkoxides are the most widely used precursors,
and their chemical transformation into the oxidic network involves hydrolysis
and condensation reactions. In aqueous sol-gel processes the oxygen for the
formation of the oxidic compound is supplied by the water molecules. In non-
aqueous systems, where intrinsically no water is present, the question arises,
where the oxygen for the metal oxide comes from. Analogous to the nonhy-
drolytic preparation of bulk metal oxide gels [25], the oxygen for nanoparticle
formation is provided by the solvent (ethers, alcohols, ketones or aldehydes)
or by the organic constituent of the precursor (alkoxides or acetylacetonates).
It is interesting to note that in spite of the large number of methodologies
reported for the nonaqueous synthesis of metal oxide nanoparticles, and inde-
pendent whether surfactants are used or not, most of the known condensation
steps, i.e., the formation of the metal-oxygen-metal bond as basic structural
unit, can be summarized in only five distinct pathways (Scheme 2.2) [37, 39]:

• Alkyl halide elimination (Eq. 2.4)
• Ether elimination (Eq. 2.5)
• Condensation of carboxylate groups (ester and amide eliminations) (Eq.

2.6)
• C-C coupling of benzylic alcohols and alkoxide molecules (Eq. 2.7)
• Aldol/ketimine condensation (Eq. 2.8).

Alkyl halide elimination, the condensation between metal halides and metal
alkoxides (either initially added, or formed upon the reaction of metal halides
with alcohols) under release of an alkyl halide, is shown in Eq. 2.4. Ether elim-
ination (Eq. 2.5) is the result of the reaction between two metal alkoxides.
The ester elimination process involves the reaction between metal carboxy-
lates and metal alkoxides or between metal carboxylates and alcohols (Eq.
2.6). Analogous to ester eliminations are amide eliminations, e.g. reactions
between metal carboxylates and amines. Alkyl halide, ether and ester elimi-
nations are the most commonly reported routes. However, due to the excellent
catalytic activity of the metal centres in the precursor species peculiar and
more complex organic reactions such as C-C bond formation between alkoxy
groups were also observed (Eq. 2.7). Whereas in some cases the presence of
a basic species was a prerequisite for C-C bond formation, transition metals
with high Lewis acidity, such as Nb, Y, and Ce, were able to directly catal-



14 2 Aqueous and Nonaqueous Sol-Gel Chemistry

M X + + (2.4)M O M R XR O M

M OR + + R O RRO M M O M (2.5)

+ (2.6)M O MR O MM O CR’ +

O

RO CR’

O

+ PhCH OH2
M O MM O2 PhCH2CH2CH

3
CH

OH

+ (2.7)
- PrOHi

+M OR2 O2 OM O M + (2.8)
- 2 ROH

Scheme 2.2. Main condensation steps in nonaqueous sol-gel processes resulting in
the formation of a metal-oxygen-metal bond. Alkyl halide elimination (Eq. 2.4), ether
elimination (Eq. 2.5), ester elimination (Eq. 2.6), C-C bond formation between ben-
zylic alcohols and alkoxides (Eq. 2.7), aldol condensation reactions (Eq. 2.8)

yse this Guerbet-like reaction. If ketones are used as solvents, the release of
oxygen usually involves aldol condensation, where two carbonyl compounds
react with each other under formal elimination of water (Eq. 2.8). The wa-
ter molecules act as oxygen supplying agent for the metal oxide formation.
However, all these condensation mechanisms are discussed in more details in
Chapter 5.

2.4 Surfactant-Directed vs. Solvent-Controlled
Nonaqueous Sol-Gel Approaches

Nonaqueous processes can roughly be divided into surfactant- and solvent-
controlled approaches. Surfactant-controlled synthesis routes involve the trans-
formation of the precursor species into the oxidic compound in the presence
of stabilizing ligands in a typical temperature range of 250 to 350 ◦C. The
most popular and successful approach within this strategy is the hot injec-
tion method, where the reagents are injected into a hot surfactant solution,
which was particularly successfully applied in the synthesis of semiconductor
nanocrystals [35].

An elegant alternative to surfactants is the use of common organic solvents,
which act as reactant as well as control agent for particle growth, enabling
the synthesis of high-purity nanomaterials in surfactant-free medium [41]. In
comparison to the synthesis of metal oxides in the presence of surfactants
the solvent-controlled approaches are simpler, because the initial reaction
mixture just consists of two components, the metal oxide precursor(s) and a
common organic solvent. The small number of reactants simplifies the char-
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acterization of the final reaction solution and, related to that, the elucidation
of the chemical reaction mechanisms. The synthesis temperature is typically
in the range of 50 to 200 ◦C, which is notably lower than in the hot-injection
method.

A comparison of the literature on both approaches clearly shows that sur-
factant routes permit outstanding control over the growth of metal oxide
nanoparticles, leading to almost perfectly monodisperse samples [40]. The
ability of surfactants to cap the surface of the nanoparticles, sometimes com-
bined with selectivity towards specific crystal faces, provides advantages such
as shape control, low agglomeration tendency, good dispersibility in organic
solvents, and the potential to tailor the surface properties. However, draw-
backs resulting from surface-adsorbed surfactants are the unpredictable influ-
ence on the toxicity of the nanoparticles [36, 5], and the diminished accessibil-
ity of the particle surface, which is a serious issue regarding applications in gas
sensing or catalysis. Although solvent-controlled approaches generally result
in some agglomeration, the dispersibility properties of the nanoparticles can
be improved by a post-synthetic functionalization step. In some cases a tiny
amount of surfactants suffices to lead to completely transparent nanopar-
ticle dispersions. However, surfactant-assisted and surfactant-free synthesis
approaches both have advantages and limitations. Table 2.1 summarizes the
pros and cons of the two strategies, clearly underlining that they are rather
complementary [41]. Of course, one always has to be careful with such general
trends, because selected reaction systems can behave in a completely opposite
way.

Table 2.1. Pros and cons of surfactant-directed and solvent-controlled nonaqueous
liquid-phase routes to metal oxide nanoparticles

Surfactant-directed approaches Solvent-controlled approaches

Pros

• Excellent control over crystal size
• Narrow size distribution
• Good control over crystal shape
• Low agglomeration tendency
• Good redispersibility

• Low amount of organic impurities
• Non-toxic solvents
• Simple, robust and widely appli-

cable synthesis protocols
• Good accessibility of the nano-

particle surface

Cons

• Large amount of organic impuri-
ties

• Toxicity of surfactants
• Restricted accessibility of the na-

noparticle surface
• Complex reaction mixtures

• Less control over crystallite size
and shape

• Broader size distributions
• Formation of agglomerates
• Restricted redispersibility
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mit Aether. Annal. Chem. Pharm. 57, 334 (1846)

15. Fanelli, A.J., Burlew, J.V.: Preparation of fine alumina powder in alcohol. J. Am.
Ceram. Soc. 69, C174–C175 (1986)

16. Gerrard, W., Kilburn, K.D.: Correlation between reactivity of the 1-carbon atom
in alcohols, and certain properties of alkoxysilanes. J. Chem. Soc. pp. 1536–1539
(1956)

17. Gerrard, W., Woodhead, A.H.: Interaction of alcohols with silicon tetrachloride.
J. Chem. Soc. pp. 519–522 (1951)

18. Goel, S.C., Chiang, M.Y., Gibbons, P.C., Buhro, W.E.: New chemistry for the
sol-gel process: Acetone as a new condensation reagent. Mater. Res. Soc. Symp.
Proc. 271, 3–13 (1992)

19. Hay, J.N., Raval, H.M.: Synthesis of organic-inorganic hybrids via the non-
hydrolytic sol-gel process. Chem. Mater. 13, 3396–3403 (2001)

20. Hench, L.L., West, J.K.: The sol-gel process. Chem. Rev. 90, 33–72 (1990)
21. Hubert-Pfalzgraf, L.G.: Some aspects of homo and heterometallic alkoxides based

on functional alkohols. Coord. Chem. Rev. 178–180, 967–997 (1998)



References 17

22. Inoue, M.: Glycothermal synthesis of metal oxides. J. Phys.: Condens. Matter
16, S1291–S1303 (2004)

23. Inoue, M., Kitamura, K., Tanino, H., Nakayama, H., Inui, T.: Alcohothermal
treatments of gibbsite: Mechanisms for the formation of boehmite. Clays Clay
Miner. 37, 71–80 (1989)

24. Inoue, M., Kominami, H., Inui, T.: Thermal transformation of χ-alumina formed
by thermal decomposition of aluminum alkoxide in organic media. J. Am. Ceram.
Soc. 75, 2597–2598 (1992)

25. Inoue, M., Kominami, H., Inui, T.: Novel synthetic method for the catalytic use
of thermally stable zirconia: Thermal decomposition of zirconium alkoxides in
organic media. Appl. Catal., A 97, L25–L30 (1993)

26. Inoue, M., Kominami, H., Otsu, H., Inui, T.: Synthesis of microcrystalline titania
in organic media. Nippon Kagaku Kaishi pp. 1364–1366 (1991)

27. Ivanda, M., Music, S., Popovic, S., Gotic, M.: XRD, Raman and FT-IR spectro-
scopic observations of nanosized TiO2 synthesized by the sol-gel method based
on an esterification reaction. J. Mol. Struct. 481, 645–649 (1999)

28. Jansen, M., Guenther, E.: Oxide gels and ceramics prepared by a nonhydrolytic
sol-gel process. Chem. Mater. 7, 2110–2114 (1995)

29. Jolivet, J.P.: Metal oxide chemistry and synthesis. John Wiley & Sons Ltd.:
Chichester, England (2000)

30. Jun, Y.W., Choi, J.S., Cheon, J.: Shape control of semiconductor and metal oxide
nanocrystals through nonhydrolytic colloidal routes. Angew. Chem. Int. Ed. 45,
3414–3439 (2006)

31. Kominami, H., Inoue, M., Inui, T.: Formation of niobium double oxides by the
glycothermal method. Catal. Today 16, 309–317 (1993)

32. Kominami, H., Kato, J., Murakami, S., Kera, Y., Inoue, M., Inui, T., Ohtani,
B.: Synthesis of titanium IV oxide of ultra-high photocatalytic activity: High-
temperature hydrolysis of titanium alkoxides with water liberated homogeneously
from solvent alcohols. J. Mol. Catal. A: Chem. 144, 165–171 (1999)

33. Livage, J., Henry, M., Sanchez, C.: Sol-gel chemistry of transition metal oxides.
Prog. Solid State Chem. 18, 259–341 (1988)

34. Mehrotra, R.C., Singh, A.: Recent trends in metal alkoxide chemistry. Prog.
Inorg. Chem. 46, 239–454 (1997)

35. de Mello Donega, C., Liljeroth, P., Vanmaekelbergh, D.: Physicochemical evalua-
tion of the hot-injection method, a synthesis route for monodisperse nanocrystals.
Small 1, 1152–1162 (2005)
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Chapter 3

Surfactant-Assisted Synthesis

3.1 Hot-Injection Method

In 1993, Murray et al. published the synthesis of monodisperse CdX (X=S,
Se, Te) nanocrystallites in molten trioctylphosphine oxide (TOPO) [90]. This
work provided the basis for the so-called hot-injection method, which involves
the injection of a room-temperature (“cold”) solution of precursor molecules
into a hot solvent in the presence of surfactants [87] (Figure 3.1).

Fig. 3.1. Experimental set-up and reaction scheme for the hot-injection method

The fast injection of the precursor induces a high degree of supersatura-
tion, resulting in a short burst of nucleation. During the nucleation process
the precursor concentration in the solution decreases abruptly. The drop in
temperature, due to the injection of the “cold” reactants, and the low con-
centration of unreacted remaining precursor prevent any further nucleation
events. In a next step, the temperature is carefully increased to a value which
allows the slow growth of the nuclei to larger nanoparticles, however still
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suppresses further nucleation. The separation of nucleation and growth is a
prerequisite to synthesizing monodispersed nanoparticles [99], and therefore
the hot-injection method generally leads to nanoparticles with a narrow size
distribution of σ ∼ 10%. If size distributions narrower than 5% are required,
then a size-selection process has to be applied.

The surfactants, typically consisting of a coordinating head group and a
long alkyl chain, adsorb reversibly to the surfaces of the growing nanopar-
ticles, and thus provide a dynamic organic capping layer that stabilizes the
nanoparticles in solution and also mediates their growth [10]. The use of
surfactants with selectivity towards specific crystal faces, or mixtures of sur-
factants with different binding affinities to the nanocrystal surface allow ex-
cellent control over crystal size, size distribution and morphology [71].

Finally, the nanocrystals can be precipitated by adding a nonsolvent. Af-
ter their separation from the reaction liquid, the nanoparticles can be redis-
persed in suitable, usually apolar, organic solvents, forming stable colloidal
suspensions. The surfactants used during the synthesis and now attached to
the surface of the nanocrystals can be exchanged against other ones in a
post-synthetic step, allowing not only the chemical modification of the sur-
face properties of the nanoparticles in general, but also the tailoring of the
dispersibility behavior in different solvents in particular [75].

The hot-injection method proved to be particularly versatile for preparing
II-VI, IV-VI and III-V semiconductor nanocrystals [87, 99], however, it has
also been extended to the synthesis of other materials such as metals and
metal oxides. In 1999, Trentler et al. adapted the hot-injection method for
the preparation of titania nanocrystals [140]. The procedure involved the in-
jection of a titanium alkoxide into a hot solution of titanium tetrachloride,
trioctylphosphine oxide and heptadecane. The off-white precipitate consisted
of nearly spherical anatase nanoparticles with crystal sizes of less than 10
nm (Figure 3.2) and with excellent crystallinity (Figure 3.2, inset). Control
over the crystal shape can be achieved upon addition of the surface-selective
surfactant lauric acid (LA, CH3(CH2)10COOH) in addition to TOPO as non-
selective surfactant [60]. Depending on the LA concentration, the shape of
the anatase nanocrystals varies from bullet- and diamond-like to rods and
branched rods (Figure 3.3). The authors proposed that the growth of the
nanocrystals is determined by the minimization of the surface area associ-
ated with the high energy facet [60].

In addition to titania, the hot-injection method was reported for the prepa-
ration of other metal oxides, e.g., MnO (injection of a manganese Cupferron
complex dissolved in octylamine into trioctylamine at 300◦C) [108], ZnO (in-
jection of diethylzinc in decane into TOPO at 200◦C) [121], ZrO2 (injection of
zirconium isopropoxide into a solution of ZrCl4 and TOPO in heptadecane)
[39], CeO2 (injection of cerium benzoylacetonate dissolved in oleylamine into
oleylamine at 250◦C) [122], or γ-Fe2O3 (co-injection of iron pentacarbonyl
in octyl ether and meta-chloro peroxybenzoic acid in octyl ether into a so-
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lution of tridecanoic acid in octyl ether at 293◦C [14], or injection of iron
pentacarbonyl into dodecylamine at 180◦C [18].

Fig. 3.2 TEM and
HRTEM images of
anatase nanoparticles
obtained by the hot-
injection method in
TOPO. Image repro-
duced in part from Ref.
[140] with permission of
the American Chemical
Society

50 nm

5 nm

Fig. 3.3. HRTEM images and simulated three-dimensional shapes (bullet, diamond,
short rod, long rod, and branched rod) that can be found for anatase nanocrystals
synthesized by the hot-injection method using LA and TOPO as surfactants. Image
reproduced in part from Ref. [60] with permission of the American Chemical Society

In addition to the injection of molecular precursors, also the rapid addi-
tion of metal oxide sols, amorphous nanoparticulate precursors, or reactive
solvents to the hot solvent was reported as interesting modifications of the
“standard” hot-injection method. In the first case, metal oxide sols were pre-
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pared by aqueous sol-gel techniques and subsequently injected into a solution
of dodecylamine in tetradecene at 160◦C [32]. The inorganic polymerization
during the preparation of the sols was controlled through the addition of
acetylacetone. The choice of the amine as surfactant was based on its ability
to exchange the acetylacetonate ligands as well as to promote the conden-
sation of the M-OH bonds on the particle surfaces. On the other hand, the
amine acts as steric stabilizing agent, and consequently it is the competi-
tion between the different roles of the amine that determines the final size
and structure of the products. The as-synthesized nanoparticles were either
nanocrystalline (SnO2, ZnO) or nearly amorphous (TiO2, In2O3).

Another adaptation of the hot-injection method was reported for BaTiO3

nanocrystals, involving first the synthesis of “pseudo” bimetallic precursors
and their subsequent combination with a mixture of hot oleylamine and dif-
ferent surface coordinating ligands for crystallization and crystal growth [17].
The preparation of the bimetallic precursor was based on the dissolution of
barium metal in benzyl alcohol, followed by the addition of titanium iso-
propoxide, similar to the procedure reported by Niederberger et al. [93, 94].
The formed white and amorphous precipitate, still dispersed in benzyl alco-
hol, was injected into a preheated (320◦C) solvent/ligand mixture consisting
of oleylamine/decanoic acid or oleylamine/oleic acid. Depending on the com-
position of the solvent/ligand mixture BaTiO3 nanocrystals with diameters
of 2–3, 3–5, or 6–10 nm were obtained.

The injection of a reactive solvent constitutes another strategy in the
hot-injection method. Tang et al. applied this approach for the preparation
of titania nanoparticles [136]. Bis(cyclooctatetraene)titanium Ti(COT)2 was
dissolved in anhydrous o-dichlorobenzene in the presence of coordinating lig-
ands such as tributylphosphine, tributylphosphine oxide or TOPO. The injec-
tion of dimethyl sulfoxide (DMSO) to this mixture at 120◦C instantaneously
leads to a reaction of Ti(COT)2 with DMSO, yielding monodispersed tita-
nia nanocrystals of about 15 nm and S(CH3)2 as organic side product. An
analogous strategy was pursued by Zhang et al. for the preparation of titania
nanorods with tunable aspect ratio [175]. In this case, titanium isopropox-
ide and oleic acid were heated in 1-octadecene, resulting in the formation of
titanium carboxylate complexes. After heating the mixture to 260◦C, oley-
lamine was injected, initiating the aminolysis reaction (cf. Chapter 5.4) that
finally produced the titania nanorods. The length of the titania nanorods
was easily tunable from 12 to 30 nm (Figure 3.4a,b), all with a diameter
of about 2 nm, through the amount of oleylamine added. Ceria nanocrys-
tals were obtained from cerium nitrate hexahydrate after the injection of
diphenyl ether in the presence of various surfactants [161]. Depending on the
surfactants and their relative ratio (oleylamine, oleylamine/tri-n-octylamine,
or oleylamine/oleic acid) the shape of the ceria nanocrystals could be varied
from spheres to nanowires and tadpole-shaped nanowires (Figure 3.4c). Other
examples making use of the same strategy are the preparation of In2O3, ZnO,
CoO, and MnO nanoparticles or nanoflowers from the corresponding metal
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acetates in the presence of myristic acid or stearic acid [92]. After dissolving
the precursors and acids in 1-octadecene, the reaction mixture was heated
to 280◦C. Injection of alcohols such as 1-octadecyl alcohol or decyl alcohol
as activation agents initiated the formation of the corresponding metal oxide
nanomaterials. By reducing the degree of ligand protection it was possible to
change the morphological characteristics of the products from stabilized pri-
mary nanocrystals to 3D nanostructures grown through oriented attachment
(cf. also Chapter 6.2) [91].

(a) (b) (c)

Fig. 3.4. a–c TEM overview images of titania nanorods with lengths of a 12 and b 30
nm. Reproduced partly from Ref. [175] with permission of Wiley-VCH. c TEM images
of tadpole-shaped ceria nanocrystals (left: overview, right: one individual nanocrystal;
inset: HRTEM image). Reproduced partly from Ref. [161] with permission of Wiley-
VCH

3.2 Heating-Up Method

In the so-called “heating-up”method the reaction solution is prepared at low
temperature. Subsequent heating initiates the crystallization process, which
finally leads to the formation of nanocrystals. The heating-up method is par-
ticularly advantageous for large-scale production, because of its simplicity
[99]. Nevertheless, the size uniformity that can be achieved by this approach
is comparable to the best results obtained from the hot-injection method.

The heating-up method for the synthesis of magnetic iron oxide nanopar-
ticles was pioneered by Hyeon et al. [50]. Adapting a synthesis protocol pre-
viously published by Bentzon et al. for the preparation of iron oxide su-
perlattices [6], the procedure involved the injection of iron pentacarbonyl
Fe(CO)5 into a mixture of octyl ether and oleic acid at the moderate temper-
ature of 100◦C, producing iron oleate complexes as precursor species, whose
exact structure is however unknown. During the subsequent heating to re-
flux (around 300◦C) the iron oleate complexes decompose and metallic iron
nanoparticles are generated that can easily be oxidized to γ-Fe2O3 by the
mild oxidant trimethylamine oxide. The nanocrystals are highly monodis-
perse with diameters of 11 nm. Interestingly, it was not possible to increase
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the crystal diameter just by varying the Fe(CO)5-to-oleic acid ratio. Instead,
larger crystals were obtained by adding more iron oleate complex to the previ-
ously prepared 11 nm sized iron nanocrystallites. This seed-mediated growth
is the most apparent strategy for the separation of nucleation and growth
and has successfully been applied for the size-controlled synthesis of many
different metal oxide nanoparticles (cf. also Section 3.6).

The heating-up method became the method of choice for magnetic nanopar-
ticles such as spinel ferrites [49]. Figure 3.5 gives an overview of selected
magnetic nanoparticles synthesized by this technique. Figure 3.5a and b dis-
play MnFe2O4 nanoparticles either with spherical or cubelike morphology.
The synthesis involved the reaction of iron acetylacetonate and manganese
acetylacetonate with 1,2-hexadecanediol, oleic acid, and oleylamine in benzyl
ether [166]. Whereas the size was tuned by varying the concentration of the
precursors, the shape was controlled by the amount of stabilizers added to
the reaction mixture. At lower surfactant concentrations, the nanocrystals
were spherical, with diameters of 12 nm (Figure 3.5a). Increasing the amount
of surfactants yielded cubelike particles with basically the same size (Figure
3.5b). Manganese ferrite nanoparticles were also prepared from Mn2(CO)10

and Fe(CO)5 in octyl ether and oleic acid [63]. The crystal size was adjusted
by changing the molar ratio of precursors to oleic acid. A 1:1 ratio led to
5 nm-sized crystals (Figure 3.5c), whereas a ratio of 1:3 resulted in larger
particles of 10 nm (Figure 3.5d), both with a spherical morphology. Uniform
Mn3O4 nanoparticles were obtained upon the reaction of manganese acety-
lacetonate with oleylamine [115]. Figure 3.5e shows a TEM overview image
of nearly monodisperse and spherical nanoparticles of 10 nm in diameter.
The clearly visible lattice fringes in the HRTEM image prove the highly crys-
talline nature of these nanoparticles (Figure 3.5f). In contrast to many other
colloidal routes the heating-up method has proven to be scalable, i.e., it en-
ables the synthesis of several tens of grams of monodisperse nanoparticles
in one batch without a size-sorting process [98]. Figure 3.6 shows an overall
scheme leading to the formation of magnetite Fe3O4 nanocrystals, up to 40 g
and larger than 95% in yields. The heating-up method constitutes nowadays
one of the most popular synthesis routes and consequently, a large number
of metal oxide nanoparticles have been prepared and reported based on this
approach [99].
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b d

c

f

ea

Fig. 3.5. a–f TEM images of magnetic nanoparticles: a spherical 12 nm sized
MnFe2O4, b cubelike MnFe2O4, c spherical 5 nm-sized MnFe2O4, d spherical 10
nm-sized MnFe2O4, e spherical 10 nm-sized Mn3O4, and f HRTEM image of the
nanoparticles displayed in e. Images a and b reproduced from Ref. [166], c and d
from Ref. [63] with permission of the American Chemical Society. Images e and f
reproduced from Ref. [115] with permission of Wiley-VCH

FeCl 6H O3 2
. “Iron Oleate”+ NaOOC(CH ) CH=CH(CH ) CH2 7 2 7 3

70 °C / 4h
+ NaCl

“Iron Oleate”
320 °C / 30 min

Ethanol, water,
hexane

Oleic acid,
1-octadecene

Fig. 3.6. Schematic overview of the synthesis pathway to monodisperse Fe3O4
nanocrystals involving the formation of iron oleate and its subsequent thermal de-
composition
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3.3 Comparison of the Heating-Up and Hot-Injection
Method

Regarding the nucleation process, the main difference between the heating-up
and the hot-injection method is the instantaneous supersaturation that is in-
duced in the hot-injection method. Although the crystallization mechanisms
underlying the control of the size distribution in the heating-up method are
much less understood than in the hot-injection method, one would expect
different growth kinetics for both methods. However, investigations in this
direction did not yet show any significant differences, at least in compari-
son with other, obviously more important reaction parameters. In the case
of ZnO nanoparticles for example, prepared by the thermal decomposition
of zinc acetate in alkylamines in the presence of tert-butylphosphonic acid
(TBPA), the UV-vis absorption spectra showed similar optical features for
the final products prepared by the hot-injection and heating-up method, re-
spectively [24]. On the other hand, it was found that TBPA was essential
to keep the crystal size in the nanoscopic regime, and that the TBPA-to-
zinc acetate ratio strongly influenced both the growth kinetics and the final
crystal size. Comparison of the two methods was also drawn in the case
of more complex morphologies like tetrapod-shaped maghemite nanocrystals
[28]. The heating-up method involved the addition of iron pentacarbonyl,
dissolved in 1-octadecene, to the three surfactants oleic acid, oleylamine and
hexadecane-1,2-diol in 1-octadecene at 100◦C, followed by heating to 240◦C
for 1h. The hot-injection procedure was different in that the iron pentacar-
bonyl was rapidly injected into the hot surfactant mixture at 240◦C. However,
both methods resulted in the formation of rather similar γ-Fe2O3 tetrapods,
with the only difference that the arms of the tetrapods obtained by the hot-
injection are slightly thicker. In both methods the main parameter deter-
mining the length of the arms of the tetrapods is the concentration of the
precursor.

3.4 Solvothermal Synthesis

Solvothermal processes refer to chemical reactions that are performed in a
closed reaction vessel at temperatures higher than the boiling point of the
solvent employed. Solvothermal processes are mainly defined by chemical
parameters such as the nature of the reagents and of the solvents, and by
thermodynamical factors, in particular temperature and pressure [29]. Al-
though solvothermal techniques have a long history, for a long time their
whole focus was on the processing of bulk crystals and bulk materials, and
fine grained powders, often obtained by these approaches, were discarded due
to the lack of suitable characterization tools [11]. With the growing interest
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in sub-micron and nanosized powders with well-defined sizes and morpholo-
gies, solvothermal syntheses became a fundamental branch of nanoparticle
preparation and processing. The trend towards greener technologies further
strengthens these approaches, because on the one hand they consume less en-
ergy, due to the moderate reaction temperatures, and on the other hand they
allow the use of common, inexpensive laboratory solvents, whose low boiling
points constituted the main limitation for nanoparticle synthesis [106]. More
information about hydro- and solvothermal processes including equipment
and technical details can be found somewhere else [11]. Examples of metal
oxide nanoparticles prepared under solvothermal conditions and in the pres-
ence of surfactants are magnetite [45, 46], ceria [130], hematite [82], tin oxide
[149], cobalt oxides [155, 152, 83], or ZnO, N-doped ZnO and CdO [141]. An
interesting example is the synthesis of anatase nanoparticles in toluene in
the presence of oleic acid as surfactant [65]. In this case, the particle shape
can be varied from nearly spherical (Figure 3.7a) to elongated, dumbbell-like
nanorods (Figure 3.7b), either by increasing the concentration of titanium
isopropoxide in toluene, or by increasing the concentration of oleic acid with
respect to the precursor.

100 nm

(a)

50 nm

(b)

Fig. 3.7. a–b TEM overview images of titania nanoparticles prepared by varying the
titanium isopropoxide-to-toluene weight ratios in the presence of a constant amount
of oleic acid. a 5:100 and b 20:100. Images reproduced from Ref. [65] with permission
of Elsevier Inc

3.5 Microwave Technique

The use of microwave irradiation in the synthesis of inorganic nanomaterials
represents a rather new development, although this technique is well known
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in organic synthetic chemistry for more than two decades [40, 64, 129]. Mi-
crowave reactors operate at a frequency of 2.45 GHz, corresponding to a pho-
ton energy of 0.0016 eV, which is too low to break chemical bonds and which
is also lower than the energy of Brownian motion. Consequently, microwaves
are not able to induce chemical reactions, but they offer a very efficient heat-
ing tool. Irradiation of a reaction mixture at microwave frequencies results
in alignment of the dipoles or ions in the electric field. Due to the fact that
the applied field oscillates, the dipole or ion field has to realign itself contin-
uously, which produces energy in the form of heat through molecular friction
and dielectric loss [64]. The efficiency with which electromagnetic radiation is
converted into heat is dependent on the dielectric properties of a solvent, i.e.,
solvents with strong ability to be polarized by the electric field are particu-
larly advantageous for rapid heating. Organic solvents with high microwave
absorbing properties are ethylene glycol, ethanol, dimetylsulfoxide (DMSO),
isopropanol or formic acid [40]. Solvents without a permanent dipole moment
like carbon tetrachloride, benzene or dioxane are nearly microwave transpar-
ent. Nevertheless, also these solvents can be used for microwave chemistry, as
long as other reagents in the reaction mixture are polar. Furthermore, polar
additives like ionic liquids can be added to otherwise low-absorbing media to
increase the absorbance.

Fast and efficient heating as provided by microwave irradiation bears great
potential for large-scale synthesis without suffering thermal gradient effects,
and therefore this method became also interesting for the preparation of
inorganic nanomaterials [33, 79]. The fast energy transfer directly to the
reactants allows an instantaneous decomposition of nanocrystal precursors,
creating highly supersaturated solutions. By varying the microwave irradia-
tion time and the concentration of the surfactants it was possible to obtain
rare earth oxide nanostructures ranging from small spherical nuclei to short
rods and extended assemblies of nanowires [96]. In a typical reaction, metal
acetates or metal acetylacetonates were dissolved in a mixture of oleic acid
and oleylamine. After irradiating in a conventional domestic microwave oven
for 5 to 15 minutes, uniform nanorods, nanowires and nanoplates of M2O3

(M = Pr, Nd, Sm, Eu, Gd, Tb, Dy) were obtained [96]. Figure 3.8 gives an
overview of the as-synthesized Sm2O3 (Figure 3.8a) Nd2O3 (Figure 3.8b) and
Gd2O3 (Figure 3.8c) nanorods and nanowires. The nanorods with an aver-
age diameter of 1.2 nm and an average length of 4–5 nm are self-assembled
into 2D superstructures. The HRTEM image in Figure 3.8d clearly shows the
crystalline nature of the Gd2O3 nanowires grown along the [100] direction.
The authors also performed reference experiments, however using conven-
tional heating and they found that the resulting nanorods were significantly
less uniform than those obtained under microwave irradiation. From these
findings they concluded that microwave chemistry offered better control of
the morphology.

Another example for microwave-assisted processes is the synthesis of
anatase nanocrystals in 1-butyl-3-methylimidazolium tetrafluoroborate as
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a) b) c)

d)
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50 nm 20 nm 50 nm

20 nm

Fig. 3.8. a–e TEM images of a Sm2O3, b Nd2O3, c Gd2O3 nanorod assemblies, d
HRTEM image of one Gd2O3 nanowire. e TEM overview images of anatase nanocrys-
tals. Images a–d reproduced from Ref. [96], e from Ref. [30] with permission of the
American Chemical Society

ionic liquid solvent and titanium isopropoxide as precursor [30]. After an irra-
diation time of 3–40 minutes, a milky suspension was obtained. TEM studies
showed that the nanoparticles exhibited a uniform and cube-like shape with
edge length of about 10 nm (Figure 3.8e). However, we have to point out
that in this example titanium isopropoxide was hydrolyzed by traces of wa-
ter present in the ionic liquid.

3.6 Seed-Mediated Growth

The seed-mediated growth is the most apparent approach for the separation
of nucleation and growth. Nucleation is physically separated from growth by
using preformed nanocrystals as seed nuclei, i.e., heterogeneous nucleation
prevents the formation of additional nuclei by homogeneous nucleation. Pre-
formed nuclei in the reaction solution are supplied with monomers that react
on the surface of the nuclei. It is important that the monomer concentration is
low enough to suppress homogeneous nucleation. Seed-mediated growth can
be divided into two categories related to homogeneous and heterogeneous
particles. Homogeneous particles consist of just one material, whereas het-
erogeneous particles have compositionally different sections, as for example
found in core-shell structures. The latter are discussed in Chapter 3.8.

Seed-mediated growth has mainly been developed for the synthesis of
metallic nanoparticles [53, 160], however, can also be used for metal oxides, in
particular for magnetic nanoparticles. It is possible to achieve exceptionally
narrow size distributions (standard deviation σ < 5%), if the seed nuclei are
also very uniform. An impressive example along these lines is the preparation
of iron oxide nanocrystals, whose diameter can be adjusted in one nanometer
increments [102]. The synthesis involves a two step process. Firstly, monodis-
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perse iron nanoparticles were prepared from iron pentacarbonyl Fe(CO)5 and
oleic acid in dioctyl ether [49]. Depending on the molar Fe(CO)5-to-oleic acid
ratio the size of the iron nanoparticles can be adjusted from 4 to 8 and 11
nm. A very subtle size-tuning in one nanometer increments is then possi-
ble by reacting these seed nanoparticles with iron oleate solutions of defined
concentrations, yielding monodisperse iron nanoparticles that transform into
iron oxide nanoparticles of 6, 7, 8, 9 (Figure 3.9a–d), 10, 11, 12, and 13
nm on exposure to air [102]. The small size distribution leads to a hexago-
nally ordered arrangement of the nanoparticles on the TEM grid. Also spinel
cobalt ferrite nanocrystals were obtained by a seed-mediated growth process
[128]. In a first step, spherical CoFe2O4 nanocrystals with a diameter of 5 nm
were prepared starting from cobalt and iron acetylacetonate in phenyl ether,
1,2-hexadecanediol, oleic acid and oleylamine (Figure 3.9e). These primary
nanocrystals were used as seeds in additional precursor solutions to grow
larger particles, either spherical or cube-shaped ones of 11 nm (Figure 3.9f).
Similarly, CoFe2O4 (Figure 3.9g) and MnFe2O4 (Figure 3.9h) with crystal
sizes of 14 nm were prepared [132].

20 nm 20 nm 20 nm20 nm

(b) (c) (d)

(e) 50 nm

(a)(a)

(f) 50 nm (h)(g)

50 nm 50 nm

Fig. 3.9. a–h TEM overview images of iron oxide nanoparticles with diameters of a
6, b 7, c 8, d 9 nm proving the one nanometer size increments. Images reproduced
from Ref. [102] with permission of Wiley-VCH. TEM overview images of e 5 nm-
sized spherical CoFe2O4 nanocrystal seeds and f 11 nm-sized cube-shaped CoFe2O4
nanocrystals after seed-mediated growth. TEM overview images of 14 nm-sized g
CoFe2O4 and h) MnFe2O4 nanoparticles made by seed-mediated growth. Images e
and f reproduced from Ref. [128], images g and h from Ref. [132] with permission of
the American Chemical Society
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3.7 Self-Assembled Nanoparticles

Surfactants as amphiphilic molecules are characterized by a rich self-assembly
chemistry and therefore they offer the possibility to grow and assemble the
nanoparticles in one step. In these cases, the surfactants not only influence
the size and shape of the nanoparticles, but also arrange them into highly
organized nanostructures. These structures are composed of a regular array
of inorganic nanoparticles, usually with a 1- or 2-dimensional morphology,
and held together by the organic species. It is intriguing to see that these
structures on the one hand are characterized by a particularly tiny size of
their inorganic building blocks, often in the size range of the unit cell, and on
the other hand by a high order of the inorganic and organic component over
a length scale of tens of nanometers up to several microns [168]. Selected
examples are presented in Figure 3.10. The decomposition of a europium-
benzoylacetonate complex in a mixture of oleic acid and oleylamine resulted
in the formation of Eu2O3 nanoplatelets with a diameter of 32 nm and a
thickness of 1.6 nm [122]. Redispersed in cyclohexane these platelets arranged
into arrays with an interparticle distance of 2.3 nm (Figure 3.10a). Zinc ox-
ide nanorods, obtained from zinc acetate, trioctylamine and oleic acid, self-
organized on the TEM grid into isolated close-packed stacks with their long
axis parallel to each other [157]. The rods had an average diameter of 2.2 nm
and the length ranged from 40 to 50 nm (Figure 3.10b). Similarly gadolin-
ium oxide nanoplatelets formed stacks on the TEM grid (Figure 3.10c). The
particles with an edge length of 8 nm and a thickness of 1.1 nm were synthe-
sized from gadolinium acetate in oleylamine, oleic acid and octadecene [12].
Samaria nanowires just 1.1 nm in diameter, however more than 1 μm long,
aligned into parallel arrays (Figure 3.10d) [162].

(b) (c) (d)(a)(a)

100 nm

25 nm

30 nm 30 nm
20 nm

Fig. 3.10. a–d TEM images of various nanoparticle assemblies. a Arrays of Eu2O3
nanoplatelets. Image taken from Ref. [122] with permission of Wiley-VCH. b Arrays of
2 nm diameter ZnO nanorods (inset: higher magnification showing the oriented stack-
ing). Image taken from Ref. [157]. c Stacks of Gd2O3 nanoplatelets (inset: HRTEM
image). Image taken from Ref. [12]. d Arrays of rectangular-shaped samaria nanowires
with a single unit cell thickness (1.1 nm). Image taken from Ref. [162]. Images b–c
reproduced with permission of the American Chemical Society
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3.8 Heterostructures/Multicomponent Nanoparticles

The main motivation behind nanoparticle research is the quest for new, or
at least greatly improved, chemical and physical properties. With the de-
mand for extending the functionality of nanoparticles, also the level of their
structural and compositional complexity increases. The preparation of so-
called hybrid nanocrystals or heteronanostructures, composed of two or more
compositionally different materials sections and interconnected through per-
manent inorganic interfaces [13], constitutes a recent development in this
direction. These heteronanostructures open up fascinating scientific and tech-
nological perspectives. The combination of subunits with varying properties
(e.g., optical, magnetic, catalytic, or electronic) within one nanoparticle pro-
vides a “smart”platform, paving the way to the development of nanosized ob-
jects able to perform multiple tasks [27]. The electronic contacts between the
different materials sections might lead to modified, or unexpected physical-
chemical responses or coupling mechanisms, offering an additional tool to
engineer the performance of these nanomaterials [13]. Especially for optoelec-
tronic and photovoltaic applications combined semiconductors with different
band gaps and appropriately chosen band offsets could either trap electron-
hole pairs to force recombination at specific sites, or separate electrons from
holes [88]. In the field of catalysis, connecting metal sections to metal oxides
might lead to high efficiencies in redox reactions [146].

Core-shell configurations, in which one inorganic nanomaterial is uniformly
grown around a compositionally different nanocrystal core, represent a rel-
atively simple and widely studied family of heteronanostructures. Prerequi-
sites for the formation of such structures is, on the one hand, a reasonable
match between the lattice constants of both components, and, on the other
hand, a selective heterogeneous nucleation of the shell onto the preformed
core without further, regionally separated, homogeneous nucleation of the
second material. There are two main strategies to core-shell structures. One
involves the slow addition of the molecular precursor for the shell structure
to the cores at relatively low temperatures. The second approach is based
on the chemically or thermally induced conversion of the outermost layer
of the core into the shell material. The different possible pathways made it
possible to combine metals, semiconductors, magnetic and oxide materials,
leading to heterostructures that, however, do not necessarily exhibit epitaxy
between the components [27]. Most of the core-shell structures were synthe-
sized with the purpose to increase the robustness and fluorescence efficiency
of a semiconductor core. However, the deposition of a surface coating, which
is then suitable for the attachment of organic molecules [77] or the tuning of
the magnetic properties also have attracted much attention due to potential
applications in biomedicine and spintronics [167]. An example for the latter
case is the synthesis of bimagnetic core-shell FePt/Fe3O4 nanoparticles [165].
In a first step, Fe58Pt42 seeds were produced from Pt(acac)2 and Fe(CO)5 in
octyl ether and subsequently coated with Fe3O4 by heating Fe(acac)3, 1,2-
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hexadecanediol, oleic acid, and oleylamine in phenyl ether. The thickness of
the magnetite shell can be tuned by adjusting the Fe(acac)3-to-seeds ratio.
Figure 3.11a shows a TEM image of the Fe58Pt42/Fe3O4 core-shell nanoparti-
cles with a 4 nm core and a 2 nm shell. The magnetic properties were found to
be dependent on the shell thickness due to the exchange coupling between core
and shell [165]. The decomposition of Fe(CO)5 in octadecene in the presence
of oleylamine yielded 6 nm-sized iron nanoparticles. Controlled oxidation of
the iron surface in air produced spherical core-shell nanoparticles with an iron
core of 4 nm and a magnetite shell of 2.5 nm (Figure 3.11b) [104]. Interest-
ingly, these as-synthesized nanoparticles are amorphous and annealing under
Ar is required to induce crystallization. Fe/Fe3O4 core-shell nanoparticles,
however with a cube-like morphology, were prepared in squalene as solvent
and sodium oleate as additive (Figure 3.11c) [118]. The core-shell structure
was confirmed by HRTEM investigations and fast Fourier transform (FFT)
filtering analysis (Figure 3.11c, inset). Lee et al. reported the synthesis of
Ni/NiO core-shell nanoparticles from Ni(acac)2 in oleylamine, TOPO and
TOP [77]. Also in this case, first metal nanoparticles are produced, followed
by oxidation in air. The NiO coating provides high affinity for polyhistidine,
whereas the Ni core offers superparamagnetic properties. These nanoparticles
have been successfully tested for separating and purifying His-tagged proteins
from a multicomponent solution [77].

(a) (b) (c)

Fig. 3.11. a TEM image of Fe58Pt42/Fe3O4 core-shell nanoparticles with a 4 nm
core and a 2 nm shell. Reproduced from Ref. [165] with permission of the American
Chemical Society. b TEM image of Fe/Fe3O4 core-shell nanoparticles with a 4 nm
core and 2.5 nm shell. Reproduced from Ref. [104] with permission of the American
Chemical Society. c TEM overview image, HRTEM image and corresponding FFT
pattern of Fe/Fe3O4 core-shell nanocubes. Image reproduced from Ref. [118] with
permission of Wiley-VCH

In contrast to core-shell nanomaterials, in which only the outer shell sur-
face is chemically accessible, noncentrosymmetric heterostructures have the
advantage that all the subunits provide accessible functional moieties, anal-
ogous to organic molecules with several functional groups. One family of
asymmetric heteronanostructures is represented by heterodimers or hetero-
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(a) (b)

(c) (d)

Fig. 3.12. a TEM image of dumbbell-like Au-Fe3O4 nanoparticles. The gold particles
appear darker and have a diameter of 3 nm, whereas the iron oxide has a diameter of
14 nm. b HRTEM image of a 8–12 nm Au-Fe3O4 nanoparticle. c and d TEM images
of γ-Fe2O3-TiO2 heterostructures consisting of spherical iron oxide attached to titania
nanorods. Images a and b reproduced from Ref. [159], c and d from Ref. [8] with
permission of the American Chemical Society

oligomers, consisting of two or more nearly spherical nanocrystals, as reported
for example for dumbbell-like bifunctional Au-Fe3O4 nanoparticles (Figure
3.12a) [159]. These bifunctional nanostructures were obtained by epitaxial
growth of iron oxide on the gold seeds via decomposition of iron pentacar-
bonyl and oxidation in air. The final shape of the composite particles can be
changed from dumbbell- to flower-like morphologies by varying the polarity
of the solvent. Moreover, also the size of the individual spherical subunits
can be tuned in a way that a rich variety of optical, magnetic, and chemical
properties were achieved. Figure 3.12b shows a typical HRTEM image of one
composite nanoparticle with a 12 nm Fe3O4 and a 8 nm Au subunit. Both par-
ticles are single-crystalline. However, it is also possible to combine units with
different shapes. Semiconductor-magnetic heterostructures based on rod-like
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anatase TiO2 sections with one γ-Fe2O3 sphere attached (Figure 3.12d) were
prepared by the decomposition of iron pentacarbonyl in octadecene contain-
ing titania nanorods (obtained by an aqueous process) and the three surfac-
tants oleic acid, oleylamine and 1,2-hexadecanediol in defined relative ratio
[8]. By adjusting the reaction parameters, the size of the γ-Fe2O3 spheres that
are heterogeneously nucleated on the TiO2 seeds can finely be tuned, and thus
the magnetic properties can also be controlled. Interestingly, the iron oxide
domains exclusively grow on the longitudinal sides of the titania nanorods
(Figure 3.12c and d), resulting in a high lattice misfit. Further information
and many more examples regarding hybrid nanocrystals or heterostructures
can be found in several excellent reviews [13, 27, 167].

3.9 Nonaqueous Processes Using Traces of Water

Although this book is dedicated to nonaqueous sol-gel processes, we want to
briefly discuss some examples that use traces of water to round off the pic-
ture. As mentioned before, major problems of sol-gel methods based on the
hydrolysis and condensation of molecular precursors are, on the one hand,
the control over the fast reaction rates, and, on the other hand, the different
reactivities of metal alkoxides, which makes it difficult to control the com-
position and the homogeneity of complex multicomponent oxides. One pos-
sibility to decrease and to adjust the reactivity of the precursors is the use
of organic additives like carboxylic acids, β -diketones or functional alcohols,
which act as chelating ligands and modify the reactivity of the precursors
[86, 109, 47, 48, 51, 110]. An alternative strategy involves either the slow dis-
solution of water from the gas-phase into the synthesis mixture or addition of
only small amounts of water. Although hydrolysis and condensation by the
moisture of air has often been applied with great success [68, 89, 62], here
only three representative examples are discussed in more detail.

Dicyclohexylzinc(II) [Zn(c-C6H11)2], dissolved in tetrahydrofuran in the
presence of different amines with a long alkyl chain, decomposed into crys-
talline ZnO nanoparticles at room temperature upon evaporation of the
solvent (Figure 3.13a) [89]. The authors found that particle size, shape,
and homogeneity were strongly influenced by the nature of the surfactant,
the relative concentration of the reagents, the solvent, the overall concen-
tration of the reagents, the reaction time, the evaporation time, and the
reaction/evaporation temperature. The reaction of Ce(NO3)3 with a wa-
ter/toluene/oleic acid mixture yielded CeO2 nanocubes with an average size
of 4.4 nm (Figure 3.13b) [153]. A similar particle morphology was obtained for
Corundum-type In2O3 (Figure 3.13c), synthesized upon hydrolysis of indium
isopropoxide using oleic acid, oleylamine, and trioctylamine as stabilizers [76].
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10 nm20 nm

(a) (b) (c)

Fig. 3.13. a–c TEM overview images of metal oxide nanoparticles prepared in organic
solvents in the presence of traces of water. a ZnO. Image taken from Ref. [89] with
permission of Wiley-VCH. b CeO2. Image taken from Ref. [153] with permission of
the American Chemical Society. c In2O3. Image taken from Ref. [76] with permission
of the American Chemical Society

3.10 Tabular Overview

The family of metal oxide nanoparticles synthesized via nonaqueous and
surfactant-controlled processes has increased rapidly in the last few years, so
that it is impossible to give a complete overview in this short book chapter.
We tried to show, based on only a small number of selected and represen-
tative examples, the various synthesis methods within this active research
field as well as their versatility to access complex nanomaterials with tailor-
made properties. Table 3.1 gives a relatively exhaustive overview of metal
oxide nanoparticles synthesized in organic solvents in the absence of water,
together with precursors, solvents/surfactants, reaction conditions and mor-
phological characteristics. Only liquid phase processes are listed, i.e., thermal
decomposition reactions in air or in other gases are not considered. Some of
the precursors are hydrated, which means that the water molecules may be
responsible for the hydrolysis and condensation, rendering these approaches
hydrolytic. Nevertheless, they were included in the table under the condition
that no additional water was used in the reaction batch.
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Table 3.1. Overview of metal oxide nanoparticles synthesized via surfactant-controlled nonaqueous processes

Metal oxide Precursors Solvents and Surfactants T (◦C) Product Morphology Ref.

Au/Fe3O4 AuCl3, Fe(CO)5 OA, OLA, ODA 180 Core/Hollow-shell nanoparticles [120]
BaTiO3 Metallic Ba, Ti(OiPr)4 OA, DA or OLA 320 Spherical [17]
CeO2 Ce(NO3)3·6H2O Ethanol, alkylamines, PVP 180 Spherical [123]
CeO2 Ce(NO3)3·6H2O OA, TOA, diphenyl ether 320 Spherical and tadpole-shaped [161]
CeO2 Cerium-oleate complex Various high-boiling solvents, OLA 180−290 Spherical [37]
CeO2 (NH4)2Ce(NO3)6 OLA, OA 230−300 Nanoflowers [180]
CeO2 Cerium nitrate hexahydrate Octadecylamine 200−250 Nanoflowers or nanocubes [143]
CeO2 Cerium oleate 1-Hexadecene, OLA, octadecylamine 200 Nanorods or nanodumbbells [1]
CeO2 Cerium ammonium nitrate OLA, OA, 230−300 Nanoflowers [180]
CeO2 Cerium nitrate hexahydrate Methanol, decanoic acid 400 Spherical [66]
CoO Co(acac)3 OA 200 Nanorods and pyramid-shaped [117]
CoO Co2(CO)8 THF, TEMPO and OLA Room

Temperature
Spherical [74]

CoO Cobalt oleate OD 320 Pencil-shaped nanorods [3]
CoO Co2O3 OD, OLA, dodecanol 315 Tetrapods [172]
CoO Cobalt nitrate hexahydrate Octadecylamine 250 Nanopolyhedrons [143]
Co3O4 Cobalt nitrate hexahydrate Octadecylamine 200 Nanocubes [143]
CoO Co2(CO)8 OLA, TOPO, o-dichlorobenzene,

N-methylmorpholine
50 Spherical [73]

Co3O4 Co(NO3)2·4H2O n-Hexanol, SDBS, n-octanol 150−180 Spherical [41, 42]
CoFe2O4 Fe(acac)3, Fe(III) alkoxides,

Co(II) isopropoxide
OLA, OA, benzyl ether 230−300 Spherical [139]

CoFe2O4 Fe(acac)3, Co(acac)2,3 OLA, OA, 1,2-HD, tetraethylene
glycol, benzyl ether

300 Spherical [119]

CoMn2O4 Co(acac)2, Mn(acac)3 OA 230 Spherical [169]
Co/MFe2O4
(M=Fe, Mn)

Co2(CO)8, Fe(acac)3, Mn(acac)2 1,2-HD, OLA, OA, benzyl ether 300 Core-shell [105]

Cu2O Cu(acac)2 OA 230 Spherical [125]
Cu2O Copper acetate OLA, TOA 270 Spherical [158]
γ-Fe2O3, MnO Fe(Cup)3, Mn(Cup)2 OA 300 Spherical [108]
γ-Fe2O3 Fe(CO)5 OLA/LA, octyl ether 100−120 Spherical [50, 102]
γ-Fe2O3 Fe(CO)5 OD, OLA, OA, 1,2-HD 240 Tetrapods [28]
γ-Fe2O3 Fe(NO3)3·9H2O LA Melt Nanorods [56]
γ-Fe2O3 Fe(CO)5 o-Dichlorobenzene, dodecylamine − Diverse well-defined shapes [18]
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Table 3.1. (continued)

Metal oxide Precursors Solvents and Surfactants T (◦C) Product Morphology Ref.

Fe3O4 Fe(acac)3 OLA, OA, 1,2-HD, phenyl ether Reflux Spherical [131, 176]
Fe3O4, Cr2O3,
MnO, Co3O4,
NiO

Metal fatty acid salts OLA, OD 300 Various [52]

Fe3O4 FeO(OH) OLA, OD 320 Spherical [163]
Fe3O4 Fe(acac)3 Phenyl ether, octadecanol, OLA, OA 220 Faceted nanocrystals [126]
FeO and Fe3O4 Iron acetate, Fe(CO)5, Fe(acac)2

or Fe(acac)3

TOA, dioctyl ether, OLA 120−296 Spherical, faceted, cube-like,
star-shaped

[107]

Fe3O4, MnO,
CoO, FeO

Metal oleates OLA, OD 320 Different shapes, but uniform
within one system

[98, 72]

Fe3O4, MnO,
CoO, NiO

M(acac)2,3 Hexadecylamine, TOPO 220−270 Spherical (trigonal: NiO) [81]

Fe3O4 and other
iron oxide
phases

Fe(CO)5 Tridecanoic acid, octyl ether,
3-chloro peroxy-benzoic acid

293 Nanodiscs [14]

Fe3O4 Fe(acac)3 1,2-HD, OA, OLA,
1-adamantane-carboxylic acid,
benzyl ether

260 Star- and flowerlike [171]

Fe3O4 Fe(CO)5 OD, OA 180 Hollow spheres [103]
Fe3O4 Iron oleate Sodium oleate, potassium oleate,

dibutylammonium oleate, OLA, OD,
diphenyl ether, tetracosane

290−375 Nanospheres or nanocubes [70]

Fe3O4 Fe(OC2H4OCH3)3 OD, OLA 320 Spherical [2]
Fe3O4 Fe(acac)3 1,2-HD, OLA, OA, phenyl ether 254 Spherical [43]
Fe3O4 Fe(acac)3 OLA, OA, N-methylpyrrole 185 Spherical [134]
FexFe3O4,
Fe1−yMnyO-
Fe3−zMnzO4

Iron(III) and manganese(II)
formate hydrates

TOA, OLA 370 Nanocubes, nanostars, and
other well-defined shapes

[44]

FePt/CoFe2O4 Fe(acac)3, Co(acac)2, Pt(acac)2,
Fe(CO)5

Phenyl ether, 1,2-HD, OLA, OA 265 Bimagnetic nanobricks [16]

Gd2O3 Gadolinium acetate OA, OLA, OD 320 Nanoplates [12]
Gd2O3 Gd(acac)3 Palmitic acid, hexadecylamine,

hydrazine monohydrate, TOA
320 Nanorings [95]

Eu/Tb-doped
Gd2O3

Metal acetate hydrates or
acetylacetonate hydrates

OLA, OA, benzyl ether, 1,2-HD,
TOPO

290 Nanoplates or nanospheres [113]
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Table 3.1. (continued)

Metal oxide Precursors Solvents and Surfactants T (◦C) Product Morphology Ref.

0HfO2, ZrO2,
HfxZr1−xO2

Hf/Zr(OiPr)4·HOiPr &
Hf/ZrCl4

TOPO 360 Spheres and rods [135, 137,
138]

In2O3 In(acac)3 OA 250 Spherical [116]
In2O3 Indium acetate OA, hexadecane, trimethylamine

N-oxide
290 Spherical [85]

In2O3, ZnO,
CoO, MnO

Metal salt of a long-chain fatty
acid

Octadecyl alcohol, OD 250−290 Nanoflowers [91, 92]

In2O3 In(dipy)3Cl3·2H2O OA, OLA 290 Spherical [181]
Indium tin
oxide (ITO)

In(acac)3, Sn(acac)2Cl2 OA 250 Spherical [21]

Indium tin
oxide

In(ac)3, Sn(ac)2 OD, myristic acid, octadecylamine 295 Spherical [35]

LiNbO3 LiNb(OiPr)6 TOPO 360 Nanorods [147]
LnFeO3
(Ln=La, Pr,
Nd, Sm, Eu,
Gd)

Ln-oleate, Fe-oleate OD 320 20-100 nm [150]

MFe2O4 (M =
Fe, Co, Mn)

Fe(acac)3, M(acac)2 1,2-HD, OLA, OA, benzyl
ether/octyl ether

Ca. 300 Spherical, cube- and
polyhedron-shaped

[166, 128,
132, 142, 7,
154]

MFe2O4 (M =
Co, Ni)

FeCl3, Ni(ac)2·4H2O,
Co(NO3)2·6H2O

Sodium dodecylbenzene-sulfonate,
1-octanol

240 Spherical [54]

MnFe2O4 Mn2(CO)10, Fe(CO)5 OLA, octyl ether 300 Spherical [63]
MnFe2O4 Mn(II) benzoylacetonate,

Fe(III) benzoylacetonate
Phenyl ether, 1,2-HD, OLA, OA 260 Spherical [127]

MnO Mn2(CO)10 OA, TOP 300 Sperical and nanorods [101]
MnO Mn(oleate)2 OLA, OA 320 Multipods [182]
MnO, NiO Mn(Cup)2, Ni(Cup)2 Toluene, TOPO 325 (MnO), 240

(NiO)
Spherical [34]

MnO Manganese formate hydrate TOA, OLA 320 Dumbbell-shaped [178]
Mn3O4, MnO Mn(acac)2 OA 180 Spherical [115, 55]
Mn3O4, CoO,
CuOx

Metal formates M(HCOO)2 OLA, OA 190 Spherical [133]
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Table 3.1. (continued)

Metal oxide Precursors Solvents and Surfactants T (◦C) Product Morphology Ref.

NiFe2O4 Fe(acac)3, Ni(acac)2, or iron(III)
nitrate nonahydrate, nickel(II)
nitrate hexahydrate

1,2-HD, OLA, OA, benzyl ether, or
OA, 1,2-HD, OLA, phenyl ether

300 Spherical [5]

NiFe2O4 Ni(ac)2·4H2O, Fe(ac)3 OLA, diphenyl ether,
1,12-dodecanediol, TOP

250 Spherical [156]

NiO Ni(acac)2 OA, various tri-alkylphosphines 200 Spherical [100]
NiO Nickel nitrate hexahydrate Octadecylamine 180 Nanoflowers [143]
RE2O3 (RE =
La to Lu, Y)

RE(acac)3 (and others) OLA, OD, OA 310−330 Nanoplates [124, 122]

RE2O3 (RE =
Pr, Nd, Sm, Eu,
Gd, Tb, Dy)

Metal acetate or acetylacetonate OA Microwave Nanoplates [96]

RE2O3 (RE =
Y, Dy, Ho, Er)

Rare earth nitrate hydrates Dodecylamine, OD 320 Nanobelts [38]

Sm2O3 Samarium acetate OA, long-chain carboxylic acids 240 Assembled nanowires and
nanoplates

[162]

SnO2, ZnO Tin or zinc 2-ethylhexanoate Diphenyl ether & various amines 230−250 Spherical [31]
SnO2, TiO2,
In2O3, ZnO

Metal oxide sols Tetradecene, dodecylamine 160 Spherical [32]

SnO2 SnCl4·5H2O OLA, OA, methanol or ethanol 180 Dots and nanowires [151]
TiO2 TiCl4 & Ti(OiPr)4 TOPO, heptadecane 300 Spherical [140]
TiO2 Ti(OiPr)3(dmae) TOPO 325 Spherical [97]
TiO2 Ti(OiPr)4 OLA, toluene 250 Spheres to rods [65]
TiO2 Ti(OiPr)4 OLA, ethyleneglycol 100 Spherical [25]
TiO2 TiCl4 & Ti(OiPr)4 Dioctyl ether, TOPO, LA 300 Bullet-shaped to nanorods [60]
TiO2 Ti(COT)2 DMSO, TBP or TBPO or TOPO 120 Spherical [136]
TiO2 Ti(OiPr)4 OLA, OD, OA 260 Nanorods [175]
TiO2 Ti(OiPr)4 OLA 270 Nanorods [58]
TiO2 Ti(OBu)4 NH4HCO3, LA, triethylamine,

cyclohexane
150 Nanospheres and nanorods [80]

TiO2 TiCl4, Ti(OiPr)4 OD, OA 300 Nanorods [69]
TiO2- γ-Fe2O3 TiO2 nanorods, Fe(CO)5 OLA, OA, 1,2-dodecanediol 240−300 Heterostructures [8]
TiO2, ZrO2 M(OiPr)4 & MCl4 TOPO, heptadecane 270 Spherical [39]
TiO2 Ti(OiPr)4 Benzyl alcohol, various primary

amines
180 Nanosheets [148]
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Table 3.1. (continued)

Metal oxide Precursors Solvents and Surfactants T (◦C) Product Morphology Ref.

TiO2 (brookite) TiCl4 OD, OA, OLA 290 Nanorods [9]
Zr-doped TiO2 TiCl4, Ti(OiPr)4, ZrCl4,

Zr(OiPr)4

TOPO 320−400 Nanorods [15]

W18O49 W(CO)6 OA 270 Nanorods [78]
W18O49 W(CO)6 OLA, hexadecylamine, TOPO,

trimethylamine N-oxide
100 Nanorods [145]

W18O49, TiO2,
Mn3O4, V2O5

Metal chlorides OA, OLA, 300−350 Nanorods [112, 111]

Y2O3:Eu Metal carbonates OLA, OA, TOPO 280 Spheres and discs [144]
ZnO Diethyl zinc Decane, octylamine, TOPO 200 Spherical [121]
ZnO Zinc acetate Various alkylamines, TBPA 220−300 Spherical [24]
ZnO Zinc acetate Trioctylamine, OLA 286 Assembled nanorods [157]
ZnO ZnX2 (X = Cl, Br) OLA, hexadecylamine, dioctyl ether 180−250 Spherical [26]
ZnO ZnO OD, OLA, hexadecylamine 310 Teardrops [179]
ZnO Zinc acetate TOPO, dioctyl ether,

1,12-dodecanediol, hexadecylamine
250 Cone, hexagonal cone, rod-like [57]

ZnO Zinc acetate OLA, trioctylamine, hexadecanol,
octadecene

286−300 Spherical and nanorods [4]

ZnO Zn-oleate OLA, OA 300 Hexagonal pyramid-shaped [20]
ZnO Zinc acetate OA or hexadecylamine 240 Rods, wires or prisms [174]
ZnO Zinc acetate Various Various Nanorods, nanotetrahedrons,

nanofans, nanodumbbells,
nanosquamas

[173]

ZnO Zn(acac)2 OA 205 “Heart”-shaped [84]
Co-doped ZnO Zinc acetate, cobalt acetate TOA 310 Nanowires [164, 22]
ZnO Zinc acetate OLA, oleyl alcohol 325 Tetrapod and spiked-clusters [177]
ZnO Zinc acetate dihydrate 1,2-Dodecanediol, benzyl ether,

TOPO
280 Trigonal pyramids [61]

ZnO Zinc nitrate hexahydrate Octadecylamine 200 Triangular nanoplates [143]
ZnO Zinc(II) oleate OD, OLA 317 Nanopellets [19]
ZnO Zinc acetate Dioctyl ether, TOPO,

tetradecylphosphonic acid,
1,12-dodecanediol

250 Nanorods [67]
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Table 3.1. (continued)

Metal oxide Precursors Solvents and Surfactants T (◦C) Product Morphology Ref.

Eu-doped
ZnGa2O4

Metal acetate hydrates,
acetylacetonate hydrates, or
metal nitrates

OLA, OA, benzyl ether, 1,2-HD,
TOPO

290 Sperical, triangular, or
rectangular

[114]

Mn-doped ZnO Zinc acetate, Mn(oleate)2 Benzyl alcohol, anisole 250 Spherical [23]
Y2O3-stabilized
ZrO2

Zr(OiPr)4·HOiPr, ZrCl4,
Y(OiPr)3

OA 340 – [36]

ZrO2 Zr(OiPr)4·HOiPr & ZrCl4 TOPO, 340 Spherical [59]
Zr1−xCexO2 Zr(acac)4, Ce(acac)3 OA 260 Spherical [170]

Abbreviations: DA: Decanoic acid; OD: octadecene; THF: tetrahydrofuran; 1,2-HD: 1,2-hexadecanediol; TEMPO: 2,2,6,6-tetramethylpiperidine-1-oxyl;
TOPO: trioctylphosphine oxide; TOP: trioctylphosphine; PVP: poly(vinylpyrrolidone); LA: lauric acid; COT: cyclooctatetraene; DMSO: dimethyl
sulfoxide; TBP: tributylphosphine; TBPO: tributylphosphine oxide; TBPA: tert-butylphosphonic acid; OLA: oleic acid; OA: oleylamine; acac:
acetylacetonate; Cup: N-nitrosophenylhydroxylamine; TOA: trioctylamine; dmae: dimethylaminoethoxide; SDBS: sodium dodecyl benzenesulfonate.
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Chapter 4

Solvent-Controlled Synthesis

4.1 Nanoparticles

4.1.1 Introduction

The use of coordinating organic solvents represents an alternative to surfac-
tants, especially in cases where the accessibility of the particle surface as well
as the amount of organic impurities are important parameters [42]. In com-
parison to the synthesis of metal oxides in the presence of surfactants the
solvent-controlled approaches are on the one hand considerably simpler (the
starting reaction mixture generally just consists of a metal oxide precursor
and a common organic solvent), and on the other hand the synthesis tem-
perature is lower, typically in the range of 50 to 200◦C. However, without
any doubts the main advantage of surfactant-free synthesis methods lies in
the improvement of product purity. Surface-adsorbed surfactants not only
influence the toxicity of nanoparticles, but also lower the accessibility of the
nanoparticle surface in catalytic and sensing applications. These problems
are circumvented in nanopowders obtained by surfactant-free routes (cf. also
Chapter 2.4).

In the solvent-directed approaches the organic solvent can act as reactant
as well as control agent for particle growth and thus makes the use of surfac-
tants superfluous. However, the detailed role of the organic species in these
approaches is rather complex. On the one hand they provide the oxygen for
the formation of the metal oxide, and on the other hand they act as cap-
ping agent, which binds to the particle surface, and thus limits the particle
growth, and influences morphology and assembly behavior. The complexity
arises from the fact that many organic species may be present in the final
synthesis mixture. In addition to the excess of organic solvent and the un-
reacted organic part of the precursor molecules, also various other organic
condensation products are formed as a result of chemical reactions between
these organic species. Sometimes the inorganic components, i.e., the metal
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ion of the precursor molecule or the metal oxide nanoparticles, are able to
catalyze the transformation of the organic species into completely unexpected
products [99, 94].

Although a rapidly expanding variety of metal oxide nanoparticles has
been synthesized by solvent-directed procedures during the last few years
[119], only a relatively limited number of reaction systems were used for this
purpose [99]. Suitable metal oxide precursors include metal halides, acetates,
acetylacetonates, alkoxides, and in cases of more complex oxides also mixtures
thereof, and the solvents range from oxygen-containing alcohols, ketones and
aldehydes, to oxygen-free solvents like amines, acetonitriles or toluene.

The following sub-chapters discuss the experimental set-ups typically used
for nonaqueous and surfactant-free synthesis procedures (4.1.2), followed by
the presentation of the most frequently used reaction systems for metal ox-
ide nanoparticle synthesis: i) reaction of metal halides with alcohols (4.1.3),
ii) metal alkoxides, acetates and acetylacetonates with alcohols (4.1.4), iii)
metal alkoxides with ketones or aldehydes (4.1.5), iv) metal acetylacetonates
with amines and nitriles (4.1.6) and v) selected examples of other systems
(4.1.7). After the discussion of microwave-supported synthesis approaches to
metal oxide nanoparticles (4.1.8), the chapter continues with a section on the
synthesis of metal oxide-based organic-inorganic hybrid nanostructures (4.2),
and finally ends with a short presentation of the employment of nonaqueous
sol-gel techniques in atomic layer deposition (ALD) (4.3).

4.1.2 Experimental Set-up

Depending on the reaction temperature required for the transformation of
the molecular precursors into the metal oxide nanocrystals, different heating
media can be used (Figure 4.1). If the temperature is well below the boiling
point of the organic solvent, then a standard laboratory oil bath on a hot
plate combined with stirrer is the easiest option (Figure 4.1a). This set-up
is also suitable for experiments under reflux conditions. If higher temper-
atures, i.e., close or above the boiling points are required, then autoclaves
represent the containers of choice. For the production of nanoparticles on a
laboratory scale, i.e., 0.1–1 g, typically Parr acid digestion bombs with 45 mL
Teflon cups are employed (Figure 4.1b). The Teflon liners provide protection
against corrosion. The use of hermetically closed reactors has the advantage
of improving the reproducibility by excluding the influence of the surrounding
atmosphere. On the other hand, the porosity of the Teflon leads to contam-
ination with nanoparticles, which means that every Teflon cup should only
be used for one material. In some selected cases, the role of the autoclave is
not only to provide solvothermal conditions or high reaction temperatures,
but also to prevent the evaporation of low-boiling organic compounds that
need to be present in the reaction vessel to drive nanoparticle formation to
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completion. For a larger scale, but still laboratory production, it is possible
to use 1L autoclaves that offer, in contrast to the smaller ones, mechanical
stirring for the homogenization of the reaction mixture. Using this reactor
size, it is possible to get metal oxide nanopowders in the range of 20–50 g
per batch, as recently shown for ZrO2 [40], which indicates the promising
potential of nonaqueous liquid-phase processes for scalability.

A relatively recent development is the use of microwave irradiation for the
synthesis of inorganic nanomaterials. Modern commercial microwave ovens
(Figure 4.1c) provide the possibility to stir the reaction mixture, control the
temperature and power applied, all of which improve the reproducibility of
the synthesis protocol. The direct and efficient heating allows a fast thermal
ramping. Reactions are performed in sealed vessels that can stand pressures
up to 15 bars. Stirring ensures the homogeneity of the reaction. Rapid cooling
can be performed by means of a compressed air jet, so that the reaction can
be efficiently thermally quenched. Due to the fact that microwave reactors
are able to prevent thermal gradient effects, they bear a great potential for
the industrial scale-up of nanoparticle synthesis [47]. The short reaction times
ranging from 30 seconds to 3 minutes (cf. Chapter 4.1.8) make it possible to
prepare a large number of batches within a short time, thus giving access
to large quantities of inorganic nanoparticles with reasonable structural and
morphological quality. The syntheses can be performed in 10 or 50 ml glass
tubes (Figure 4.1d), sealed with a Teflon cap. This set-up allows a homoge-
neous penetration of the microwave irradiation into the reaction vessel under
precise control of temperature and pressure.

4.1.3 Reaction of Metal Halides with Alcohols

The reaction of metal halides, in general metal chlorides, with alcohols
presumably represents the simplest nonaqueous approach to metal oxide
nanoparticles, and it can, in the most cases, be performed by simple “beaker”
chemistry using an oil bath as heating tool. Metal chlorides like FeCl3 [71],
VOCl3 [97, 32], CoCl2 [169], WCl6 [97, 21, 122, 120], SnCl4 [8], HfCl4 [15],
NbCl5 [15], TaCl5 [15] and TiCl4 [152, 96, 92, 1] readily react with various al-
cohols to the corresponding metal oxides. A particularly well-investigated sys-
tem is the reaction between TiCl4 and alcohols such as ethanol [152, 92, 153]
and benzyl alcohol [97, 96, 1, 154, 173, 2]. In the case of benzyl alcohol, the
TiCl4-to-solvent ratio and the reaction temperature influence the crystallite
size. Adjustment of these parameters allows the tailoring of the size of the
anatase nanocrystals in the range of 4 to 8 nm in small increments [96]. Fig-
ure 4.2a-c presents a selection of binary metal oxide nanoparticles obtained
from the corresponding metal halides and benzyl alcohol. Whereas the tita-
nia nanoparticles exhibit a slightly elongated shape (Figure 4.2a) [96], the
hafnium oxide (Figure 4.2b) [15] and tin oxide nanoparticles (Figure 4.2c) [8]
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Fig. 4.1. a–d Photographs of a a standard laboratory oil bath on a hot plate with
stirrer, flask and reflux condenser, b Parr autoclave, c microwave oven, and d mi-
crowave reaction tube

are nearly spherical with crystallite sizes of just a few nanometers. An ex-
ceptional synthesis system is the reaction between vanadium oxytrichloride
with benzyl alcohol, which results in the formation of single-crystalline and
semiconducting VO1.52(OH)0.77 nanorods with an ellipsoidal morphology, up
to 500 nm in length and typically about 100 nm in diameter, and with a
hollandite-type crystal structure (Figure 4.2d)[97, 32]. These examples illus-
trate that the reaction between metal halides and alcohols generally takes
place at moderate reaction temperatures, making these systems particularly
useful and versatile in cases where organic ligands are required to either func-
tionalize the surface or to modify the crystal morphology.

The low reaction temperature of the TiCl4-benzyl alcohol system (40–
150◦C) offers the possibility to directly functionalize the surface of the
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Fig. 4.2. a–d TEM images of metal oxide nanoparticles obtained from the corre-
sponding metal chlorides and benzyl alcohol: a TiO2, b HfO2, and c SnO2. d SEM
image of ellipsoidal VO1.52(OH)0.77 nanorods (inset: TEM image) prepared from vana-
dium oxytrichloride and benzyl alcohol

nanoparticles in an in situ process and thus to improve the dispersibility prop-
erties [102]. If the preparation of the anatase nanocrystals is performed in the
presence of enediol ligands such as dopamine (HO)2C6H3CH2CH2NH2·HCl or
4-tert-butylcatechol (CH3)3CC6H3(OH)2 the final red nanopowders (Figure
4.3a) are well dispersible either in water (Figure 4.3b) or in organic solvents
such as THF (Figure 4.3c) depending on the terminal functional group of the
ligand [102].

Another example, where the synthesis temperature is low enough to modify
the crystal growth and assembly behavior with organic ligands, is nanocrys-
talline tungsten oxide. The reaction of tungsten chloride with benzyl alco-
hol yielded tungstite nanoplatelets with a relatively broad size distribution
of 30 to 100 nm (Figure 4.3d)[97]. Addition of the bioligand deferoxamine
mesylate, a siderophore, changes the particle morphology completely to an
anisotropic fibrous-like shape (Figure 4.3e) [122]. At higher magnification it
becomes obvious that these fibers consist of individual nanowires that are
oriented parallel to each other, and these nanowires are single-crystalline
with a uniform diameter of 1.3 nm (Figure 4.3f). If a small amount of 4-
tert-butylcatechol is added to the tungsten chloride-benzyl alcohol mixture,
anisotropic rod-like architectures with diameters between 35 and 40 nm are
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observed (Figure 4.3g)[120]. The rods consist of a highly ordered, lamellar
organic-inorganic hybrid nanostructure, where the lamellae are stacked in
one direction with high precision. The only slightly corrugated sides of the
rods prove the good monodispersity of the inorganic building blocks. Not
only the addition of organic coordinating species alters the morphological
characteristics of the final product, but also the exchange of benzyl alcohol
against 4-tert-butylbenzyl alcohol as solvent. The TEM overview image in
Figure 4.3h reveals a fibrous-like interconnected network. At higher magnifi-
cation one can see that these ribbon-like structures consist of parallel columns
of uniform diameters of about 4 nm, and each nanocolumn is composed of
self-aligned nanoplatelets about 1 nm thick, facing each other along the en-
tire length of the nanostack (Figure 4.3i) [120]. The individual nanostacks
are nearly monodisperse in diameter as a consequence of the uniform-sized
platelets, which leads to an outstanding alignment on two levels of hierarchy.
It is intriguing to see the tremendous difference in crystal growth and in the
assembly of the tungsten oxide building blocks, although 4-tert-butylbenzyl
alcohol and benzyl alcohol just differ in the presence of a tert-butyl group.
Obviously, 4-tert-butylbenzyl alcohol fulfills a number of roles that are di-
rectly related to its chemical structure. Similar to benzyl alcohol, the alcohol
group provides the oxygen responsible for the formation of tungstite and its
stabilizing effect supports the formation of extended flat nanoplatelets. But
in contrast to benzyl alcohol, 4-tert-butylbenzyl alcohol with its terminal
tertiary butyl group can sterically control both the size of the nanoplatelets
and the distance between them. These examples show that the metal halide
- alcohol system with its low reaction temperature is particularly useful and
versatile in cases where either surface functionalization of the nanoparticles
with organic ligands is desired, or where biomimetic reaction principles based
on the use of organic templates have to be applied in order to tailor crystal
morphology.

4.1.4 Reaction of Metal Alkoxides, Acetates and
Acetylacetonates with Alcohols

The reaction of metal halides with alcohols almost always results in metal
oxide nanoparticles with halide impurities. To avoid this contamination syn-
thesis routes based on the reaction of metal acetates, acetylacetonates, or
alkoxides with alcohols provide a halide-free alternative. Most of the litera-
ture is dedicated to the reaction of metal alkoxides with various alcohols, but
also a few other examples have been reported. Among them, the so-called
polyol route involving the reaction between metal salts and polyols became
very popular [37, 38]. In most of these cases, a defined amount of water is
added to transform the precursors into the corresponding metal oxides. Using
metal acetates as precursors dissolved in polyols, the composition of the final
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Fig. 4.3. a–i Photograph of a dopamine-functionalized titania nanopowder, b disper-
sion of dopamine-functionalized titania in water, c dispersion of 4-tert-butylcatechol-
functionalized titania in tetrahydrofuran. Image taken from Ref. [97] with permis-
sion of the American Chemical Society. TEM overview images of d tungsten oxide
nanoplatelets obtained from WCl6 and benzyl alcohol, e tungsten oxide nanowire bun-
dles prepared in the presence of deferoxamine mesylate, and f HRTEM image of such
tungsten oxide nanowires. Images e to f taken from Ref. [122] with permission of the
American Chemical Society. g TEM image of stacks of tungsten oxide nanoplatelets
synthesized from WCl6 and benzyl alcohol in the presence of 4-tert-butylcatechol. h
TEM images of the fibrous-like network of stacks of tungsten oxide nanoplatelets from
the reaction of WCl6 with 4-tert-butylbenzyl alcohol and i at higher magnification

material, i.e., whether a metal, metal oxide, or metal hydroxide is formed,
depends mainly on the amount of water present in the solution [123]. One
example leading to the formation of a metal oxide without any additional
water is the reaction between zinc acetate dihydrate and diethyleneglycol at
100–220◦C [61]. However, if the synthesis is performed with dehydrated zinc
acetate and anhydrous diethyleneglycol, no zinc oxide is obtained. This obser-
vation underlines on the one hand the importance and influence of hydrated
precursors, and on the other hand shows once more that in some cases it
is rather difficult to distinguish between hydrolytic and non-hydrolytic pro-
cesses. Similarly, CoFe2O4 nanocrystals of about 4 nm in size were prepared
by heating iron and cobalt acetate hydrates in diethyleneglycol at 237◦C [5].
CuO nanoparticles in the size range of about 5–10 nm were obtained via
alcothermal treatment of copper acetate in ethanol [53]. Solvothermal treat-
ment of iron acetylacetonate in benzyl alcohol resulted in the formation of
nanocrystalline magnetite particles with a spherical morphology and diam-
eters of 12–25 nm [117]. The reaction of zirconium n-propoxide in various
glycols yielded nanocrystalline zirconia powders at 300◦C. The crystallite
sizes could be varied in the range of 3 to 5 nm by adjusting the zirconium n-
propoxide-to-solvent ratio [86], but the size was also influenced by the nature
of the solvent. Whereas 1,2-ethanediol (ethylene glycol) led to the small-
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est particles due to the strong coordination of the solvent to the particles,
1,4-butanediol (and not 1,6-hexanediol) yielded the largest particles, which
was a consequence of the facile intramolecular ether formation [58]. This ex-
ample nicely highlights the importance of the formation mechanism, when one
wants to predict the properties of nanoparticles in a specific reaction system –
just considering the binding strength of the glycols is obviously not sufficient.
Titanium n-butoxide in 1,4-butanediol formed anatase nanocrystals of about
10-15 nm in diameter after solvothermal reaction [80, 109]. When heating ti-
tanium n-butoxide in toluene, only amorphous products were obtained [109].
Ethylene glycol reacts with titanium n-butoxide to titanium glycolate, which
can easily be transformed into crystalline anatase nanowires by calcination.
Based on this process, SnO2, In2O3 and PbO nanowires with diameters of
50 nm and lengths up to 30 μm were prepared [64]. More information about
the glycothermal method can be found somewhere else [56]. In addition to gly-
cols, also benzyl alcohol plays an outstanding role in the nonaqueous prepa-
ration of metal oxide nanocrystals from metal alkoxides as precursors. This
reaction system is applicable to a large selection of metal oxides such as V2O3

[113], Nb2O5 [113], Ta2O5 [114], HfO2 [114], SnO2 [118], In2O3 [118], CeO2

[101, 100], ZrO2 [40, 172], NaNbO3 [42], NaTaO3 [42], BaTiO3 [104, 103, 12],
LiNbO3 [104], BaZrO3 [104], SrTiO3 [103], and (Ba,Sr)TiO3 [103].

TEM images of nanocrystalline ceria, zirconia, hafnia, indium tin oxide,
barium titanate and magnetite are presented in Figure 4.4. In all these cases,
the particles exhibit a spherical morphology with uniform shapes, small size
distributions and good dispersibility. Ceria, obtained from cerium isopropox-
ide and benzyl alcohol at 200◦C, has an average particle size of 3–4 nm (Figure
4.4a). The reaction of zirconium isopropoxide with benzyl alcohol at 230◦C
resulted in zirconia nanocrystals with diameters of 4–6 nm (Figure 4.4b).

An important advantage of nonaqueous sol-gel processes, especially in com-
parison to aqueous systems, is the accessibility of ternary, multi and doped
metal oxide nanoparticles [119] (Table 4.1, 4.2 and 4.3). The different reac-
tivity of metal oxide precursors towards a specific solvent complicates the
synthesis of oxides containing two or more metals. In organic solvents it is
easier to match the reactivity of the metal oxide precursors and of the dopants
in comparison to aqueous systems, which is crucial for obtaining single-phase
products. In the case of indium tin oxide, the two precursors tin tert-butoxide
and indium acetylacetonate were reacted in benzyl alcohol at 200◦C, yielding
indium tin oxide nanoparticles in the size range of 5–10 nm (Figure 4.4d) [9].
The particularity of this reaction system lies in the simultaneous use of two
chemically different precursors. Obviously the reactivity of these precursors
in benzyl alcohol matches each other in a way that formation of solid solution
takes place, so that the starting In-to-Sn ratio is closely reflected in the final
composition of the ITO nanoparticles. This attractive feature enables the con-
trolled preparation of indium tin oxide nanoparticles with varying tin oxide
content over the range of 2–30 wt%, and underlines the high potential of non-
aqueous sol-gel processes for obtaining doped metal oxide nanoparticles (cf.
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also section 4.1.7 and Table 4.3). The maximum electrical conductivity was
achieved at a dopant concentration of 15 wt%. Another precursor combination
includes cadmium acetate and indium isopropoxide, which results after heat-
ing in benzyl alcohol in the formation of CdIn2O4 nanocrystals with uniform
diameters of about 10 nm [18]. The synthesis of BaTiO3 involves the dissolu-
tion of metallic barium in benzyl alcohol, addition of titanium isopropoxide
and subsequent solvothermal treatment at 200◦C for 48 h [104, 103]. This
procedure leads to barium titanate nanoparticles with diameters of 5–8 nm
(Figure 4.4e). Interestingly, in spite of the small crystal size the structure of
these nanoparticles is not completely cubic. Although it is cubic-like on av-
erage, it shows locally slight distortions of a tetragonal type [111]. Similarly,
SrTiO3 and (Ba,Sr)TiO3 are easily accessible [103].

50 nm

50 nm 50 nm

50 nm50 nm 5 nm 2 nm

(a) (b)

(d) (e)

10 nm 2 nm

5 nm

(c)

(f)

Fig. 4.4. a–f TEM overview images of various metal oxide nanoparticles obtained
from halide-free precursors in benzyl alcohol: a CeO2, b ZrO2, c HfO2, d SnO2-doped
In2O3, e BaTiO3, f Fe3O4

In addition to spherical crystallites, the reaction between metal alkoxides
and benzyl alcohol leads in some cases to nanoparticle morphologies with
reduced dimensionality. The reaction of niobium ethoxide in benzyl alcohol
yielded after solvothermal treatment at 220◦C orthorhombic Nb2O5 with a
platelet-like morphology with sides ranging from 50 to 80 nm (Figure 4.5a)
[113]. Bundles of tungsten oxide nanowires are obtained after the reaction
of tungsten isopropoxide in benzyl alcohol without the use of any additional
structure-directing templates (Figure 4.5b) [121]. The bundles, held together
by intercalated benzaldehyde molecules that formed in situ through oxidation
of benzyl alcohol, can be split up into individual nanowires by the addition of
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formamide to a dispersion of the nanobundles in ethanol. The small diameter
of about 1 nm makes these wires structurally highly flexible (Figure 4.5c),
nevertheless, they are well crystalline.

5 nm100 nm

(a)

100 nm1000 nm

(b) (c)

Fig. 4.5. a–c TEM/SEM images of anisotropic nanoparticles obtained from the cor-
responding metal alkoxides and benzyl alcohol: a Nb2O5, b W18O49 nanowire bundles,
c separated individual W18O49 nanowires

4.1.5 Reaction of Metal Alkoxides with Aldehydes and
Ketones

Metal oxides containing cations that are sensitive towards reduction to the re-
spective metals by alcohols (in particular copper-, nickel- and lead-containing
compounds) are not, or only within a very narrow reaction time window, ac-
cessible by the “benzyl alcohol route”. In these cases, the use of non-reductive
solvents like ketones or aldehydes instead of benzyl alcohol is advantageous.
The broad applicability of this approach for the synthesis of these and also
other metal oxides has been shown for ZnO [48], TiO2 [142, 39], In2O3 [101]
and BaTiO3 [44, 98]. The addition of acetone to benzene solutions of zinc
dialkoxides resulted in the formation of transparent gels, which transformed
into 4 nm zincite nanocrystals [48]. During this process, acetone is trans-
formed into mesityl oxide via aldolate ligands (β -diketonates) as transition
products (cf. Chapter 5.6), which can also act as chelating species, stabiliz-
ing the formed nanocrystals. The use of different ketones and aldehydes as
oxygen-supplying agents in the nonaqueous, solvothermal synthesis of anatase
nanocrystals hence made it possible to tailor the particle size to some ex-
tent, as sterically unfavorable alicyclic and aromatic ketones and aldehy-
des resulted in smaller crystals than aliphatic compounds [39]. Crystalline
BaTiO3 was obtained by transformation of the bimetallic alkoxide complex
[(BaTiO)4(iPrO)16]·3iPrOH in acetone under stirring at room temperature
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for 21 days [44]. BaTiO3 was also synthesized in acetophenone starting from
metallic barium and titanium isopropoxide [98]. In comparison to BaTiO3

prepared by the“benzyl alcohol route”, these nanoparticles are larger, namely
in the size range of 10–15 nm. Ketones as solvents were also employed for
piezoelectrics such as PbTiO3, Pb(Zr,Ti)O3 and PbZrO3 [41]. These tech-
nologically important materials are traditionally synthesized via solid state
reactions at temperatures between 600 and 1100◦C and nonaqueous sol-gel
chemistry offers now a simple soft-chemistry route to amorphous powder
precursors that can be transformed into the nanocrystalline oxides at tem-
peratures between 400◦C and 600◦C [41]. Up to now, also the synthesis of
BaSnO3 nanoparticles was only possible in ketones, but not in alcohols [42].
The reaction between iron(III) acetylacetonate, cobalt(III) acetylacetonate
and acetophenone yielded cobalt ferrite nanoparticles with diameters from
2–15 nm and the size can be varied in dependence of the reaction tempera-
ture [150]. The obtained nanoparticles show superparamagnetic behavior.

4.1.6 Reaction of Metal Acetylacetonates with Amines
and Nitriles

In addition to oxygen-containing solvents, also amines and nitriles can be
used as solvents for the transformation of metal oxide precursors into bi-
nary and ternary metal oxides. It is obvious that in these cases the oxygen
for the formation of the oxidic species comes from the precursor molecules,
which means that oxygen-containing precursors are a prerequisite for these
reaction systems. The most prominent examples are metal acetylacetonates
as precursors and benzylamine as solvent. This combination is broadly ap-
plicable and gave access to various binary metal oxide nanoparticles such as
magnetite/maghemite, γ-Ga2O3, zincite ZnO, cubic In2O3 [115], as well as
the luminescent ternary compound ZnGa2O4 [17]. The crystal sizes lay in
the range of 15–20 nm for the iron, 10–15 nm for the indium, 2.5–3.5 nm
for gallium, and around 20 nm for zinc oxide. ZnGa2O4 was characterized
by a very uniform, spherical and rather monodisperse crystal size of 6–8 nm
(Figure 4.6a).

Another synthesis system constitutes the solvothermal reaction of metal
acetylacetonates with acetonitrile. This approach is characterized by a par-
ticularly moderate reaction temperature of 100◦C and allows the preparation
of nanocrystalline In2O3 and ZnO [16]. In this case the oxygen for the metal
oxide formation is clearly supplied by the acetylacetonate ligand of the pre-
cursor molecules. The In2O3 product consists of crystalline nanoparticles with
a spherical morphology and a small size distribution in the range of 3–6 nm
(Figure 4.6b). According to TEM the ZnO nanoparticles are in the size range
of 15–85 nm (Figure 4.6c), sometimes with well-faceted hexagonal morphol-
ogy (Figure 4.6c, inset).
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Fig. 4.6. a–c TEM overview images of a ZnGa2O4 nanocrystals from the metal acety-
lacetonates and benzylamine (inset: HRTEM image), b In2O3 from indium acetylace-
tonate and acetonitrile, and c ZnO from zinc acetylacetonate and acetonitrile (inset:
TEM image of one hexagon-shaped particle)

4.1.7 Others

Due to the colossal magnetoresistance in doped lanthanum manganites this
class of materials has also been targeted using nonaqueous solution routes
[149]. However, the lanthanum manganese oxide system is complex and sur-
prising results were reported. The reaction of lanthanum isopropoxide and
potassium permanganate in a mixture of the two solvents benzyl alcohol
and 2-butanone produced phase-pure lanthanum hydroxide nanofibers (Fig-
ure 4.7a and b) [31]. Although KMnO4 is not part of the final inorganic
product, it plays a crucial role in determining the particle morphology of
La(OH)3. The reason lies in the fact that KMnO4 is able to oxidize the ben-
zyl alcohol to benzoic acid, which influences the anisotropic crystal growth in
[001] direction, presumably upon preferential coordination to specific crystal
facets of La(OH)3 [31].

A general nonaqueous route for the synthesis of phase-pure transition
metal niobate nanocrystals such as InNbO4, MnNb2O6, and YNbO4 has
been reported based on a one-pot solvothermal reaction of niobium chlo-
ride and the corresponding transition metal acetylacetonates in benzyl al-
cohol [163, 164]. Among these niobates, InNbO4 represents a special case,
because it is a photocatalytically active ternary metal oxide semiconductor,
which works under visible light irradiation. A representative TEM overview
image in Figure 4.7c illustrates that the sample consists of nanosized InNbO4

particles, only. Although the particles are slightly agglomerated, due to the
lack of any stabilizing surfactants, the grain boundaries are clearly distin-
guishable. The diameter of the nanoparticles is in the range of 10–30 nm. A
HRTEM micrograph of one individual nanoparticle of about 20 nm is shown
in Figure 4.7d. The Brunauer-Emmett-Teller (BET) specific surface area was
determined to be 54 m2/g, which is significantly larger than that of its corre-
sponding bulk material (0.67 m2/g) and might explain its high photocatalytic
activity for the degradation of rhodamine B under visible light irradiation (λ
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Fig. 4.7. a SEM image of La(OH)3 nanofibers, b HRTEM of a part of a La(OH)3
(inset: its power spectrum). c TEM and d HRTEM images of InNbO4 nanoparticles.
Images taken from Ref. [163] with permission of Wiley-VCH

> 420 nm) (cf. Chapter 8.4). Nonaqueous reaction conditions seem to be par-
ticularly suitable for doping of binary metal oxide nanoparticles as well. The
main motivation for these studies is the search for diluted magnetic semicon-
ductors with Curie temperatures above room temperature for applications in
spintronics. The most prominent examples include the doping of ZnO with
cobalt and manganese [24], manganese-doped ZrO2 nanocrystals [25], and
doping of TiO2 with iron and cobalt [29]. Table 4.3 gives more examples
along these lines.

4.1.8 Microwave Technique

The development of new synthesis routes for inorganic nanomaterials is
an integral aspect of materials chemistry. Taking the growing number of
nanoparticle-based applications into account also ecological and economical
factors are of increasing importance. In this respect, microwave irradiation
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as a heating tool opens up new perspectives. Microwave-mediated synthesis
routes are characterized by short reaction times, often with excellent yields.
The high dependency of the crystal size on reaction time, temperature, and
concentration, makes it easy to control this parameter through the adjust-
ment of the experimental conditions.

Microwave chemistry is a relatively new field. The first report dates back
to 1986 [45]. Although the application of microwave heating is nowadays well
known [67], it is almost exclusively applied to the synthesis of organic com-
pounds. However, advantages such as precise control of the temperature, fast
thermal ramping, and the direct energy transfer suppressing the wall effect,
which is responsible for thermal gradients and inhomogeneous reactions, also
offers fascinating opportunities and great benefits to inorganic chemistry, in-
cluding nanoparticle synthesis. When combined to nonaqueous sol-gel chem-
istry a large variety of binary and ternary metal oxide nanoparticles can be
produced in a time range of 30 s to 20 min in good yields, and thus offers an
immense reduction of the reaction times in comparison to traditional heating
in an oil bath or in an autoclave. By reacting the corresponding metal alkox-
ides, acetates or acetylacetonates with benzyl alcohol highly crystalline CoO,
ZnO, Fe3O4, MnO, Mn3O4, and BaTiO3 nanoparticles were obtained (Fig-
ure 4.8a) [12]. Representative TEM images show that the magnetite sample
in Figure 4.8b (prepared from Fe(ac)2) exhibits a rather uniform spherical
particle morphology with a small size distribution in the range of 5 to 10
nm, whereas the BaTiO3 nanoparticles are particularly well dispersed, with
sizes in the range of 6-18 nm (Figure 4.8c). All these metal oxides exhibit
well-defined lattice fringes in the corresponding HRTEM images (insets in
Figure 4.8b and c). Furthermore, it was found that the reaction time as well
as the concentration of the precursor have a pronounced effect on the crystal
growth, which means that the crystal size can easily be tuned by varying
these synthesis parameters [12]. It is worth mentioning that this pronounced
dependence of the crystallite size on the heating time was not found in anal-
ogous solvothermal experiments in the autoclave.

4.1.9 Tabular Overview of Metal Oxide Nanoparticles

Nowadays, the family of metal oxide nanoparticles that were prepared by non-
aqueous and surfactant-free processes has grown immensely and ranges from
simple binary metal oxides to more complex ternary and multi metal systems
such as perovskites, spinels, and others. Due to space limitations, not all the
synthesis routes to the various metal oxide nanoparticles could be discussed in
detail. However, Table 4.1 (binary metal oxides), Table 4.2 (ternary and multi
metal oxides) and Table 4.3 (doped metal oxides) give a relatively exhaustive
overview of the metal oxide nanoparticles synthesized in organic solvents in
the absence of water, together with the precursors and the solvents used, the
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Fig. 4.8. a Schematic overview of the different binary and ternary metal oxide
nanoparticles produced by the microwave-assisted benzyl alcohol route. b TEM and
HRTEM images (insets) of b Fe3O4, and c BaTiO3. Images b and c taken from Ref.
[12] with permission of the Royal Society of Chemistry

chemical formation mechanism (if known), and the final crystal morphology
(if well-defined). Only liquid phase processes are listed, i.e., thermal decom-
position reactions in air or in other gases are not considered. The reaction
pathway refers to the condensation step, i.e., the metal-oxygen-metal bond
formation, and generally represents the main mechanism in cases, where sev-
eral parallel pathways were found. Furthermore, one has to keep in mind that
some of the precursors are hydrated, which means that the water molecules
may be responsible for the hydrolysis and condensation, rendering these ap-
proaches hydrolytic. Nevertheless, they were included in the tables under the
condition that no additional water was used in the reaction batch.

A closer look at the various precursors and solvents listed in the tables
clearly shows that most of the synthesis routes are not generally applicable,
but can only be used for a few oxides. One of the exceptions is benzyl alcohol
as solvent. It plays an outstanding role, reacting with many metal oxide
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Table 4.1. Binary metal oxide nanoparticles synthesized by surfactant-free nonaqueous sol-gel routes; ac = acetate, acac = acetylacetonate

Metal oxide Precursors Solvents Shape Reaction Mechanism Ref.

Alumina Aluminum sec-butoxide Sec-Butyl alcohol – Formation of isobutene and
dibutyl ether

[36]

χ-Al2O3 Various aluminum alkoxides Toluene – – [57]
γ-Al2O3 or
AlOOH

Al(acac)3 Benzylamine, acetophenone, or
dimethyl sulfoxide

Spherical (γ-Al2O3) and
rods (γ-AlOOH)

C-C bond cleavage [171]

CeO2 Ce(acac)3 Benzylamine Rods – [100]
CeO2 Ce(OiPr)3 Benzyl alcohol Spherical C-C bond formation [101, 100]
CeO2 Ce(III) 2-ethylhexanoate n-Butylether Spherical – [79]
Co3O4 CoCl2 Benzyl alcohol, ethanol, or hexanol Spherical – [169]
CoO Co(acac)2 Benzyl ether – – [132]
CoO Co(ac)2 Ethanol Cube-like Ester elimination [162]
CoO Co(ac)2 Benzyl alcohol – – [12]
Cr2O3 Cr(acac)3 1,4-Butanediol Spherical – [125]
Cr2O3 Cr(acac)3 Acetone, cyclohexanone or ethanol Spherical – [158]
Cu2O Cu(OEt)2 Acetone – – [100]
CuO Cu(ac)2 Ethanol Spherical Ester elimination [53]
Cu2O, CuO,
ZnO, Al2O3,
Fe2O3, Bi2O3,
TiO2, SnO2,
CeO2, Nb2O5,
WO3, CoFe2O4

Various metal salts, Na2O Methanol or ethanol – Ion reaction [20]

Fe2O3 Fe(acac)3 1,4-Butanediol, 1-butanol, or
toluene

Spherical – [124]

Fe2O3 Fe(acac)3 Benzylamine Spherical C-C bond cleavage [115]
Fe3O4 Fe(acac)3 Benzyl alcohol Spherical – [117]
Fe2O3 Fe(acac)3 1,4-Butanediol or toluene Spherical – [19]
Fe2O3 Fe(acac)3 2-Acetyl pyridine, p-anisaldehyde,

g-butyrolactone, ethylene carbonate,
or 1-formyl piperidine

Spherical – [158]

Fe2O3 Fe(OC2H4OCH3)3 Octadecene Spherical – [3]
Fe3O4, Fe2O3 Fe(ac)2 or Fe(ac)3 Ethanol, or octanol, or

ethanol/acetic acid
Spheres Ester elimination [49]

Fe3O4 Fe(acac)2, Fe(ac)2 or
Fe(acac)3

Benzyl alcohol – – [12]

Fe3O4 FeCl3·H2O, sodium acetate Diethylene glycol Nanoplates – [167]



4
.1

N
a
n
o
p
a
rticles

6
9

Table 4.1. (continued)

Metal oxide Precursors Solvents Shape Reaction Mechanism Ref.

Ga2O3 Ga(acac)3 Benzylamine Spherical C-C bond cleavage [115]
HfO2 Hf(OEt)4 Benzyl alcohol Ellipsoidal Ether elimination [114]
HfO2 HfCl4 Benzyl alcohol Spherical – [95]
In2O3 In(OiPr)3 Benzyl alcohol Cube-like – [118]
In2O3 In(acac)3 Benzylamine Spherical C-C bond cleavage [101, 115]
In2O3 In(OiPr)3 Acetophenone Spherical – [101]
In2O3 In(acac)3 2-Butanone Spherical – [101]
In2O3 In(acac)3 Acetophenone Spherical – [101]
In2O3 In(acac)3 Acetonitrile Spherical – [16]
In2O3 Indium acetate Ethanol, ethylene diamine Nanospheres,

nanoflowers and
nanorods

Ester elimination [34]

La(OH)3 La(OiPr)3 + KMnO4 Benzyl alcohol + 2-butanol Fibers Aldol-type reactions [31]
NiO Ni(acac)2 1,4-Butanediol Spherical – [125]
Mn2O3 Mn(acac)3 1,4-Butanediol Spherical – [125]
Mn2O3, Mn3O4 Mn(acac)3 Acetone or ethanol Nearly spherical – [158]
MnO and
Mn3O4

Mn(acac)2 or KMnO4 Benzyl alcohol Spherical – [28]

MnO or Mn3O4 Mn(ac)2 or Mn(acac)2 Benzyl alcohol – – [12]
Mn3O4 Mn(ac)2·44H2O KOH + Ethanol Cube-like – [155]
NiO Ni(acac)2 2-Butanone Spherical Keto-enol tautomerization [11]
ReO3 Re2O7(C4H8O2)x Toluene Spherical – [13]
SnO2 Sn(OtBu)4 Benzyl alcohol Spherical Ether elimination [118]
SnO2 SnCl4 Benzyl alcohol Spherical Ether elimination [8]
SnO2 Sn(II) 2-ethylhexanoate n-Butylether Spherical – [79]
Ta2O5 Ta(OEt)5 Benzyl alcohol Spherical – [114]
Ta2O5 TaCl5 Benzyl alcohol Spherical – [95]
TiO2 Ti(OtBu)4 p-Xylene, benzene, toluene, or

cyclohexane
Spherical – [85]

TiO2 Ti(OnBu)4 Various alcohols Spherical – [84]
TiO2 Ti(OiPr)4 Various alcohols + formic acid,

acetic acid or oxalic acid
– Ester elimination [59]

TiO2 TiCl4 Various alcohols and acetic acid Spherical or rods Ester elimination [152]
TiO2 TiCl4 Various alcohols Spherical or rods Ether elimination [153]
TiO2 TiCl4 Benzyl alcohol Spherical Alkyl halide elimination [96, 154,

173] [87, 62]
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Table 4.1. (continued)

Metal oxide Precursors Solvents Shape Reaction Mechanism Ref.

TiO2 Ti(OiPr)4 Toluene Spherical – [74]
TiO2 Ti(OiPr)4 Various ketones Spherical Aldol-type reactions [39]
TiO2 Ti(OiPr)4 Various aldehydes Spherical Aldol-type reactions [39]
TiO2 TiCl4 Ethanol Spherical – [92]
TiO2 Ti(OnBu)4 1,4-Butanediol Spherical – [80]
TiO2 Ti(OnBu)4 1,4-Butanediol or toluene Spherical – [109]
TiO2 Ti(OiPr)4 2-Propanol + aniline Rods Ester elimination [170]
TiO2 Tetrabutyl titanate n-Butyl alcohol Spherical Ether elimination [161]
TiO2 TiCl4 Benzyl alcohol or n-butanol Spherical, slightly

elongated
– [1, 2]

TiO2 (rutile or
anatase)

TiCl4 Acetone and other ketones Spherical or rods Aldol condensation [159, 160]

TiO2 Ti(OnBu)4 Acetic acid Spherical Ester elimination [63]
TiO2 TiBr4, Na2O2 Hexadecane – Metathesis reaction [110]
V2O3 VO(OiPr)3 Benzyl alcohol – – [113]
VO1.52(OH)0.77 VOCl3 Benzyl alcohol Ellipsoids – [97, 32]
WO3·H2O WCl6 Benzyl alcohol Platelets – [97]
W18O49 WCl6 Ethanol Rods – [21]
WO3·H2O W(OiPr)6 Benzyl alcohol Wires – [121]
WO3·H2O WCl6 4-tert-Butylbenzyl alcohol Platelets – [122]
W18O49 WCl6 Cyclohexanol Nanowires [168]
ZnO Zn(OCEt3)2 Acetone Spherical Aldol-type reactions [48]
ZnO Zn(ac)2·22H2O Methanol, KOH Nanorods – [107]
ZnO Zn(ac)2·22H2O Ethanol Spherical Ester elimination [33]
ZnO Zn(acac)2 1,4-Butanediol Spherical – [125]
ZnO Zn(acac)2·xH2O Benzylamine – C-C bond cleavage [115]
ZnO Zn(ac)2 Benzyl alcohol Rods or wires Ester elimination [24]
ZnO Zn(acac)2·xH2O Acetonitrile Spherical and

hexagonally shaped
mesocrystals

– [16]

ZnO Zn(acac)2·xH2O Benzyl alcohol – [12]
ZnO Zn(ac)2·2H2O 1-Pentanol, m-xylene and p-toluene

sulfonic acid monohydrate
Spherical Ester elimination [27]
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Table 4.1. (continued)

Metal oxide Precursors Solvents Shape Reaction Mechanism Ref.

ZnO Zn(ac)2 Various alcohols, glycols, n-alkanes,
and aromatic compounds

Various aspect ratios – [6]

ZnO Zn(acac)2 Dibenzylether – – [141]
ZnO Zinc metal Aliphatic alcohols Spherical or nanorods – [108]
ZnO Zinc acetylacetonate

hydrate
Benzyl alcohol – – [55]

ZnO Zinc acetate dihydrate Diethyleneglycol Spherical – [61]
ZnO Zinc acetate dihydrate Diethyleneglycol Spherical agglomerates – [54, 165,

166]
ZrO2 Zr(OiPr)4·HOiPr Glycols or toluene – – [86, 58]
ZrO2 Zr(OiPr)4·HOiPr Benzyl alcohol Spherical Ether elimination [40, 172, 93]

Table 4.2. Ternary and multi metal oxide nanoparticles synthesized by surfactant-free nonaqueous sol-gel routes; ac = acetate, acac =
acetylacetonate

Metal oxide Precursors Solvents Shape Reaction Mechanism Ref.

BaSnO3 Ba + Sn(OtBu)4 2-Butanone Spherical – [42]
BaTiO3 Ba(OiPr)2 + Ti(OiPr)4 Acetone Spherical Aldol-type reactions [44]
BaTiO3 Ba + Ti(OiPr)4 Isopropanol + benzene – – [144]
BaTiO3 Ba + Ti(OiPr)4 Benzyl alcohol Spherical C-C bond formation [12, 103,

104]
BaTiO3 Ba + Ti(OiPr)4 Acetophenone Spherical Aldol-type reactions [98]
BaTiO3 Ba(OH)2·8H2O + Ti(OiPr)4 2-Methoxyethanol + ethanol Spherical – [82]
BaTiO3 Ba + Ti(OiPr)4 Isopropanol – – [140]
BaZrO3 Ba(OiPr)2 +

Zr(OiPr)4·HOiPr
Acetone – – [44]

BaZrO3 Ba + Zr(OiPr)4·HOiPr Benzyl alcohol Slightly elongated – [104]
(Ba,Sr)TiO3 Ba + Sr + Ti(OiPr)4 Benzyl alcohol Spherical – [103]
CaNb2O6 Ca(ac)2 + Nb(OEt)5 1,4-Butanediol – – [83]
CdIn2O4 Cd(ac)2 + In(OiPr)3 Benzyl alcohol Spherical – [18]
CoFe2O4 Co(ac)2 + Fe(ac)3 Diethylene glycol Spherical – [10]
CoFe2O4 Fe(acac)3, Co(acac)3 Acetophenone Spherical – [150]
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Table 4.2. (continued)

Metal oxide Precursors Solvents Shape Reaction Mechanism Ref.

CoFe2O4 Fe(ac)2, Co(ac)2·4H2O Diethyleneglycol Spherical – [5]
CrNbO4 Cr(acac)3 + Nb(OnBu)5 1,4-Butanediol – – [83]
FeNbO3 Fe(acac)3 + Nb(OnBu)5 1,4-Butanediol – – [83]
InNbO4 In(acac)3 + NbCl5 Benzyl alcohol Spherical Ether elimination [163, 164]
Indium Tin
Oxide

In(acac)3 + Sn(OtBu)4 Benzyl alcohol Spherical – [9, 7]

La1−xAxMnO3
(A = Ca, Sr,
Ba)

Various Benzyl alcohol or acetophenone – – [150]

LiNbO3 Li(ac) + Nb(OnBu)5 1,4-Butanediol – – [83]
LiNbO3 Li + Nb(OEt)5 Benzyl alcohol – – [104]
LiNbO3 LiOH, Nb(OEt)5 1,4-Butanediol Spherical Ester elimination [106]
LiTaO3 LiOH, Ta(OEt)5 1,4-Butanediol Spherical Ester elimination [106]
MnNb2O6 Mn(acac)3 + NbCl5 Benzyl alcohol – – [164]
NaNbO3 Na + Nb(OEt)5 Benzyl alcohol Spherical – [42]
NaTaO3 Na + Ta(OEt)5 Benzyl alcohol – – [42]
PbTiO3,
Pb(Zr,Ti)O3,
PbZrO3

Pb(acac)2 + Ti(OiPr)4
and/or Zr(OiPr)4·HOiPr

2-Butanone Spherical – [41]

RE3NbO7 (RE
= rare earth)

RE(ac)3 + Nb(OEt)5 1,4-Butanediol – – [83]

SrTiO3 Sr + Ti(OiPr)4 Benzyl alcohol Spherical – [103]
SrTiO3 Sr(OiPr)2 + Ti(OiPr)4 Acetone – – [44]
YNbO4 Y(acac)3·xH2O + NbCl5 Benzyl alcohol Spherical – [164]
ZnM2O4

(M=Cr, Fe, Co,
Mn)

Zn(ac)2 + M(acac)3 1,4-Butanediol Spherical – [125]

ZnGa2O4 Zn(acac)2·xH2O +
Ga(acac)3

Benzylamine Spherical – [17]

ZnNb2O6 Zn(ac)2 + Nb(OnBu)5 1,4-Butanediol – – [83]
Zr6Nb2O17 Zr(acac)4 + Nb(OnBu)5 1,4-Butanediol Spherical – [83]
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Table 4.3. Doped metal oxide nanoparticles synthesized by surfactant-free nonaqueous sol-gel routes

Metal oxide Precursors Solvents Shape Reaction Mechanism Ref.

Co-/Fe-doped
TiO2

Co(acac)2, Fe(acac)3,
Ti(OiPr)4, TiCl4

Benzyl alcohol Spherical or well-faceted – [29]

Fe-doped TiO2 Ti(OiPr)4 + Fe(ac)2 Ethanol and acetic acid Spherical Ester elimination [139]
Co-doped ZnO Zn(ac)2·2H2O Ethanol, KOH Various – [156]
Co-doped ZnO Zn(ac)2 + Co(ac)2 Benzyl alcohol or benzyl alcohol +

anisole
Nanorods and
Nanowires

– [24]

Mn-/Co-doped
ZnO

Zn(II) acetylacetonate
hydrate, Mn/Co(II)
acetylacetonate

Benzyl alcohol Nanorods – [30]

In-doped ZnO Zinc acetate, indium acetate Methoxyethanol or ethanol Spherical Ester elimination [22]
Ga-doped ZnO Zinc acetate, gallium nitrate Methoxyethanol Spherical Ester elimination [22]
Mn-doped ZrO2 Zr(OiPr)4·HOiPr +

Mn(acac)3 or Mn(ac)2

Benzyl alcohol Spherical – [25]
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precursors including metal alkoxides, halides, acetylacetonates, or acetates,
thus giving access to more than 35 different metal oxide nanoparticles and
oxide-based hybrid nanostructures (cf. Chapter 4.2).

The large number of suitable metal oxide precursors and organic solvents
offers many combinations for potential reaction systems. Taking into account
that the metal oxide precursor as well as the solvent strongly influence the
size and the shape of the final nanocrystals, the possibility to chose and to
vary the initial reaction mixture represents a powerful tool for the synthetic
chemist to tailor the morphological characteristics.

4.2 Organic-Inorganic Hybrid Materials

4.2.1 Introduction

The combination of organic and inorganic components at the nanoscale pro-
duces multifunctional materials built up by spatially well defined domains of
an organic and an inorganic component [137]. They present a large variety of
physical properties arising, not only from the isolated organic and inorganic
constituents, but also from the interface formed from the two phases [135].
The definition of the different class of organic-inorganic nanocomposites was
drawn by Sanchez and Ribot in the early ’90 [136]. In “class I” materials
inorganic and organic components interact only weakly through hydrogen
bonding, van der Waals contacts or electrostatic forces. In “class II” materi-
als a stronger interaction via ionic or covalent bonds are found. In general,
the inorganic species or nanobuilding blocks range from transition metal oxo
clusters to polyoxometalates and nanoparticles [137, 134, 73, 72, 138].

The formation of organic-inorganic hybrid nanomaterials in surfactant-free
nonaqueous systems was only reported for very few reaction systems. Also in
this case, the “benzyl alcohol route” plays an outstanding role, giving access
to various oxide based hybrid nanomaterials. The various hybrid materials
synthesized in organic solvents are summarized in Table 4.4.

A notable feature of these processes is the fact that a highly ordered hy-
brid nanostructure is constructed in one-step, governed either by an initially
present organic constituent (for example the solvent), or by an organic re-
action product formed during the reaction course. The organic species bind
strongly and irreversibly to the growing inorganics, fulfilling several functions:
i) The selective capping of specific crystal faces leads to a confinement of the
inorganic material and the formation of highly anisotropic shapes (e.g. 2D
sheets); ii) the organic species serve as stabilizers and prevent agglomeration
of the inorganic nanocrystals; iii) the organic species phase-separate from the
liquid reaction medium and, e.g. through π − π interactions, assemble the
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inorganic nanocrystals into larger superstructures, thereby forming a stable
hybrid material.

Table 4.4. Ordered organic-inorganic metal oxide based hybrid nanostructures

Metal oxide Precursors Solvents Structure Ref.

Y2O3 Y(OiPr)3 Benzyl alcohol Lamellar [116]
Gd2O3 Gd(OiPr)3 Benzyl alcohol Lamellar [70]
Nd2O3 Nd(OiPr)3 Benzyl alcohol Lamellar [70]
Er2O3 Er(OiPr)3 Benzyl alcohol Lamellar [69]
Sm2O3 Sm(OiPr)3 Benzyl alcohol Lamellar [70]
Gd2O3 Gd(OiPr)3 4-Biphenylmethanol Lamellar [68]
Y2O3 Y(OiPr)3 4-Biphenylmethanol Lamellar [68]
Nd2O3 Nd(OiPr)3 4-Biphenylmethanol Lamellar [119]
TiO2 Ti(OiPr)4 Benzylamine Stacks of

nanoplatelets
[43]

W18O49 W(OiPr)6 Benzyl alcohol Nanowire bundles [121]
W18O49 WCl6 +

Deferoxamine
Benzyl alcohol Nanowire bundles [122]

WO3·H2O WCl6 4-tert-Butylbenzyl
alcohol

Stacks of
nanoplatelets

[120]

WO3·H2O WCl6 Benzyl alcohol +
4-tert-butylcatechol

Stacks of
nanoplatelets

[120]

4.2.2 Rare Earth Oxide Based Hybrid Nanoparticles

The reaction of rare earth (RE) alkoxides with benzyl alcohol or a deriva-
tive thereof (e.g. 4-biphenylmethanol) in an autoclave between 250-300◦C for
few days results in the direct formation of ordered lamellar organic-inorganic
hybrid materials based on RE2O3 oxides [112]. The material consists of very
thin crystalline oxide layers of the general formula RE2O3, regularly sepa-
rated from each other by organic layers of intercalated benzoates [116, 70]
or biphenolate [68] molecules. They show a typical lamellar structure, com-
posed of i) thin oxide layers which scatter strongly the incident electrons,
hence, seen as dark layers on the transmission electron microscopy (TEM)
images (Figure 4.9 and 4.10), ii) and an organic part which is practically in-
visible between those layers. In the case of the materials synthesized in benzyl
alcohol a similar structural behavior was found for the different RE. In fact,
the interlamellar distance deduced form the TEM pictures was constant at
about 1.8 nm and did not depend on the RE. On the other hand, the mor-
phology of the hybrid particles differs in function of the RE. In some cases
separated nanoparticles of about 50 nm were found and in other cases they
agglomerate like in Figure 4.9b leading to the formation of large agglomerates
of primary particles with the lamellar periodicity aligned in the same direc-
tion. TEM images of the hybrid materials synthesized in 4-biphenylmethanol
instead of benzyl alcohol are shown in Figure 4.10. Similarly to the previ-



76 4 Solvent-Controlled Synthesis

50 nm

50 nm

(b)

(c)

50 nm

(a)

50 nm

(d)

Fig. 4.9. a–d TEM overview images of the a yttrium oxide, b neodymium oxide, c
samarium oxide and erbium oxide based benzoate hybrid materials

ous case they show a typical lamellar structure. However, the interlamellar
distance increases from 1.8 to 2.6 nm. As demonstrated below, this is due
to the larger intercalated molecules. The morphology is also different. On
the one hand, gadolinium based materials show less extended oxide sheets
compared to the one synthesized in benzyl alcohol (Figure 4.10a). On the
other hand, neodymium based hybrid materials show very large oxide sheets
that form nanowires several μm long with the lamellar periodicity perpen-
dicular to the long axis (Figure 4.10b). A detailed structural characterization
of these nanostructures is not an easy task as single crystals of a reason-
able size (∼100 μm) could not be obtained. Using several characterization
techniques ranging from powder x-ray and electron diffractions, transmission
electron microscopy, vibrational spectroscopy, solid state NMR and elemental
analysis the structure of the hybrid materials was revealed (cf. Chapter 7.4.2)
[116, 70]. It turned out that the oxide layers are composed of only 3 monolay-
ers (∼0.6 nm) of crystalline rare earth oxide alternated with a double layer of
benzoate or biphenolate species bridged to the oxide nanosheets. A schematic
model of the structure is depicted in Figure 4.11. Carboxylate species form-
ing a bridge-like bond with the RE2O3 layer were the only organic moieties
present between the inorganic layers, and thus they were responsible for the
formation of the hybrid structure. In addition, the reaction mixture obtained
after the synthesis in benzyl alcohol was carefully investigated in order to
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50 nm

(a) (b)

Fig. 4.10. a,b TEM overview images of the a gadolinium oxide, b neodymium oxide
based biphenolate hybrid materials

Fig. 4.11 Model of the
structure of the benzoate
based hybrid material
made of three layers of
rare earth oxide sepa-
rated by benzoate species
having π−π interactions

understand how the benzoate species could be formed and why they could
control so precisely the growth, and thus the thickness, of the inorganic layer.

Considering the simplicity of the starting reaction mixture (rare earth
isopropoxides and benzyl alcohol only) and the complexity of the resulting
product, it was clear that the formation must proceed via a number of par-
allel or consecutive reactions. It was proposed that the formation of the rare
earth oxide nanocomposites therefore proceeds via three main coupled reac-
tions [116]: i) A C-C coupling route as recently described for the synthesis of
BaTiO3 nanoparticles leading to the elimination of 4-phenyl-2-butanol and
formation of a first metal-oxygen-metal bond [103], ii) a disproportionation
reaction of benzyl alcohol to toluene and benzaldehyde taking place at the
surface of the freshly formed rare earth oxide clusters, and iii) as benzalde-
hyde was found in much lower proportion than toluene and the nanocom-
posite contains only benzoate molecules, the rare earth oxide nanostructure
catalyses a Cannizaro-like reaction taking place at its surface leading to the
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formation of the rare earth oxide-benzoate nanocomposite under the elim-
ination of toluene. Both, reaction and structure formation are concerted.
The generated surface-bounded carboxylate species stop further structural
growth and define the geometry of a lamellar nanostructure of alternating
rare earth/benzoate layers, whereas no further benzoate is generated when
the surface is saturated. Moreover, the presence of a minimal small-sized rare
earth oxide surface is a prerequisite for the surface-catalyzed Cannizaro-like
reaction forming benzoate molecules. A detailed explanation of the reaction
mechanisms is presented in Chapter 5.5.

4.2.3 Tungsten Oxide Based Hybrid Materials

Another example of hybrid materials is given by the reaction of a tungsten
precursor with benzyl alcohol. This system is very rich, in fact the struc-
tures and morphologies obtained depend strongly on the experimental con-
ditions. When tungsten chloride is reacted in anhydrous benzyl alcohol pure
inorganic platelets of tungstite are obtained [97, 122]. A small quantity of
a specific ligand, introduced during the synthesis, dramatically affects the
morphology and the supramolecular arrangement of the final material. For
example, with deferoxamine mesylate the final material is constituted of long
wires of W18O49. They have a uniform diameter of about 1.3 nm, an aspect
ratio of more than 500 and they are organized in bundles (Figure 4.12a).
Similar nanowires were also obtained without additional ligands when tung-
sten isopropoxide was used instead of tungsten chloride [121]. The bundles
were kept together by π − π interactions between benzaldehyde molecules
(oxidation product of benzyl alcohol) adsorbed at their surface [122], form-
ing however much weaker bonds to the tungsten oxide than the carboxylate
species did with the rare earth oxides presented in the previous section. Figure
4.12c and d propose a structural model for the tungsten oxide nanowires and
their assembly behavior resulting in the hybrid nanostructure. When 4-tert-
butylcatechol is used as ligand, long rods consisting of highly ordered lamel-
lar organic-inorganic hybrid structures similar to the ones found for the rare
earth hybrid materials are observed [120] (Figure 4.12b).

4.2.4 Hybrid Materials Synthesized in Other Solvents

The reaction of various metal acetylacetonates in benzylamine was previ-
ously introduced (cf. Chapter 4.1.6) to be a general approach toward the
synthesis of pure metal oxide nanoparticles [115]. The use of different metal
complexes permits in certain cases to obtain organic-inorganic materials.
The solvothermal treatment of titanium isopropoxide in benzylamine (or m-
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Fig. 4.12 a–d Tungsten
oxide hybrid nanostruc-
tures synthesized with
a deferoxamine mesy-
late (inset: its power
spectrum) or b 4-tert-
butylcatechol as ligand.
Schemes representing c
the cross section of a 1.3
nm nanowire inside one
W18O49 unit cell oriented
along the [010] direction
and d the proposed model
for the hybrid nanostruc-
ture

xylylenediamine) resulted in the formation of highly ordered hybrid structures
[43]. These structures consist of anatase nanoplatelets that were stacked in a
lamellar fashion with, in between, a small organic layer made of benzylamine
which keeps the superstructure together by π−π interactions.

It was proposed that the formation of anatase nanoplatelets, in contrast
to the bigger and spherical nanoparticles that were obtained in other solvents
[39], is a result of strong binding of the benzylamine (or m-xylylenediamine)
solvent to the (001) surfaces of the nanocrystals, which thereby prevents
further growth in the [001] direction. The multiple role of the solvent benzy-
lamine is not limited to the control of the crystal growth and the formation of
the nanostructure. Indeed, the study of the reaction mechanism showed that
benzylamine is also indirectly involved in the transformation of titanium iso-
propoxide into anatase. A self-condensation of benzylamine in dibenzylamine,
promoted by titanium centers, leads to metal-coordinated ammonia groups
which are unable to induce bridging to another metal center in contrary to
hydroxyl groups. As titanium nitride is not formed, ammonia groups are re-
leased during the further course of the condensation. The main condensation
path was attributed to the β -elimination of the isopropyl ligands resulting in
Ti-OH groups that can initiate the formation of oxygen bridges by reacting
with other metal centers (cf. Chapter 5.8).

The highest ordering was obtained when the solvothermal treatment was
performed at 200◦C for 3 d. A typical diffractogram is presented in Figure
4.13. The dominant low-angle reflection at 2θ = 7.3◦ proves the presence
of a highly ordered lamellar structure, representing the 100 reflection of the
lamellae. Its position corresponds to a d spacing of 1.2 nm. A second order
peak is visible at 14.1◦. The signals at larger angles correspond to the crystal
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structure of the inorganic material and correspond to the anatase phase. The
TEM image of the hybrid structure is presented in Figure 4.14. The image
indicates the presence of nanoplatelets that are tightly stacked, forming large
aggregates several hundred nanometers in size. The stacking is highly regular,
with the nanoplatelets additionally being arranged to form extensive layers
in their equatorial direction.

Fig. 4.13 XRD patterns
of the nanocomposite ob-
tained from solvothermal
treatment of Ti(OiPr)4
in benzylamine (full line)
and m-xylylenediamine
(dotted line). Image cour-
tesy Prof. Georg Gar-
nweitner

Fig. 4.14 TEM image
of the nanocomposite ob-
tained in benzylamine.
Image courtesy Prof.
Georg Garnweitner

50 nm
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4.3 Nonaqueous Routes Applied to Atomic Layer
Deposition

A noble and versatile process for the formation of metal oxide thin films
is atomic layer deposition (ALD). ALD is a form of chemical vapor deposi-
tion (CVD) in which the reaction between precursor materials is separated
into successive surface reactions. In this manner, the precursor materials are
kept separate until the adsorbed species react at the surface in a self-limiting
process,[143, 105] i.e. without the presence of a gas phase reaction. As a con-
sequence, ALD offers excellent surface conformality. Inherent to the process
is the possibility to accurately control the thickness of the deposited film at
almost atomic level simply by counting the number of deposition cycles. As
an example, Figure 4.15 shows SEM and TEM images of carbon nanotubes
homogeneously coated on the inside and the outside by a few nanometers
thick titania and hafnia layers [130, 131]. It proves that ALD is probably
the most appropriate technique for the coating of complex shapes with high
conformality [81].

(a) (b)

200 nm 100 nm

Fig. 4.15. a SEM image of carbon nanotubes coated with titania. b TEM image of
carbon nanotubes coated with hafnia

Usually, ALD of metal oxides involves the reaction of a metal oxide pre-
cursor with an oxygen source. Water is the most commonly used oxygen
source and it is generally admitted that water hydrolyzes the surface molecu-
lar species which results, at reasonable temperature, in the formation of -OH
groups [105, 46, 88]. These react with the metal oxide precursors supplied
during the subsequent pulse, leading to the formation of M-O-M bonds. ALD
processes using hydrolysable metal complexes and water can therefore be
described as successive hydrolysis and condensation steps. Reactions of this
kind have been extensively studied in solution and are generally classified as
sol-gel chemistry (cf. Chapter 2).

A closer look at the literature reveals that the evolution and strategy de-
veloped for the deposition of metal oxide thin films by ALD shows similarities
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with the development of the sol-gel approach. Both techniques use common
precursors such as metal halides, alkoxides and β -diketonates. In ALD, mod-
ifications of precursors were also pursued in order to enhance their efficiency
by tuning their reactivity/stability [65, 91]. Recently, inspired by the success
of nonaqueous sol-gel, similar nonaqueous conditions were applied to ALD
[89, 128, 133, 129]. It is also interesting to note that similar chemistry is
responsible for the metal oxide formation in ALD and solution, respectively
[23].

An exhaustive list of nonaqueous sol-gel approaches applied to ALD is
given in Table 4.5. The first example of nonaqueous sol-gel process applied
to ALD and also the first mechanistic study found in the literature is at-
tributable to Brei et al. [14]. They alternatively reacted TiCl4 and Si(OEt)4

on a silica surface and monitored the silicate growth by IR and studied the by-
products of the reaction by mass spectrometry. They observed the formation
of chloroethane and thereby proved that an alkyl halide elimination mech-
anism (cf. Chapter 5.2) was involved. Afterward, Ritala et al. [133] showed
that the reaction between metal chlorides and alkoxides can be applied for
the deposition of various metal oxide and silicate thin films. Up to now, Al2O3

[133, 129], Ta2O5 [133, 89], Hf [133], Ti [133] and Zr [133] aluminate, TixHfyOz

[133], TixZryOz [133, 128, 127], Hf [90], Zr [133, 77, 76], and Ti [126, 14] silicate
were deposited from their corresponding metal alkoxides and halides. From
the data presented in table 4.5 it is clear that the deposition temperatures
are relatively high (300-500◦C) and definitely higher than the temperatures
required to form the metal oxides in solution. In solution the formation of
an oxide network typically occurs from room temperature to around 100◦C
[151, 26, 4] and is extremely fast at higher temperature [66, 148, 146, 145].

More recently, the formation of various metal oxide thin films was achieved
by a new approach involving the reaction of a metal alkoxide with carboxylic
acids at low temperature (from 50◦C) [130]. The proposed reaction mecha-
nism supported by GC-MS and kinetic studies involves an ester elimination
(cf. Chapter 5.4) via the following two steps. Firstly, during the carboxylic
acid pulse, the replacement of the alkoxy ligand at the surface by a carboxy-
late group takes place under elimination of alcohol. It is followed, during the
metal alkoxide pulse, by a reaction between the carboxylate surface species
and the metal alkoxide introduced under elimination of an ester. The as-grown
films show an excellent conformality and possess good dielectric properties
due to their high purity. Inherent to the chemical approach is the possibility
to grow oxides on silicon while minimizing the formation of a low-κ interfacial
layer [131].

Metal oxide film formation by ALD under nonaqueous sol-gel conditions
did not demonstrate yet significant advantages compared to traditional ap-
proaches [23]. However, an interesting aspect is the possibility to deposit
metal oxide films without intermediate hydroxyl group formation. Even
though the benefit of nonaqueous sol-gel routes in ALD compared to tradi-
tional water assisted deposition was carefully studied only for the deposition
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of alumina [60], it seems that nonaqueous conditions can have a significant
impact for the growth of metal oxides on silicon.

In view of what was discussed above, it emerges that metal oxide deposi-
tions based on alkyl halide elimination require high deposition temperatures.
It is however, not yet clear if this is due to kinetic or thermodynamic reasons
[23]. Moreover, in the majority of the cases the contribution of the metal
alkoxide self-decomposition (e.g. β -elimination) should be taken into account
as it can promote the film growth. Finally, the reaction of metal alkoxides
with carboxylic acids, which was only recently reported [130], demonstrated
the possibility of a low temperature deposition and self limiting growth even
for the deposition of hafnia. Hence, the most promising route appears to be
the ester elimination route. It will certainly be the starting point for future
studies.
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Table 4.5. Metal oxides deposited by ALD using nonaqueous sol-gel approaches

Metal Oxide Precursor A Precursor B Temperature
(◦C)

Growth per cycle (Å) Expected condensation step Ref.

Al2O3 AlCl3 Al(OiPr)3 150–375 0.35–1.6 Alkyl halide elimination [133, 129]
Al2O3 AlCl3 Al(OEt)3 400 0.7 Alkyl halide elimination [133]
Al2O3 AlMe3 Al(OiPr)3 300 1.3 [133]
Al2O3 AlMe3 HOiPr 250 0.8 [60]
Al2O3 AlCl3 HOtBu 300 1.1 [126]
Al2O3 AlCl3 HOR 250–500 0.5–0.7 [52, 147]
Al2O3 Al(OR)3 HOR 250–500 – [52]
HfO2 Hf(OtBu)4 HCOOH 80–200 0.2–0.5 Ester elimination [130]
HfO2 Hf(OtBu)4 CH3COOH 100–350 0.25–1.1 Ester elimination [130]
Ta2O5 TaCl5 Ta(OEt)5 275–450 0.1–0.6 Alkyl halide elimination [133, 89]
Ta2O5 Ta(OEt)5 CH3COOH 250 0.17 Ester elimination [130]
TiO2 TiCl4 HOtBu 200–400 – [35]
TiO2 TiCl4 iPrOiPr 200–400 0.4–0.6 [35]
TiO2 Ti(OiPr)4 HCOOH 100–200 0.1–0.5 Ester elimination [130]
TiO2 Ti(OiPr)4 CH3COOH 50–350 0.2–1.4 Ester elimination [130]
V2O4 VO(OnPr)5 CH3COOH 200 0.4 Ester elimination [157]
AlxHfyOz HfCl4 Al(OEt)3 400 0.6 Alkyl halide elimination [133]
AlxTiyOz AlCl3 Ti(OiPr)4 300 2.3 Alkyl halide elimination [133]
AlxZryOz ZrCl4 Al(OEt)3 400 0.45 Alkyl halide elimination [133]
TixHfyOz Hf(OtBu)4

Ti(OiPr)4

CH3COOH 200–300 1.1 Ester elimination [130]

TixHfyOz HfCl4 Ti(OiPr)4 300 0.5 Alkyl halide elimination [133]
TixZryOz ZrCl4 Ti(OiPr)4 250–300 1.2 Alkyl halide elimination [133, 128,

127]
Alumina/Silica AlCl3, SiBr4 HOtBu 300 1.8 [126]
Al
silicate/Silica

AlCl3 (tBuO)3SiOH 240 80 [51]

Alumina/Silica AlMe3 (tBuO)3SiOH 200–300 70–120 [50]
Hf silicate HfCl4 Si(nBuO)4 300–500 1.4–1.9 No alkyl halide elimination [75, 78]
Hf
silicate/Silica

HfCl4 (tBuO)3SiOH 240 [51]

Hf silicate HfCl4 Si(OEt)4 500 0.26 Alkyl halide elimination [90]
Hf silicate HfI4 Si(OEt)4 300–500 0.27–0.5 Alkyl halide elimination [90]
Titania/Silica SiCl4 Ti(OtBu)4 200–300 Alkyl halide elimination [126]
Ti silicate TiCl4 Si(OEt)4 – – Alkyl halide elimination [14]
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Table 4.5. (continued)

Metal Oxide Precursor A Precursor B Temperature
(◦C)

Growth per cycle (Å) Expected condensation step Ref.

Zr silicate ZrCl4 Si(OEt)4 500 0.5 Alkyl halide elimination [133]
Zr silicate ZrCl4 Si(nBuO)4 250–500 0.7–1.3 Alkyl halide elimination [133]
Zr silicate ZrCl4 Si(nBuO)4 300–500 1.05–1.5 Alkyl halide elimination [77]
Zr silicate/silica ZrCl4 (tBuO)3SiOH 240 [51]
Zr silicate SiCl4 Zr(OtBu)4 125–225 1.1–1.8 Alkyl halide elimination [76]

The temperatures at which depositions were studied are listed. Note that not necessarily a real ALD process (i.e. self limiting growth) is responsible for
film growth over the reported deposition temperatures. The given growth per cycle indicates the minimum and maximum that was obtained over the
temperature region studied.
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Chapter 5

Reaction Mechanism

5.1 Introduction

Chemical reactions based on organic chemistry principles play an outstand-
ing, but not yet fully understood role in the nonaqueous synthesis of metal
oxide nanoparticles. Nanoparticle formation in organic solvents is always ac-
companied by organic side reactions that are responsible for the chemical
transformation of the molecular precursor to the oxidic compound. In all
of them, interplay between the precursor species and the solvent leads to
the formal supply of oxygen, but in fact the metal center of the precursor
complex acts as strong catalyst for these reactions. Some of these mecha-
nisms are based on common organic condensation reactions that are capable
of generating water in situ, which then instantly reacts with the metal ox-
ide precursors. In many cases, however, water as such is not formed, but
the organic condensation and the formation of metal-oxygen-metal (M-O-M)
bridged bonds are concurrent processes [94]. Information on the chemical for-
mation mechanisms can be gained through the identification of the organic
by-products, which are either present in the final reaction mixture, or escape
during the synthesis as gaseous compounds. By retro-synthetical approaches
it is possible to correlate the processes leading to the organic species to the
growth of the oxide particles. The correlation of both, the organic reactions
to the crystallization of the inorganic nanoparticles, as well as the organic
species to nanoparticle morphology represent fundamental and challenging
questions. In contrast to aqueous systems with nearly indefinable composi-
tion, the characterization of the organic compounds in organic media can
easily be performed with standard techniques like Nuclear Magnetic Reso-
nance (NMR) spectroscopy or Gas Chromatography - Mass Spectrometry
(GC-MS). In this context, surfactant-free nonaqueous routes are particularly
suitable for the study of the reaction pathways due to the small number of
starting compounds.
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The sol-gel synthesis of metal oxide nanoparticles is based on the formation
of M-O-M bonds, representing the first step towards the build-up of the solid
metal oxide structure. Obviously, in nonaqueous processes the formal oxygen
that is required for the formation of these oxygen bridges is not provided by
any added water. Therefore, it must either stem from the precursor used or
be provided in some form from the organic medium. In fact, often these cases
cannot be clearly distinguished, and the mechanisms for this oxygen transfer
are manifold. These mechanisms nonetheless can have a strong influence on
the intrinsic properties of the forming solid material, on their composition
and the crystal structure, and therefore, their detailed elucidation is vital
to bring us closer to understand and to control nanoparticle formation on a
molecular level. Central to all of these mechanisms is the formation of the
aforementioned M-O-M bonds from the precursors, which through analogous
further condensation reactions grow into larger 3D networks and thus, make
up the metal oxide nanostructures. A slow and controlled progression of the
condensation thereby ensures high crystallinity of the forming oxide material.

In this chapter we describe the chemical mechanisms leading to the forma-
tion of M-O-M bridges as basic unit of every metal oxide. It is interesting to
note that in spite of the intense research efforts in the area of nonaqueous syn-
thesis of metal oxide nanoparticles, and related to that, of the large number
of published methodologies, it is possible to summarize most of the condensa-
tion reactions in only seven distinct mechanisms: i) Alkyl halide elimination
(in section 5.2), ii) ether elimination (in section 5.3), iii) condensation of
carboxylate groups (ester and amide eliminations) formally resulting in elim-
ination of H2O (in section 5.4), iv) C-C coupling of benzylic alcohols and
alkoxide precursors (in section 5.5), v) aldol/ketimine condensation, which
may be preceded by solvolysis of the precursor as in the case of acetylacet-
onates (in section 5.6), vi) oxidation of metal nanoparticles (in section 5.7)
and vii) thermal decomposition methods (in section 5.8). Only very few other
mechanisms, presented in section 5.9, have been reported so far. Although
this list is, in some cases, rather arbitrary, it is a first step towards the ratio-
nalization of nonaqueous approaches and should help to develop some general
synthesis concepts.

5.2 Alkyl Halide Elimination

The reactions between metal halides and alcohols are doubtlessly among the
most utilized methods for the nonaqueous synthesis of metal oxide nanopar-
ticles, mainly due to the broad availability of metal halides and the general
advantages of using alcohols as nontoxic solvents. The oxygen of the alcohol
molecules is easily coordinated to the metal center of the precursor, which is
then followed by an elimination reaction. First systematic investigations on
alkyl halide elimination reactions were carried out for metal oxide gels. They
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involve the condensation between metal alkoxides and metal halides under
release of an alkyl halide (Eq. 5.1):

M Cl + +M O M R ClR O M (5.1)

The metal alkoxide species is often produced in situ by the alcoholysis or
the etherolysis of metal halides. In the first case, the metal halide is directly
mixed with the alcohol, reacting to the respective metal alkoxo-halide and
hydrogen halide HX (Eq. 5.2). Most of the metal halides undergo only partial
solvolysis and, depending on the metal center, the number y of the exchanged
halides varies strongly [10].

MX + + y HXy ROHx (RO) MXy x-y (5.2)

M OHM X + ROH RX+ (5.3)

+XM HXM OH + M O M (5.4)

As a second step, the alkoxide groups formed in situ react with unsolvolyzed
M-Cl species according to Eq. 5.1. However, alcohols with an R group that
is able to stabilize a positive charge, i.e., electron donor substituents like
secondary, tertiary carbon, allyl and benzyl groups, prefer to directly elimi-
nate alkyl halides (Eq. 5.3). In this case, a metal hydroxyl species is formed,
and therefore the reaction may be adequately termed as a nonhydrolytic hy-
droxylation process [21, 101]. The condensation between the M-OH and an
unsolvolyzed metal halide molecule follows Eq. 5.4. Even though the overall
reaction is the same, it is not purely academic to distinguish between these
two mechanisms. The intermediate hydroxyl groups are significantly more
reactive than alkoxide species, leading to higher rates of gelation in these
systems, as it was confirmed by experimental results [21]. For etherolysis,
i.e., for the reaction between metal halides and ethers, only one mechanism
has been observed (Eq. 5.5), with the second step similar to Eq. 5.1 [2].

M ORM X + ROR RX+ (5.5)

Following these studies on the formation of oxide gels, Trentler et al. pub-
lished in 1999 the first synthesis of crystalline anatase nanoparticles based on
an alkyl halide elimination process [97]. Relatively high temperatures of 300
◦C and the presence of trioctylphosphine oxide (TOPO) as surfactant were
required to yield phase-pure materials. Those authors proposed that the high-
temperature reaction between TiX4 and Ti(OR)4 essentially follows an SN1
mechanism, with reaction rates strongly decreasing with increased branching
of the substituent R, however unaffected by the nature of X. Later, Jun et
al. applied the same approach to the shape-controlled synthesis of titiania
nanocrystyals [51], while Joo et al. [50] and Tang et al. [96] extended the
strategy to the preparation of nanocrystalline zirconia, hafnia and solid solu-
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tions thereof by reacting the respective metal chloride and metal isopropoxide
in hot TOPO. In the case of zirconia, the organic side products were ana-
lyzed. The main species found was iPrCl, together with substantial amounts
of propene, which formed by dehydrochlorination of iPrCl as a consequence
of the rather high reaction temperature of 340 ◦C [50].

halides and alcohols in completely surfactant-free systems (cf. also Chapter
4.1.3) [66, 67, 103]. Even though many mechanistic studies were performed
on the formation of metal oxide gels from metal halides and metal alkoxides
in the 1990s [101], the occurring reactions are by far not trivial or completely
understood. The main expected mechanism in these systems is an alkyl halide
elimination as shown in Eq. 5.1. For the reaction of a metal halide in an alco-
hol the elimination occurs between a halide and a metal alkoxide rather than
the alcohol directly, due to previous ligand exchange reactions (Eq. 5.2) [10].
However, this pathway is different for tertiary and benzylic alcohols as they
prefer to directly eliminate alkyl halides leading to metal hydroxyl species
(Eq. 5.3) [6]. Moreover, the studies of Wang and co-workers showed that in
the synthesis of titania from TiCl4 in various primary alcohols, ether forma-
tion can also occur, and even become the dominant byproduct observed [103].
Instead of a condensation between a metal alkoxide and a metal halide, as
displayed in Eq. 5.1, two in situ formed metal alkoxides might also react with
each other under formation of a M-O-M bond and an organic ether (instead
of an alkyl halide, see also section 5.3). In the original work, the authors
assumed that dissolved HCl acts as catalyst for ether formation reactions. In
the case of titania nanoparticle synthesized from TiCl4 and benzyl alcohol,
alkyl halide formation is reported (Eq. 5.3) as the main pathway due to sta-
bilization of the transient carbo-cation by the mesomeric effect of the phenyl
ring [101]. However, addition of small amounts of surface modifiers such as
dopamine to the reaction mixture significantly alters the ratio of the reaction
products. Whereas in the pure TiCl4 – benzyl alcohol system the final reac-
tion solution contained a molar ratio of 3 benzyl chloride : 1 benzyl ether, the
dopamine system in fact contained 1 benzyl chloride : 3 benzyl ether. In all
these reaction systems, both benzyl ether and benzyl chloride were present
as reaction products, however, varying in amounts depending on the system
[28]. In these systems it is therefore difficult to determine which pathway is
responsible for the M-O-M formation as the following competing condensa-
tion reactions can take place: i) Direct condensation between a metal alkoxide
and a metal halide as displayed in Eq. 5.1, ii) condensation involving hydroxyl
groups formed as depicted in Eq. 5.4 and, iii) condensation involving ether
elimination as described in section 5.3.

Furthermore, one has to keep in mind that the nanocrystals formed in
the reaction mixture may even be able to catalyze side reactions such as
ether elimination, making it impossible to distinguish between direct prod-
ucts of nanoparticle formation and products of side processes. For example,
the reaction between SnCl4 and benzyl alcohol resulted in SnO2 nanopar-
ticles [4]. During the synthesis the benzyl alcohol solvent, being in 20-fold
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surplus, is almost completely transformed into dibenzyl ether. As a matter of
fact, it was found that tin oxide nanoparticles with surface-adsorbed chloride
ions could catalyze the etherification reaction between alcohols by promoting
their electrophilicity via a chlorine borrowing mechanism [62]. The presence
of small amounts of benzyl chloride led to the conclusion that the formed
chloro-alkanes not only were by-products of the reaction, but also acted as
intermediates in the formation of the ether, as depicted in Scheme 5.1.
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Scheme 5.1. Proposed mechanism for the formation of dibenzyl ether via a chlorine
borrowing mechanism catalyzed by SnO2 nanoparticles

Alkyl halide elimination is also reported for atomic layer deposition (ALD)
processes [18]. The first report found in the literature is attributable to Brei
et al. [13]. They alternatively reacted TiCl4 and Si(OEt)4 on a silica surface
and monitored the silicate growth by IR and studied the by-products of the
reaction by mass spectrometry. They observed the formation of chloroethane
and thereby proved that an alkyl halide elimination mechanism was involved.
Afterward, Ritala et al. [84] showed that the reaction between metal chlorides
and alkoxides is generally applicable to the deposition of various metal oxide
and silicate thin films (cf. also section 4.3). In contrast to reactions performed
in solution, the mechanisms are much more challenging to investigate in the
case of ALD. This is based on the fact that the products are in the gas phase
and mixed with a large amount of unreacted precursors at each step. Con-
sequently, the quantity of the chemical species available for analysis is very
small and highly diluted by the reactants. For this reason, only a limited
number of studies were in the position to discuss the possible reaction mech-
anisms and unfortunately, some of these depositions were investigated under
non-ideal conditions, i.e. not in the regime of a self-limiting growth. Moreover,
as the deposition temperatures are generally relatively high (300-500 ◦C) (cf.
Table 4.5), the contribution from the metal alkoxide self-decomposition (e.g.
β -elimination) cannot be neglected in many studies as it can promote the
film growth. A comparison between similar approaches developed in ALD
and in liquid phase provides insights and may explain the different behav-
ior observed in terms of reactivity and reaction temperatures. Some studies
pointed out that the condensation step involving the alkyl halide elimination
needs to be promoted by a metal center acting as Lewis acid [3, 6]. In solu-
tion, due to a rapid ligand exchange reaction, different alkoxohalide species
are immediately formed [57, 3]. It was proposed that the condensation be-



102 5 Reaction Mechanism

tween Ti(OiPr)4 and TiCl4 leading to the Ti-O-Ti bonds formation follows
a concerted mechanism mediated by an alkoxohalide species. In this case,
TiCl3OiPr molecules present in the reaction mixture are the key species for
the first condensation reaction converting alkoxo bridges to oxo bridges by
the activation of Ti-Cl bonds (Scheme 5.2) [101, 3]. The different behavior

Scheme 5.2 Schematic
representation of the con-
densation between Ti-
OiPr and Ti-Cl catalyzed
by TiCl3OiPr. Repro-
duced with permission
from Ref. [3]
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observed in the ALD of metal oxide via alkyl halide elimination might be
explained by these findings. In solution, the condensation reaction does not
take place directly between metal alkoxides and metal halides but between
intermediate species (e.g. alkoxohalide, oxoalkoxohalide, etc) [57, 3] either
because they are more reactive or because they act as catalyst. Thus, the
reaction kinetics strictly depends on the concentration of these key species
and hence, on the initial chloride/alkoxide concentration [3]. The importance
of the presence of these intermediate species is further demonstrated by the
observation that an induction period is generally needed to initiate the con-
densation. Obviously, this reaction can not directly be transposed to ALD.
Firstly, because the ratio of reactants is difficult to control and secondly, be-
cause the majority of experiments are performed using flow type reactors,
i.e. without residence time. Instead, it is expected that the same chemical
approach would require higher temperatures in ALD as compared to the liq-
uid phase. Indeed, the deposition processes involving the reaction of a metal
alkoxide with a metal halide is reported to efficiently work only for temper-
atures around 300 ◦C and above (Table 4.5). Moreover, at these elevated
temperatures alkoxy groups at the surface (mainly secondary and tertiary)
start to decompose, leaving hydroxyl groups. These groups open an alterna-
tive and energetically favorable condensation pathway for the metal halides
provided in the subsequent pulse.
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5.3 Ether Elimination

Ether elimination involves the formation of the M-O-M bond by the reaction
between two metal alkoxides (Eq. 5.6).

M OR + M O M + RORRO M (5.6)

Ether elimination was discovered by Bradley et al. during their investigations
on the mechanistic aspects of metal alkoxide transformation into oxoalkoxides
as intermediates for oxides [7, 8]. Ether elimination reactions are characteris-
tic of the derivatives of multivalent early transition elements such as Mo(VI),
W(VI) and Nb(V), where in the presence of pronouncedly basic (alkaline,
alkaline earth) alkoxides directly the inorganic molybdates or tungstates are
produced (Eq. 5.7) [98, 54].

MoO(OEt) + 2 MOEt MMoO + 3 Et O
4 4 2

23M = Li, Na; Et = CH CH

(5.7)

The formation of the oxo species is analogously possible in reactions of metal
alkoxides with aldehydes and ketones [54, 55]. The molybdenum alkoxides
MoO(OCH3)4 and MoO(OCH2CH3)4 transform carbonyl compounds like ac-
etaldehyde and acetone into acetals and ketals, respectively, finally yielding
the colloidal oxidic compound (Eq. 5.8) [55]. However, the condensation of
metal alkoxides in the presence of carbonyl compounds can also proceed along
other pathways [40], which is discussed below in section 5.6 (Aldol conden-
sation).

C O

R’

+ C

OEt

OEtR’’

R’

R’’

MoO(OEt)4 2MoO (OEt)2+ (5.8)

Examples of ether elimination routes to amorphous and nanocrystalline ox-
ides were reported, for example, by Fanelli and Burlew in 1986, who reacted
aluminum alkoxides in 2-butanol and obtained amorphous Al2O3 in the form
of agglomerated particles only 20 nm in size [25]. The glycothermal method,
developed by Inoue and co-workers, involved the solvothermal reaction of
metal hydroxides and alkoxides in glycols under autogenous pressure at tem-
peratures of 325-450 ◦C [45, 44, 43, 42]. The formation mechanism of zirconia
upon treatment of Zr(OnPr)4 in 1,4-butanediol was proposed as a two-step
process. In a first step, 1,4-butanediol binds to the metal center, forming a
glycoxide, which in a second step undergoes intramolecular condensation to
tetrahydrofuran, which was as a matter of fact identified in the final reaction
mixture [42]. This mechanism shows that the dehydration process is catalyzed
by the metal itself.
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The synthesis of HfO2 nanoparticles constitutes another example based on
the ether elimination process by the solvothermal treatment of hafnium ethox-
ide with benzyl alcohol [75]. Based on the organic species detected in the final
reaction mixture, a two step process involving ligand exchange reactions and
ether elimination were proposed. In a first step, a significant amount of ethoxy
ligands is exchanged against benzyl alcohol to form ethanol and benzyl alkox-
ide species (Eq. 5.9). It is known that such ligand exchange processes take
place already at room temperature [9, 1]. The alkoxy species undergo con-
densation to form M-O-M bonds and organic ethers (Eq. 5.10). The amount
of dibenzyl ether found in the final reaction mixture was substantially higher
than the amount of diethyl ether or benzyl ethyl ether (molar ratio of about
1.0 benzyl ether : 0.3 diethyl ether plus mixed ether), which means that most
ethoxy groups are exchanged during the first step in Eq. 5.9. These findings
can be explained on the one hand by the surplus of benzyl alcohol in the
system, and on the other hand, the better stabilization of transition states
due to mesomeric effects of the benzyl group plays an important role, too.

Hf(OEt) + x C H CH OH Hf(OEt) (C H CH O) + x EtOH4 6 5 2 4-x 6 5 2 x

3 2x = 0-4, Et = CH CH

(5.9)

+Hf O HfR O HfHf OR+ ROR

6 5 2 3 2
R = C H CH or CH CH

(5.10)

Also the reaction of titanium alkoxides in benzyl alcohol proceeds via the
ether elimination mechanism. Solvothermal treatment of Ti(OiPr)4 in ben-
zyl alcohol at 200 ◦C for 2 days resulted in nanocrystalline anatase [28]. The
final reaction solution contained, in molar ratio, 1.0 benzyl ether : 0.46 iso-
propyl ethers. The fact that the amount of isopropyl ether and mixed benzyl
isopropyl ether is significantly higher as compared to the ethyl ethers found in
the HfO2 synthesis reflects the better stability of secondary carbocations com-
pared to primary ones. The formation of Nb2O5 nanoparticles from niobium
ethoxide and benzyl alcohol follows an ether elimination pathway, too [28].

A more exotic example of ether elimination was found in the system tita-
nium isopropoxide-benzamide, which yielded at 200 ◦C anatase nanoparticles
of about 5 nm [28]. NMR analysis of the final reaction solution proved the
presence of isopropyl ether, N-isopropylbenzamide and isopropyl benzoate.
Hence, the main reaction leading to nanoparticle formation is ether elimina-
tion. The side reaction, in which a nucleophilic attack of the amide nitrogen
on the α-carbon of the isopropoxide occurs, followed by the elimination of an
-OH group, also results in the oxide. Such N-alkylation reactions of benza-
mide with alcohols are unusual, but have been reported to take place under
catalysis of transition metals [80].
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5.4 Ester and Amide Eliminations

The ester elimination process involves the reaction between metal carboxy-
lates and metal alkoxides (Eq. 5.11).

+M O MR O MM O CR’ +

O

RO CR’

O

(5.11)

This approach has been used for the preparation of alkylsilyloxy derivatives
of titanium, zirconium, niobium and tantalum [12, 11] through the reaction of
the metal alkoxides M(OR)x with the silyl esters R’3Si(OOCR”), yielding the
trialkylsilyloxides M(OSiR’3)x under elimination of the corresponding ester.
Tin(IV) tert-butoxide and trimethylsilyl acetate represent another system,
in which the alkoxide group is transferred to the carbonyl ligand of the silyl
acetate in nonpolar solvents, similar to acid-catalyzed transesterification [16].
The electropositive and coordinatively unsaturated Sn center acts as a Lewis
acid center by coordinating to the carbonyl oxygen atom of the acetate, de-
creasing the electron density and thus, allowing the nucleophilic attack of the
alkoxide.

Compared to ether elimination, the ester elimination process seems to be
more versatile, and several examples of nonhydrolytic preparations of (mul-
ticomponent) oxide gels have been reported. Anhydrous ZrO2 and ZrSiO4

gels were synthesized using a direct condensation reaction of metal alkoxides
M(OR)x (M=Zr; R=C3H7) with metal carboxylates M’(O2CR’)y (M’=Si, Zr;
R’=CH3) releasing a carboxylic acid ester as co-product (Eq. 5.12) [47].

M(OR) + M’(OOCR’) (RO) [M O M’](OOCR’) + RCOOR’x y y-1x-1
(5.12)

Similarly, Sn(OAc)4 and Sn(OtBu) yield the tin-oxo cluster
Sn6(O6)(OtBu)6(OAc)6 and tBuOAc upon reflux in toluene [14]. The authors
proposed several criteria required for successful ester elimination between a
metal carboxylate and metal alkoxide: i) a non-chelating carboxylate ligand,
ii) a non-coordinating solvent, iii) an electropositive metal alkoxide and, iv)
vacant coordination sites on the metal alkoxide center.

The ester elimination route can also be carried out in a modified fash-
ion. Already Pande and Mehrotra investigated the reactions of titanium iso-
propoxide with acetic anhydride [73]. This approach offers the advantage of
a completely hydroxyl-free and thus nonhydrolytic process. It has later been
employed to prepare silica gels [27] and TiO2 nanopowders [37].

Esterification reactions also play an important role in the synthesis of var-
ious polyoxometalate and metal oxo clusters [86, 92]. In order to achieve
perfectly defined structures, the water required for cluster formation is gen-
erated in situ through esterification or aldolization reactions in the presence
of chelating or bridging organic ligands as stabilizing agents. The preparation
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involved the use of the corresponding metal isopropoxides in carboxylic acids,
giving access to various titanium oxo-isopropoxo clusters [94], a niobium oxo
acetate complex [92], and several titanium, zirconium and vanadium oxo clus-
ters [56], just to name a few. Two possible formation mechanisms based on
direct esterification (intra coordination sphere mechanism, i.e., water is only
virtually formed) or esterification between the slowly exchanged organic acid
and the alcohol molecules (water is produced in situ) were proposed [94]. Even
the direct reaction between metal alkoxides and metal acetates, as shown in
Eq. 5.11, in an inert medium produced metal oxide clusters, in which case wa-
ter could not even theoretically form during the synthesis [15]. Several reviews
on titanium oxo clusters were published in the last few years [89, 85, 87].

The elimination of organic esters from alcohol and acid species represent
a simple and straightforward approach for the controlled in situ formation of
water in otherwise anhydrous organic media, and consequently these princi-
ples have widely been employed for the synthesis of metal oxide nanoparticles.
First experiments were aimed to supply water in situ by the reaction of acids
with alcohols and the generated water then reacted with the metal oxide pre-
cursor, usually metal alkoxides [46], but sometimes also metal halides [102].
However, it is more convenient to directly use the precursors as reactant for
esterification. Basically one has the choice between the reaction of metal car-
boxylates with alcohols, or metal alkoxides with organic acids. The latter
approach was particularly successful for the synthesis of various transition
metal oxides [49, 112, 59, 22], because the respective alkoxides are available
commercially, and certain acids, in particular acids like oleic acid with a long
alkyl chain, additionally act as capping and shape-directing agents. On the
other hand, metals such as copper and zinc are more convenient in the form
of the acetates or carboxylates and therefore, the oxides are synthesized by
reaction of the carboxylates with alcohols or diols [39, 48, 107, 19, 5].

Analogous to ester eliminations are amide eliminations based on the
reaction of metal oleates with amines, enabling the controlled growth of
anisotropic oxides such as titania [111] and zinc oxide nanorods [110].

At this point we have to underline once more that in general it is rather
difficult to clearly determine, whether the solvent, surfactant, or the metal
organic precursor molecule are the active oxygen donating species. Although
the type of precursor and the solvent might point to a specific condensation
pathway, it could be that surfactants present in the reaction system lead
to another mechanism of M-O-M bond formation. Especially in surfactant-
assisted routes, where several types of surfactant are used in the same reaction
batch (cf. Table 3.1), for example long-chain amines and carboxylic acids, it
could potentially be possible that the surfactants directly react with each
other under water formation rather than with the metal containing species.

ALD is an interesting tool for the study of the reaction mechanisms in-
volved in metal oxide formation. in ALD the different reactions are naturally
separated due to the alternating introduction of the two reactants. Conse-
quently, ALD can be regarded as a model system suitable for the study of



5.5 C-C Bond Formation Between Alkoxy Groups 107

nonaqueous sol-gel reactions. The application of the ester elimination route to
ALD was recently reported [81, 82, 104]. It involves the reaction of a metal
alkoxide with a carboxylic acid and leads to the formation of metal oxide
thin films at low temperature. The proposed reaction mechanism supported
by GC-MS and kinetic studies involves an ester elimination via the following
two steps. Firstly, during the carboxylic acid pulse, the replacement of the
alkoxy ligand at the surface by a carboxylate group takes place under the
elimination of alcohol. It is followed, during the metal alkoxide pulse, by a
reaction between the carboxylate surface species and the metal alkoxide in-
troduced under the elimination of the ester (Eq. 5.11). In this experiment
no water was formed, therefore proving a direct condensation mechanism
between alkoxide and acetate species.

5.5 C-C Bond Formation Between Alkoxy Groups

The systematic investigation of C-C bond formation between alcohols started
more than 100 years ago by Marcel Guerbet. He studied the reaction of
sodium alkoxides with the parent and with other alcohols [35]. He found for
example that sodium benzyl alcoholate reacted with ethanol at a temperature
of 220 ◦C to 2-benzylethanol (Eq. 5.13) [35, 36]:

C H CH ONa
6 5 2 2+ CH CH OH3 2

C H CH CH CH OH
6 5 2 2 + NaOH (5.13)

In a broader sense, the Guerbet reaction can be defined as the reaction be-
tween two alcohols at high temperatures, generally under catalytic conditions,
resulting in a β -branched primary alcohol with twice the molecular weight
of the reactant alcohol minus a mole of water (Eq. 5.14) [99]. A review on
Guerbet chemistry is provided by O’Lenick, Jr. [72].

2 R-CH -CH -OH2
Catalyst

2

R-CH-CH -OH2

R-CH -CH2 2

+ 2
H O (5.14)

It is interesting to note that within Guerbet chemistry, active primary alco-
hols such as benzyl alcohol or p-methoxybenzyl alcohol play a dominant role,
and exactly these alcohols are the most popular solvents in the surfactant-
free nonaqueous synthesis of metal oxide nanoparticles. It does not come as
a surprise either that these alcohols, due to the chemical properties of the
phenyl group, are from a chemical point of view responsible for quite fasci-
nating reaction mechanisms for the transformation of metal oxide precursors
to oxides. Whereas under “neutral” conditions metal chlorides and alkoxides
preferentially undergo the aforementioned alkyl halide and ether elimination
mechanisms, in the presence of alkaline species metal alkoxides react with
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benzyl alcohol via a C-C coupling mechanism, analogous to Guerbet chem-
istry. This reaction pathway was found during a study on the formation of
BaTiO3 nanoparticles prepared by sub-solvothermal reaction of barium metal
and titanium isopropoxide in benzyl alcohol [71]. The peculiarity of the re-
action system lies in the dissolution of metallic barium in the alcohol prior
to addition of the alkoxide Ti(OiPr)4 (Step 1 in Scheme 5.3). It is exactly
this additional step that changes the reaction mechanism completely from a
common ether elimination process to the C-C coupling pathway. In addition
to only negligible quantities of ethers, the major components detected in the
final reaction mixture were 4-phenyl-2-butanol and 1,5-diphenyl-3-pentanol.
These species were proposed to form via deprotonation of the β -position
of the isopropoxide ligand, followed by nucleophilic attack of the benzylic
carbon atom [71]. The mechanism, which leads simultaneously to the forma-
tion of 4-phenyl-2-butanol and the Ti-O-Ti bond, can be divided into several
steps (Step 2 in Scheme 5.3). Upon coordination of benzyl alcohol (shown
in red for better illustration) to the Ti atom of the metal oxide precursor,
the benzylic carbon atom is activated toward nucleophilic attack (1). The
dissolution of barium in benzyl alcohol led to the formation of hydrogen gas
and benzyl alcoholate (Step 1), which acts as “base” for the deprotonation
of the β -carbon atom of the isopropoxy group (2). The negative charge is
stabilized by interaction with the Ti center (3), similar to an agostic bond
[24]. This stabilization also explains the deprotonation in β - instead of the
α-position. The subsequent nucleophilic attack results in the formation of
4-phenyl-2-butoxide (4) and a titanium-bound hydroxyl group. This Ti-OH
group promotes further condensation under release of the alcohol (5), leading
to Ti-O-Ti bridged bonds (6) and finally to the oxidic nanoparticles.

The complete absence of acetone and unsaturated species as well as only
small amounts of benzaldehyde and other carbonyl compounds in the fi-
nal BaTiO3 reaction mixture strongly supports this mechanism. Further-
more, this C-C coupling mechanism was not observed when reacting solely
Ti(OiPr)4 in benzyl alcohol under otherwise equal experimental conditions.
In this case, benzyl ether or isopropyl ethers were formed (cf. Chapter 5.3),
as initially expected, yielding crystalline anatase nanoparticles. On the other
hand, if alkaline species such as Na(OEt) or K(OtBu) are present, then the
C-C coupling mechanism occurred again to a comparable extent as for the
BaTiO3 system, however leading to amorphous gels [28]. These results point
to the conclusion that obviously“alkaline”conditions are a prerequisite for the
occurrence of the C-C coupling mechanism in the Ti system. The coupling re-
action is rather insensitive regarding the alkoxide precursor as also Ti(OEt)4,
Ti(OnPr)4 and Ti(OnBu)4 could be used as precursors, resulting in the re-
spective coupling products 3-phenylpropanol, 3-phenyl-2-methylpropanol and
2-benzylbutanol in good to almost stoichiometric yields [28]. However, up to
now it seems that the C-C coupling mechanism is limited to benzylic car-
bon atoms and hence to benzylic alcohols as solvents. For the system Ba -
Ti(OiPr)4 - 1-phenylethanol, crystalline BaTiO3 nanoparticles were obtained
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Scheme 5.3. Proposed reaction mechanism for the simultaneous formation of a Ti-O-
Ti bridged bond as the basic unit of the BaTiO3 nanoparticles and 4-phenyl-2-butanol

together with 2-phenyl-4-pentanol as the product of the C-C bond formation
between an isopropoxy ligand and the solvent. 2-Phenylethanol, with the al-
cohol function bound to the vicinal instead of the benzylic carbon, does not
undergo nucleophilic attack and only amorphous gels were obtained.

The synthesis route to BaTiO3 nanoparticles in benzyl alcohol repre-
sents an instructive example to reveal and highlight some basic principles
of nonaqueous sol-gel processes. On the one hand, the presence of 4-phenyl-
2-butanol as main species and the near absence of organic ethers in the final
reaction solution prove that the formation of the metal oxide does not in-
volve an ether elimination process. On the other hand, the retro-synthetical
analysis of 4-phenyl-2-butanol provides a mechanistic model on a molecular
level, how the oxygen is formally transferred from the solvent benzyl alcohol
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to the titanium center, finally building up the metal oxide unit. Systematic
variation of the synthesis conditions then makes it possible to verify and to
gain further information about the parameters that direct the reaction along
a specific pathway. All in all, this knowledge helps to understand nanoparti-
cle formation on a chemical basis, which is without any doubts a crucial step
toward finding a relationship between the structural, morphological and com-
position characteristics of the nanoparticles and the initial synthesis system.
In the case of BaTiO3, the high crystallinity of the nanoparticles is presum-
ably a direct consequence of the complexity of the organic side reactions,
because the slow and controlled provision of the hydroxyl species as conden-
sation agents decreases the reaction rates and facilitates the formation of this
ternary oxide in nanocrystalline form.

Analogous to BaTiO3, also the growth of NaNbO3 nanoparticles in benzyl
alcohol from metallic sodium and niobium ethoxide proceeds along a C-C
bond formation [28, 30]. The use of an ethoxide, instead of an isopropoxide
like in the case of BaTiO3, leads to 3-phenylpropanol as condensation product
between the ethoxy ligand and benzyl alcohol [28]. However, in comparison
to the BaTiO3 system with 4-phenyl-2-butanol as nearly stoichiometric prod-
uct, the final reaction solution of the NaNbO3 nanoparticles contained more
than 20 different organic species, which makes the establishment of the main
reaction pathway a difficult task. It is worth to mention again that the reac-
tion between niobium ethoxide and benzyl alcohol (without sodium and also
analogous to BaTiO3) proceeds along an ether elimination, evidenced by the
presence of benzyl ether and diethyl ether.

Whereas in the case of TiO2, BaTiO3 and NaNbO3 the presence of a ba-
sic species was a prerequisite for C-C bond formation [28, 69], metals with
high Lewis acidity, such as many rare earth elements (Y, Ce, Gd, Nd, Sm),
can directly catalyze this Guerbet-like reaction [69, 77, 70, 53]. The absence
of a formal base could be compensated by the Lewis acidity of these metal
complexes, as the formation of an agostic bond (3 in Scheme 5.3) is expected
to be greatly enhanced by the attraction of electrons to these metal cen-
ters. The reaction between cerium(III) isopropoxide and benzyl alcohol at
200 ◦C yielded uniform CeO2 nanocrystals with diameters of about 3-4 nm
and 4-phenyl-2-butanol and 1,5-diphenyl-3-pentanol (result of a second sub-
stitution step) as main organic condensation products [70]. Although these
mechanisms explain the formation of cerium oxide, i.e., the formation of a
Ce-O-Ce bond, they do, however, not give any answers to the question, why
CeO2 is the final composition, although starting from a Ce(III) precursor.
Obviously, the cerium was oxidized in the course of the reaction. But in the
reaction solution no corresponding reduced species were detected in signif-
icant amounts and the oxidation mechanism of cerium remains unclear. In
contrast to all the metal oxides discussed up to here in this chapter, in the
case of the rare earth metals the reaction between the metal isopropoxides
and benzyl alcohol led to lamellar organic-inorganic hybrid nanostructures
instead of nanoparticles (cf. Chapter 4.2). The morphological differences be-
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tween TiO2, BaTiO3, NaNbO3 and CeO2 on one, and the rare earth oxides
on the other side (in the following discussed for yttrium oxide-benzoate as
representative example) are also reflected in small, but crucial variations in
the organic reaction pathways.

In contrast to the BaTiO3 system the final reaction solution after for-
mation of the yttrium oxide-benzoate composite contained large amounts of
toluene [77]. As a matter of fact, the concentration of toluene was much higher
than that of the C-C-coupling product 4-phenyl-2-butanol. In addition, no
4-phenyl-2-butanone was found in the solution, but a significant amount of
benzaldehyde. Based on these data, it was proposed that yttrium oxide is able
to catalyze, in addition to the C-C bond formation between the isopropoxy
ligand and benzyl alcohol, another slightly different reaction, involving two
benzyl alcohol molecules (Scheme 5.4). This mechanism is analogous to the
disproportionation of benzyl alcohol observed on alumina surfaces at 300
◦C [91]. It is an open question whether the reaction is actually catalyzed
by just an individual yttrium alkoxide or, more probably, on the surface of
the already formed yttrium oxide nanostructures. As both reactions would
proceed quite similarly, for simplicity of presentation the former case is dis-
cussed. Due to the large excess of benzyl alcohol, it is likely that most of the
isopropoxy ligands are exchanged against benzyl alcohol. As another benzyl
alcohol molecule coordinates to the metal center (1), a hydride transfer can
take place between the CH2 group of the coordinated benzyl alcohol ligand
and the CH2 group of the second ligand (2). The next step (3) involves the
release of toluene and benzaldehyde. At the same time a hydroxy group is
formed on the yttrium species, promoting the condensation with another yt-
trium isopropoxide. As benzaldehyde is found in much lower proportion than
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toluene (about 1:4), but the nanocomposite contains larger amounts of ben-
zoate molecules, it was assumed that the yttrium oxide nanostructure was
catalyzing another hydride-transfer reaction. The formation of benzoic acid
via a Cannizzaro-like reaction on various metal oxides is known, and even
the simultaneous formation of metal-coordinated benzoic acid and toluene
from benzyl alcohol and benzaldehyde has been suggested [38]. The proposed
mechanism is displayed in Scheme 5.5. First, benzaldehyde coordinates to an
yttrium center, producing a highly electrophilic carbon atom (1). In a next
step, the oxygen atom of a benzyl alcohol molecule, which is coordinated
to a vicinal yttrium center, attacks the electrophilic carbon. Simultaneously,
hydride transfer takes place to form toluene (2). As the resulting benzoate is
coordinated to the yttrium oxide surface (3), it blocks further 3D growth of
the nanocrystal. IR and Raman spectra of the yttria-benzoate hybrid mate-
rial pointed to a bonding of two yttrium atoms to one carboxylate group, as
proposed in Scheme 5.5 [77]. Both reaction and structure formation are there-
fore self-confining. The generated surface-bound acid stops further structural
growth and defines the geometry of a lamellar nanostructure of alternating
yttria-benzoate layers, whereas no further benzoate is generated when the
surface is saturated. This self-confinement also speaks for the fact that the
presence of a minimal small-sized yttria surface is a prerequisite for the side
reaction to form benzoate molecules. This proposed mechanism was verified
by reacting the yttrium alkoxide directly with benzaldehyde instead of benzyl
alcohol. To a great extent, benzyl benzoate C6H5CH2OCOC6H5, which is the
expected product of two benzaldehyde molecules reacting via the proposed
mechanism, was found in the reaction solution. This proves the occurrence
of hydride transfer reactions under these reaction conditions.
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Scheme 5.5. Proposed formation mechanism of the yttria-benzoate nanohybrid

5.6 Aldol/Ketimine Condensation

Most of the sol-gel procedures to metal oxides rely (aside from water) on the
use of alcohols, amines or acids as solvent. However, other organic compounds
such as ketones, aldehydes, esters and nitriles also constitute attractive re-
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action media. Especially ketones represent a viable alternative to alcohols
offering a less reductive synthesis environment. In the case of ketones and
aldehydes, the release of oxygen generally involves aldol condensation reac-
tions under elimination of water and formation of α,β -unsaturated carbonyl
compounds (Eq. 5.15). Such aldol elimination processes are known to be cat-
alyzed by metal complexes [83], which are anyway present in the system as
the metal oxide precursors. The eliminated water is then consumed for the
formation of the oxide, thus driving the equilibrium to the side of the con-
densation products.

+M OR2 O2 OM O M +
- 2 ROH (5.15)

Aldol condensation processes can take place at moderate temperatures, as
demonstrated by Goel et al. [34]. They reacted Zn[OC(CH2CH3)3]2 with ace-
tone in benzene or toluene at room temperature, leading to transparent gels
that transformed to precipitates consisting of hydrated zincite nanocrystals
upon aging. The reaction pathway involves the deprotonation of acetone and
coordination to Zn to form an enolate complex. In a second step, the eno-
late ligand nucleophilically attacks another acetone species via aldol conden-
sation to yield Zn-OH and mesityl oxide as condensation products. In an
analogous approach, titanium oxo clusters were prepared by the reaction of
titanium isopropoxide with ketones such as acetone, acetylacetone and di-
acetone alcohol at room temperature [93]. Organic condensation products
detected in the acetone system were mesityl oxide and the tridentate ligand
2,6-dimethylhept-3-en-2,4,6-triol (O3C9H18). Based on these findings, the au-
thors proposed a reaction pathway as depicted in Scheme 5.6 and which is
quite similar to the mechanism reported by Goel et al. for the formation of
zincite [34]. After the coordination of acetone to the titanium center, deproto-
nation leads to the enolate complex under concurrent release of isopropanol
(1). The enolate ligand nucleophilically attacks a second acetone molecule
to form a C-C bond (2), and the aldolate ligand is coordinated to the Ti
center (3). This titanium diacetone alcoholate complex (3) can either react
to a Ti-OH species under release of mesityl oxide and further proceed to the
formation of a Ti-O-Ti bond (4), or undergo further condensation reaction
with a third acetone molecule [93]. In the latter process, complex (5) is trans-
formed into the tridentate ligand (6), which is an excellent stabilizing agent.
If the reaction is performed at room temperature, well-defined titanium oxo
clusters were obtained [93], whereas the solvothermal treatment of Ti(OiPr)4

in ketones and aldehydes extended the size of the products beyond clusters
and lead to the formation of nanocrystalline anatase in the size range of 7 to
20 nm, depending on the solvent [29]. In this case, even higher condensation
products of acetone such as phorone and mesitylene were observed.

The reaction of titanium isopropoxide with higher aliphatic ketones like
2-butanone and 3-pentanone as solvent leads additionally to acetone and
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2-butanol or 3-pentanol. These species are the result of a reduction-oxidation
mechanism between the isopropoxide ligand and the ketone solvent, medi-
ated by the Ti center, and analogous to a Meerwein-Ponndorf-Verley reac-
tion found upon heating of aluminum alkoxides in acetone [64, 100, 79]. This
pathway has also been observed as side reaction in the formation of BaTiO3

in cyclohexanone [33], where via a hydride transfer from the alkoxide ligand
to a coordinated solvent molecule, the ligand is oxidized to the respective
ketone whilst the solvent is reduced to an alkoxy group. The mechanism for
the hydride transfer reaction is presented in Scheme 5.7. In the first step the
solvent coordinates to the Ti center (1), followed by the hydrogen transfer
from the α-position of the isopropoxide ligand to the ketone via a hydride
transfer in a six-membered cyclic transition state (2) [88]. The reduced ke-
tone solvent is then bound to the Ti as an alkoxide, and acetone is released
(3). Upon condensation, also the reduction product is released as secondary
alcohol. One has to keep in mind that this side reaction does, by itself, not
contribute to the oxide formation and therefore, aldol condensations as shown
in Scheme 5.6 represent the essential pathway for nanoparticle formation.

Also the preparation of BaTiO3 nanocrystals 6-15 nm in size was achieved
at room temperature by the long-time stirring of solutions of a pre-synthesized
mixed barium-titanium oxoalkoxide in acetone [33]. If the reaction is per-
formed at higher temperatures, the process is accelerated. For example,
solvothermal treatment of a reaction mixture consisting of metallic barium
dissolved in various ketones such as acetone or acetophenone and Ti(OiPr)4

resulted in BaTiO3 nanoparticles with crystallite sizes in the range of 10-
15 nm [68]. NMR analysis of the final reaction solution gave evidence for
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Scheme 5.7. Side reaction observed during the formation of TiO2 nanoparticles in
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the presence of isopropanol, acetone, 1-phenylethanol and 1,3-diphenyl-2-
buten-1-one, in addition to the solvent acetophenone. Also mesityl oxide and
1-phenyl-3-methyl-2-buten-1-one were found in traces. The presence of ace-
tone and 1-phenylethanol can be explained by a redox process analogous to
the Meerwein-Ponndorf-Verley reaction in Scheme 5.7. Based on the fact that
1,3-diphenyl-2-buten-1-one is the main reaction product, the reaction mecha-
nism is proposed as illustrated in Scheme 5.8. In a first step, metallic barium
dissolves in acetophenone under formation of hydrogen gas, which is visible
by the appearance of gas bubbles in the reaction mixture. The resulting bar-
ium enolate (1) induces a red-brown color of the solution. Upon addition of
titanium isopropoxide (Step 2), the nucleophilic enolate coordinates readily
to the Ti center (2) and is thus stabilized. During thermal treatment in the
autoclave, it attacks a second acetophenone (3) similar to an aldol coupling
mechanism, mediated by the Ti center. Formal elimination of water (4) leads
to the formation of 1,3-diphenyl-2-buten-1-one under concurrent release of
isopropanol (5), which is the key step in this mechanism, because it provides
the oxygen necessary for the formation of crystalline BaTiO3. The Ti-OH
groups, resulting from this last reaction step, can react with another tita-
nium isopropoxide under release of isopropanol to form Ti-O-Ti bonds.

Aldol condensation reactions were also found as a part of the formation
mechanism on the way to metal oxides starting from metal acetylacetonates
and benzyl alcohol [78] or benzylamine [76]. The solvothermal reaction of
metal acetylacetonates with these solvents yielded nanocrystalline Fe3O4,
In2O3, Ga2O3 and ZnO. According to the organic species detected in the final
synthesis liquid the reaction started with a solvolysis of the acetylacetonate
species, followed by aldol or ketimine condensation reactions. The mecha-
nism for the reaction of Fe(acac)3 in benzyl alcohol is depicted in Scheme
5.9. After the nucleophilic attack of the benzyl alcohol on one of the car-
bonyl groups of the acetylacetonate ligand (1), alcoholysis leads to benzyl
acetate and an enolate ligand (2). In a next step, benzyl alcohol coordinates
to the Fe center, releasing benzyl acetate in a ligand exchange reaction. The
enolate attacks the coordinated benzyl alkoxide (3, 4) and the subsequent
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release of 4-phenyl-2-butanone (5) leads to the formation of a Fe-OH species,
representing the starting point of nanoparticle formation.
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Scheme 5.9. Main reaction occurring upon solvothermal treatment of Fe(acac)3 in
benzyl alcohol involving solvolysis of the acetylacetonate, followed by condensation
reactions
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The formation of magnetite Fe3O4 nanoparticles starting from Fe(III) is
only possible upon partial reduction of the iron center to Fe(II). It was pro-
posed that dehydrogenative oxidation of 4-phenyl-2-butanone (5) to 4-phenyl-
3-buten-2-one was responsible for reducing the iron centers, and as a matter
of fact, 4-phenyl-3-buten-2-one was detected in the final reaction solution by
GC-MS in considerable amount [69].
The reaction of Fe(acac)3 in benzylamine proceeds analogously to Scheme 5.9,
with the second step of the reaction however being a ketimine condensation
(Scheme 5.10), where the enolate ligand plays the role of an electrophile (in
contrast to the reaction in benzyl alcohol, where the enolate ligand was the
nucleophile). Due to the higher Lewis basicity of benzylamine, the solvolysis
is enhanced (1), resulting in N-benzylacetamide and an enolate species (2),
which undergoes the ketimine condensation (2, 3) to form N-isopropylidene-
benzylamine and an Fe-OH species (4).
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Scheme 5.10. Main pathway proposed for the reaction of Fe(acac)3 with
benzylamine leading to the formation of the iron hydroxyl species and N-
isopropylidenebenzylamine

Titanium oxide nanoparticles have also been synthesized using aldehy-
des as oxygen-supplying agents [29]. We will discuss the titanium isopropox-
ide-benzaldehyde system as representative example. In addition to benzalde-
hyde, substantial amounts of benzyl alcohol, a reduction product of benzalde-
hyde, and of benzyl benzoate, a disproportionation product of benzaldehyde,
were detected. Interestingly, a significant amount of 4-phenyl-2-butanone was
found too, being the analog to 4-phenyl-2-butanol, which has been found in
large amounts for the synthesis of BaTiO3 in benzyl alcohol (cf. Section 5.5).
In that case, the formation of 4-phenyl-2-butanol was proposed to proceed
via a C-C coupling reaction from Ti(OiPr)4 and benzyl alcohol under basic
conditions during the oxide formation. Therefore, in the benzaldehyde sys-
tem, one can assume intermediate formation of 4-phenyl-2-butanol, which is
subsequently oxidized by the aldehyde to form the ketone. On the other hand,
the aldol addition product of acetone to benzaldehyde, namely 4-phenyl-3-
buten-2-one, could also be identified. Based on these findings, a relatively
complicated reaction sequence leading to the formation of TiO2 was pro-
posed (Scheme 5.11). In a first step (Step 1), a Meerwein-Ponndorf-Verley-
like reaction of benzaldehyde with Ti(OiPr)4 leads to acetone and benzyl
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alcohol (1). Then, there are two possible routes (Step 2, Pathway 1 and 2).
The alcohol can react (Pathway 1) with another isopropoxy ligand via the
aforementioned C-C coupling reaction (2). Due to the surplus of benzalde-
hyde as oxidizing agent, the resulting 4-phenyl-2-butanol is readily oxidized
to 4-phenyl-2-butanone (3). For the second pathway (Pathway 2), aldol ad-
dition of acetone to the aldehyde (4,5) was proposed. In the case of aromatic
aldehydes, Pathway 1 is favored as the intermediate carbocation is stabi-
lized, whereas in aliphatic aldehydes aldol coupling reactions as proposed in
Pathway 2 are the more probable formation mechanism for TiO2.
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Scheme 5.11. Reaction pathways identified for the synthesis of TiO2 nanoparticles
in benzaldehyde (MPV = Meerwein-Ponndorf-Verley)

The interested reader is additionally referred to Ref. [28], which includes
more peculiar examples and side reactions found in the nonaqueous and
surfactant-free synthesis of metal oxide nanoparticles, together with a lot
of experimental details.

5.7 Oxidation of Metals

If the metals are easy to achieve on the nanoscale, the conversion of the metal
nanoparticles into the oxides via an oxidation process constitutes another al-
ternative route, as reported for FeOx, NiO, ZnO or CuO [41, 52, 108, 23, 74].
Although mild organic oxidants such as trimethylamine oxide can be used,
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in the simplest case even exposure to air or stirring in organic solvents in
contact with air for a longer period of time is sufficient to complete oxida-
tion [108, 74, 26]. This approach takes advantage of the good size and shape
control as provided by some preparation methods for nearly monodisperse
metal nanoparticles. If carefully performed, no alteration of particle size and
morphology occurs during transformation into the oxide. This two step pro-
cess, synthesis of metal nanoparticles and subsequent oxidation to the oxide,
can be simplified in a way that the oxidizing agent is either directly added
to the initial synthesis mixture, or the synthesis is performed under aerobic
conditions [41, 106, 17, 58, 105]. Similarly, core-shell nanoparticles consisting
of a metal core and a shell of the respective metal oxide are accessible [90],
as further discussed in Chapter 3.8.

5.8 Other Mechanisms

In addition to these more generally applicable synthesis methodologies, more
specialized, but nonetheless interesting strategies were reported in litera-
ture. Thermal decomposition reactions in a narrower sense, where elimina-
tion of alkenes from alkoxides leaves hydroxyl groups that can induce fur-
ther condensation, have already been proposed by Mazdiyasni et al. [63]
and shall not be discussed further here. Another example is the reaction of
bis(cyclooctatetraene)titanium, Ti(COT)2, with dimethyl sulfoxide (DMSO)
in o-dichlorobenzene at room temperature [95]. The oxygen is formally sup-
plied by DMSO, which is reduced by Ti(COT)2 to the disulfide (Eq. 5.16).
It is a remarkable feature of this route that, in contrast to the other low-
temperature methods discussed before, at no stage there is a formation of
hydroxyl groups or water.

Ti(COT) + 2 (CH ) SO TiO + 2 S(CH ) + 2 COT
2

COT =

3 2 2 3 2

(5.16)

The reaction of titanium isopropoxide with benzylamine yielded anatase
nanoplatelets stacked together in a lamellar fashion with a small organic
layer in between (cf. Chapter 4.2.4) [32]. In GC-MS analysis of the final re-
action solution benzylamine was identified as the main component, in addi-
tion to dibenzylamine, N-benzylidenebenzylamine, N-isopropylbenzylamine,
isopropanol and toluene in smaller quantities. The main reaction occurring
in the Ti(OiPr)4-benzylamine system thus is a condensation between two
benzylamine molecules, as illustrated in Scheme 5.12, Pathway 1. It can be
expected that the condensation is greatly catalyzed by the Ti centers, as the
high affinity of amino groups to Ti alkoxides is well-known since the stud-
ies of Cook in the 1950s [20]. Ammonia, the other product formed in this
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pathway, is obviously not capable of inducing bridging to another metal cen-
ter. Instead of the nitride, the thermodynamically much more stable oxide is
formed (see below), which implies that ammonia must be released during the
further course of the condensation. As a matter of fact, large quantities of
ammonia were observed in the reaction system, escaping upon opening the
autoclave. The formation of the anatase nanoplatelets hence must be induced
via a different side reaction. Quantitative analysis of the products detected
by GC-MS indicated that half of the isopropoxy groups must have been con-
verted to volatile compounds during the synthesis. Based on these data, an
elimination of isopropoxy ligands of the titanium alkoxide as the main mech-
anism for the anatase formation was proposed (Scheme 5.12, Pathway 2),
leading to gaseous propene as by-product and Ti-OH, which then initiated
the formation of Ti-O-Ti units. Through further exchange reactions, also N-
isopropylbenzylamine is formed. This mechanism proves the high affinity of
the amine nitrogen towards the metal alkoxide, at the same time underlining
its inability to form bridges between the metal centers. The same phenomenon
has been observed for the reaction of metal acetylacetonates in benzylamine
[76], and therefore, one can conclude that the synthesis of metal nitrides in
amine solvents cannot be achieved under standard sol-gel conditions starting
from metal organic precursors.
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Scheme 5.12. Proposed reaction pathways occurring during the solvothermal treat-
ment of titanium isopropoxide in benzylamine

5.9 Discussion

The chemical reaction mechanisms presented in this chapter are a result of
retro-synthetical analysis based on the composition of the final reaction mix-
ture, without any experimental evidence from in situ measurements. In this
context one has to keep in mind that the nonaqueous synthesis is often per-
formed under quite harsh conditions in comparison to common reaction ap-
proaches in organic chemistry. The metal-containing species present in the
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reaction mixture may act as catalyst not only for their own condensation
into an oxide network, but for all sorts of organic reactions. In some cases,
the oxygen-supplying reaction pathway is practically superimposed with an-
other condensation reaction. The example of SnO2 nanocrystal formation in
benzyl alcohol, resulting in complete condensation of the alcohol solvent into
benzyl ether was already discussed before in Chapter 5.2. Ether formation
was also observed to be catalyzed during the formation of InNbO4 nanocrys-
tals in benzyl alcohol, and interestingly even led to an aqueous phase that
separated from the main organic reaction phase and was by far exceeding the
amount of water actually required for the transformation of the precursors
into the metal oxide [109]. In both of these cases, it is not easily possible
to separate the organic mechanism for the supply of oxygen/water for the
oxide formation from the catalyzed condensation reaction proceeding to a far
greater extent.

The investigation and classification of these reaction mechanisms repre-
sents an important step in metal oxide nanoparticle synthesis, providing in-
formation about the oxygen source for metal oxide formation, the chemical
mechanisms involved in the transfer of the oxygen from the source to the
metal center, and about the formation of various organic species that poten-
tially act as coordinating, and thus, size- and shape-controlling agents [65, 31].
Whereas the reaction pathways offer answers concerning the relationship be-
tween a particular synthesis system and the final composition of the metal
oxide, this is hardly the case for the crystallite morphology. It is nearly unpre-
dictable, which crystallite size and shape can be obtained from the reaction of
a particular metal oxide precursor with a specific organic solvent. Although
the organic species strongly influence the structural, compositional, and mor-
phological characteristics of the inorganic product and thus offer a versatile
tool for tailoring particle size, shape, composition, and surface properties, this
is only possible on an empirical basis [65, 31]. Nevertheless, it is now widely
recognized that efforts to perform mechanistic studies for newly developed ap-
proaches to oxide nanoparticles are worthwhile, leading to surprising results.
For example, when Li et al. presented a novel nonaqueous method to Fe3O4

nanocrystals in 2-pyrrolidone, the transformation of the precursor Fe(acac)3

to Fe3O4 was simply termed as a “thermal decomposition”, not giving any
indication about why one third of the iron ions are reduced to Fe(II) required
for the formation of Fe3O4 [60]. Upon reporting a slightly altered protocol in
their following publication, however, they also included mechanistic studies
based on photoelectric spectroscopy analysis of the gaseous reaction products.
These investigations revealed that in fact 2-pyrrolidone is unstable under the
employed reflux conditions, releasing carbon monoxide, which leads to a par-
tial reduction of Fe(III) to Fe(II) [61]. This example highlights again the role
of the organics in the reaction system. Obviously, the solvent is crucial not
only with respect to the stabilization of nanoparticles, leading to control over
the size and shape, but also towards the intrinsic composition of the material.
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Chapter 6

Assembly

6.1 Introduction

Controlled assembly and positioning of nanoparticles in desired locations and
across extended length scales is a key step in the design of integrated materi-
als with advanced functions. The motivation to use nanoparticles as building
blocks lies in the fact that size alone is not the defining parameter of many
nanoscale-derived effects [28]. Also the interaction between the nanoparti-
cles as a consequence of the spatial arrangement plays a role in determining
the properties, opening-up unique and exciting opportunities for the creation
of novel materials with unprecedented structures [70, 4]. Consequently, the
future challenge of Nanoscience lies in the shift of focus from the size- and
shape-controlled synthesis of nanoparticles towards the exploration of collec-
tive properties associated with their geometrical organization.

On the way to the development of a chemistry of organized matter [16],
one can follow basically two strategies (although in some cases this division
gets blurred): i) synthesis of nanoparticles and assembly into supraparticulate
architectures in one step, and ii) synthesis and arrangement into 1-, 2- or 3-
dimensional arrays in two consecutive steps.

Following the first strategy, Nature has given us many examples of how
complex morphologies with hierarchical order can be achieved at ambient
temperature and pressure and nearly neutral pH values through controlling
crystallization and aggregation [16, 51]. Crystallization of biominerals does
often not just proceed through ion-by-ion or single-molecule attachment to a
nucleus, as proposed by classical crystallization theory, but also by a modular
nanobuilding block route [14]. Interestingly, in spite of the nanoparticulate
subunits and the finely carved appearance some of these biominerals are
single crystals, which means that the primary particles are aligned and in-
terconnected along a common crystallographic axis during their formation.
These so-called mesocrystals are composed of individual nanoparticles, usu-
ally stabilized with organic ligands, which are aligned in a crystallographi-
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cally oriented way, resulting not only in scattering properties that are similar
to a single crystal, but often also in well facetted crystal habits. Fusion of
high-energy crystal faces of the nanoparticulate constituents via oriented at-
tachment could then lead to single crystals.

In this chapter we will exclusively discuss the very few examples of ori-
ented attachment and mesocrystal formation for metal oxides in nonaqueous
systems, which represent just a small part of this new, but rapidly growing
research area. For an extensive overview of oriented attachment, mesocrystals
and non-classical crystallization mechanisms the interested reader is referred
to some recent reviews [14, 34, 76, 72, 29] and to an excellent textbook [15]. Of
course, nanoparticles can also be assembled during synthesis without forming
mesocrystals. Although these polycrystalline materials can have fascinating
and complex morphologies, too, they will not be discussed in this chapter,
due to the fact that their formation is in the most cases not based on a ra-
tional and predictive synthesis planning. By varying the reaction conditions,
e.g., solvents and/or surfactants, it is possible to get different shapes and ar-
chitectures, but without any possibility to predict the final morphology. As a
matter of fact, rational planning of nanoparticle assemblies during synthesis
seems to be even more challenging than that of nanoparticles with specific
size and shape.

The second strategy, nanoparticle synthesis and assembly in two consec-
utive steps, will be discussed mainly based on superlattice formation. Most
of the work on superlattices has been performed on metal and II-VI semi-
conductor nanocrystals, which are not part of this book. We will focus our
discussion on just a few examples involving metal oxide nanoparticles. The
assembly principles are, however, rather similar. Readers interested in getting
a broad overview of nanoparticle assembly including all kinds of nanoparticles
are referred to a large number of reviews [70, 4, 64, 17, 31, 49, 65, 53, 62, 36,
36, 10, 42, 68, 43] and textbooks [23, 48, 26]. The final part of this chapter is
also dedicated to the second strategy and presents an example of how metal
oxide nanoparticles can be arranged into fully crystalline mesoporous materi-
als using an evaporation induced self-assembly process with block copolymers
as templates.

6.2 Oriented Attachment and Mesocrystals

Mesocrystals are a special case of colloidal crystals that are produced via
crystallization and aggregation basically in one step. However, the more fre-
quently applied route to colloidal crystals involves a two step process, in
which first monodisperse nanoparticles with desired size, shape and surface
functionality are synthesized, followed by their assembly into superlattices
using physical methods such as solvent evaporation [17, 31, 49], molecular
cross-linking [53], programmed recognition [35, 18], or application of external



6.2 Oriented Attachment and Mesocrystals 131

magnetic [1, 38] or electric fields [59, 50]. Interestingly, in selected cases also
these superlattices are built-up of oriented nanocrystals, which makes them
another type of mesocrystals (cf. also Section 6.3) [76].

Crystal coarsening has classically been described as the growth of large
particles at the expense of smaller ones (Ostwald ripening). The thermody-
namic driving force for this process is the minimization of the surface energy.
However, if the surface energy and the solubility of the material is low, other
coarsening mechanisms like oriented attachment come into play. Oriented
attachment describes the spontaneous self-organization of adjacent particles
in such a way that they share a common crystallographic orientation, fol-
lowed by fusion of these particles at a planar interface [39]. This process is
particularly relevant in the nanocrystalline regime with relatively high spe-
cific surface areas, where bonding between the particles allows the system to
win a substantial amount of energy by eliminating high-energy surfaces by
crystallographic fusion as well as entropy by the release of surface-attached
molecules [7, 3].

Oriented attachment processes in organic solvents were found for the for-
mation of quasi one-, two- and three-dimensional structures. In contrast to
aqueous media, in which many examples for the formation of 1D oxidic struc-
tures exist [40, 41, 25, 44, 47], in organic solvents only very few systems were
reported. An almost classical example (and therefore we present it here, al-
though strictly spoken it cannot be regarded as nonhydrolytic) is the forma-
tion of ZnO nanorods via oriented attachment of spherical nanocrystals that
were obtained from zinc acetate in ethanol and KOH [37]. Increase of the
particle concentration by evaporation of the solvent, followed by a heating
step under reflux conditions induced the oriented attachment of the nanopar-
ticles into pearl-chain-like structures, already with perfectly aligned lattice
planes (Figure 6.1a), finally resulting in the formation of single crystalline
nanorods (Figure 6.1b). The bottlenecks between adjacent particles were pre-
sumably filled up by the conventional mechanism of dissolution and growth
of monomers.

Colloidal ceria nanocrystals, about 4 nm in diameter and synthesized from
cerium nitrate using alkylamines as bases and Poly(vinylpyrrolidone) PVP as
stabilizer, self-organize into four types of monolayer patterns [58]. Depending
on the type of alkylamine and the concentration of PVP either isolated parti-
cles, short chain-like, pearl-necklace-like, or dendritic aggregates were found
on the TEM grid. Figure 6.1c shows pearl-necklace-like aggregates. A closer
look at this structures reveals that they are partly single-crystalline (Figure
6.1d). Interestingly, only PVP-containing colloidal ceria solutions formed such
superstructures, which means that PVP favored the process of oriented ag-
gregation. The authors explained this counterintuitive result with the bridge-
linking role of PVP [58]. One PVP molecule is, due to its large size, able to
link several particles together.

MnO multipods represent another example of quasi-1D oriented attach-
ment [79]. Mn(oleate)2 in trioctylamine and in the presence of oleic acid
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yielded almost exclusively hexapods with uniform size and shape (Figure
6.1e). Anisotropic assembly of MnO nanocrystals with the highly symmetric
rocksalt structure is unexpected and was explained on the basis of induced
dipole-dipole interaction. The formation of a rather strong dipole moment
in a cubic crystal lattice was explained mainly by shape anisotropy [52]. A
more detailed discussion of the MnO multipods and their characterization is
provided in Section 7.2.3.

500 nm

50 nm

(c)

(d)

(e)

40 nm

(a)

(b)

7 nm

Fig. 6.1. a HRTEM images of ZnO nanoparticle assemblies, b TEM image of ZnO
nanorods (right) together with a HRTEM image of a part of a nanorod (left). Images
taken from Ref. [37] with permission of Wiley-VCH. c TEM image of pearl-necklace-
like ceria nanoparticle chains, d HRTEM image of a single-crystalline part of such
an assembly. Images taken from Ref. [58] with permission of the American Chemical
Society. e TEM image of MnO multipods (inset: MnO hexapod)

In addition to oriented attachment processes in one dimension, also 2D as-
sembly has been reported. Tungstite nanoplatelets that were synthesized by
the “benzyl alcohol route” [45] are, according to electron diffraction measure-
ments, perfectly single-crystalline. However, detailed HRTEM measurements
of the individual nanoplatelets showed that they exhibited an internal com-
posite structure, which means that every platelet is formed by fusion of a
large number of small crystallites, just a few nanometers in size. The inner
structure becomes visible as there is some misalignment of the orientation
of these primary building blocks with respect to each other, leading to de-
fects, which are additionally indicated by diffuse spots in the power spectrum.
Details of the structural characterization are discussed in Section 7.2.3.

Oriented attachment can also occur in all three dimensions, leading to ar-
chitectures that nicely fulfil the definition of mesocrystals. 5 nm-sized iron
oxide nanocrystals synthesized in dimethylformamide in the presence of PVP
aggregate to flower-like structures with diameters of 40–50 nm (Figure 6.2a)
[74]. The TEM image of such a nanoflower clearly reveals the particulate
nature (Figure 6.2b). Nevertheless, the corresponding fast Fourier transform
pattern demonstrates its monocrystallinity (Figure 6.2c). Similar nanoflow-
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ers were reported for other metal oxides such as In2O3, CoO, MnO and
ZnO based on a simple, but powerful strategy called limited ligand protec-
tion (LLP) [32, 33]. The idea was adapted from Kotov et al., who reported
that CdTe nanocrystals formed 1D nanostructures through oriented attach-
ment, when the excess of stabilizing ligand was removed [63]. By reducing the
amount of stabilizing ligand to the domain of limited ligand protection, i.e.,
to the point at which the primary nanocrystals are insufficiently protected,
three-dimensional, flower-like agglomerates were formed. Obviously, this ap-
proach can be applied to metal oxides with different compositions, crystal
structures, and physical (magnetic and electronic) properties [33]. The syn-
thesis involved the reaction between a metal carboxylate, consisting of a long-
chain fatty acid, and 1-octadecyl alcohol in 1-octadecene. Figure 6.2d shows
the temporal evolution of the morphology of the In2O3 nanocrystals from
nanodots to nanoflowers [32]. In the first step, indium oxide nanodots formed
as soon as the esterification reaction between the carboxylate species and
the alcohol produced the water required for the hydrolysis reaction. With in-
creasing reaction temperature, the nanodots grew further and at 250◦C they
agglomerate to the flower-like architectures. When the reaction temperature
was increased to 270◦C, the nanoflowers lost their pronounced shape and
became more spherical. The single crystalline nature of the nanoflowers was
confirmed by HRTEM investigations. Figure 6.2e shows such a micrograph
with visible lattice fringes running across the entire flower structure, proving
oriented attachment of several particles. Although gaps between the primary
particles are clearly visible, they did not interfere with the lattice orienta-
tion. Accordingly, these nanoflowers correspond exactly to the definition of a
mesocrystal, consisting of stabilized nanobuilding blocks, which are crystallo-
graphically oriented with respect to each other, resulting in single-crystalline
scattering properties. The size of the nanoflowers can be adjusted in the range
of 15 to 60 nm by varying the reaction conditions. It is interesting to note
that in this case oriented attachment occurred randomly, i.e., no specific at-
tachment axis was found, which means that the driving force must be more
or less homogenous in all three dimensions. Therefore, the authors proposed
that in addition to a potential dipole moment, also the minimization of the
overall surface energy might represent an important driving force for oriented
attachment [32]. The LLP approach seems to be a fascinating strategy for
the design of complex 3D morphologies due to its applicability to a broad
spectrum of colloidal nanocrystals independent of any electric or magnetic
dipole moment [33]. However, the key issue is to identify the critical ligand
protection point [32]. Above the critical ligand protection point, isolated and
non-agglomerated nanodots will be formed, whereas below the critical point
the nanodots become unstable and aggregate into 3D objects.

Several other examples of 3D architectures consisting of oriented nanopar-
ticulate building blocks were reported, including MnO/Co1−xMnxO [71],
CeO2 [75], or ZnO [12]. Latest developments in the field of nonaqueous oxidic
mesocrystal formation are the use of ionic liquids (although containing traces
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of water) as solvents [27], or microwave-irradiation as tool for tuning the size
of the colloidal assemblies [20]. In the latter case, a zinc acetate solution in di-
ethylene glycol (DEG) was heated in the microwave. The high polarizability of
DEG makes this solvent an excellent microwave absorbing agent, thus leading
to a high heating rate and significantly shorter reaction time. The obtained
mesocrystals are spherical (Figure 6.2f) and single-crystalline according to
electron diffraction (Figure 6.2f, inset). The HRTEM image in Figure 6.2g
further supports the high crystallographic orientation of the nanoparticulate
constituents. Most interestingly, the mesocrystals are quite monodisperse and
their size can be tuned in the range of 57 to 274 nm [20].

(d)(a)

(e)

(b)

(c)

100 nm

(f) (g)

Fig. 6.2. a TEM overview image of hematite nanoflowers, b TEM image of one
nanoflower and c FFT pattern of a part of the nanoflower. Images from Ref. [74]
with permission of the American Chemical Society. d Temporal evolution of the
morphology of In2O3 nanocrystals observed by TEM during the synthesis at 250◦C,
e HRTEM image of one nanoflower. Images reproduced from Ref. [32] with permission
of the American Chemical Society. f TEM image of ZnO mesocrystals (inset: electron
diffraction pattern of one particle) prepared by a microwave-polyol process, g HRTEM
image of a part of one particle proving the orientation of the lattice fringes. Images
taken from Ref. [20] with permission of Wiley-VCH
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6.3 Superlattices

The use of nanoparticles as “artifical atoms” for the assembly of new materi-
als provides the unique opportunity to combine the inherent functionality of
the nanoparticles with potential collective properties arising from their inter-
action. Considering, how many different nanoparticles have been prepared in
the last few years, and how many possibilities one has to arrange them, it is
obvious that such a modular approach is highly attractive for the preparation
of materials with programmable chemical and physical properties [61].

Usually, ordered arrangements of nanoparticles are classified by their di-
mensionality, including one-dimensional nanoparticle chains, two-dimensional
arrays, and three-dimensional superlattices (also called superstructures or su-
percrystals). One-dimensional metal oxide nanoparticle chains are mainly re-
ported in the context of oriented attachment processes (cf. Section 6.2), and
therefore they are not further discussed here.

Two-dimensional ordering on surfaces can be achieved by spin or dip coat-
ing, and by the Langmuir-Blodgett (LB) technique [57, 22]. LB usually in-
volves the deposition of the nanoparticles onto water. Recently, this technique
has been extended to nonaqueous systems [2], which are generally more suit-
able, because many nanoparticles exhibit hydrophobic surfaces due to ad-
sorbed surfactants. However, in the most cases, two-and three-dimensional
superlattices are prepared by drop coating, i.e., by spreading a colloidal so-
lution containing the nanoparticles on a solid substrate, usually a TEM grid,
and subsequent evaporation of the solvent. The observation of superlattices
can at least be traced back to the work of Bentzon et al., who reported the
formation of hematite superlattices with hcp structure on the TEM grid [8, 9].
20 years later, 2D assemblies of monodisperse metal oxide nanoparticles on
TEM grids have become a rather common pattern (cf. for example Chapter
3.2 and 3.6), and therefore we will restrict our discussion to 3D superlattices.

We will present superlattices built up either by one or two kinds of
nanoparticles that vary in size and/or composition. Furthermore, some of
the processes are not just based on spontaneous self-assembly, but involve
the use of a magnetic field to achieve long range ordering.

The simplest superlattices just consist of nanoparticles having all the same
(spherical) size and composition. In this case, the packing rules are quite sim-
ple and face-centered cubic (fcc) and hexagonal close-packed (hcp) structures
with maximum packing density of about 0.74 are formed [30, 38].

It is obvious that 3D packing is critically affected by the shape and
anisotropy of the nanocrystals [21, 19]. Slight variation from the spherical
morphology can result in different types of superlattices. Truncated octa-
hedral magnetite nanocrystals, for example, assemble into a body-centered
cubic (bcc) superlattice, and most interestingly the nanoparticles are crystal-
lographically aligned within the superstructure [73]. The superlattices were
prepared by placing a drop of Fe3O4 nanocrystals dispersed in hexane on a
TEM copper grid and subsequent evaporation of the solvent. The obtained
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superlattices are composed of three kinds of pattern (Figure 6.3a-c). The cor-
responding fast Fourier transform (FFT) patterns in Figure 6.3d-f reveal the
three projections along [001], [101], and [111] of the bcc structure. The elec-
tron diffraction patterns match with Fe3O4 with the intriguing feature that
the diffraction spots clearly point to a single crystal (Figure 6.3g-i). Obvi-
ously, all the truncated octahedral nanoparticles in the superlattice have the
same orientation (Figure 6.3j).

In the case of Zheng et al., the area covered by the well-ordered superstruc-
ture is typically in the range of 200 nm x 200 nm [73]. However, long-range
order and macroscopic dimensions have been achieved by the application of
an external magnetic field on a toluene-based dispersion of superparamag-
netic oleate-capped maghemite nanocubes, resulting in defect-free superlat-
tices with a very high degree of orientational order (Figure 6.3k) [1]. The
structure of the particle arrays drastically altered from a mosaic-like pattern,
when no magnetic field was used, to a superlattice with a very high degree
of both translational and orientational order by subjecting the nanocube dis-
persion to a magnetic field of moderate strength (Figure 6.3l). Interestingly,
the magnetic field has to be applied just for a very short period (less than
2 min) during the initial stage of the drying-mediated self-assembly process.
The dimensions of the ordered superlattices can reach up to 10 μm. The
individual nanocubes are separated from each other by a constant distance
of 3.7 nm, which means that the oleate molecules on the surface are slightly
interdigitated (Figure 6.3m). Comparison of the single crystal-like diffraction
spots of the electron diffraction pattern on the atomic scale, corresponding
to the [001] direction of maghemite (Figure 6.3n), with the mesoscale elec-
tron diffraction pattern (Figure 6.3o) proves that the crystallographic axes of
the superlattices are identical to the orientation of the individual maghemite
nanocubes. The jagged edge of the superlattice (Figure 6.3p), similar to a
single crystal grown from solution, suggests that the superlattice grows by a
slow crystallization process.

In addition to the preparation of superlattices over extended length scales
and with a high degree of orientational order, superlattices with a well-defined
size and shape represent another hardly explored challenge. The most promis-
ing results in this direction were achieved by using either oil-in-water mi-
croemulsions [6] or nanoparticle-micelles in ethylene glycol [77, 78]. Although
two-phase systems shall not be discussed in this book, it is still worth mention-
ing that these approaches gave access to fascinating supercrystalline colloidal
particles with good control over size and composition.

In comparison to superlattices just consisting of one kind of nanopartic-
ulate building blocks, the assembly rules become much more complex, when
two types of nanocrystals are mixed together. It is obvious that combination
of several kinds of nanoparticles with distinctly different properties provides
a unique opportunity for the bottom-up design of “metamaterials”, i.e., ma-
terials with properties arising from the controlled interaction and mutual
influence of their components [46].
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Fig. 6.3. a–c TEM image of the [001], [101], and [111] projections of the magnetite
nanoparticle superlattices, respectively. d–f Corresponding FFT and g–i electron
diffraction pattern of the superlattices shown in a–c. j A schematic of the bcc unit of
the superlattice. Images taken from Ref. [73] with permission of Wiley-VCH. k TEM
image of a magnetic-field-induced self-assembly of maghemite nanocubes into an ori-
ented superlattice. l Schematic presentation of the experimental set-up. m Schematic
presentation of the superlattice from nanocubes. n–o Atomic and mesoscale electron
diffraction pattern, respectively, obtained from k. p TEM image obtained from the
edge of the superlattice in k (Scale bar: 100 nm). Images taken from Ref. [1] with
permission of The National Academy of Sciences of the USA

Purely oxidic binary superlattices have, to the best of our knowledge, not
yet been reported and therefore we will discuss some examples, in which at
least one nanoparticulate builing block comprises a metal oxide. Shortly after
the publication of Zeng et al., reporting the combination of FePt and Fe3O4

nanocrystals for a 3D assembly [69], Redl et al. presented the self-assembly
of PbSe semiconductor quantum dots and magnetic γ-Fe2O3 nanocrystals
into a precisely ordered three-dimensional superlattice [46]. The idea to use
specific size ratios to direct the assembly of the magnetic and semiconducting
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nanoparticles into AB13 or AB2 superlattices represented the beginning of a
fantastic journey through the great structural diversity of binary nanoparticle
superlattices [55, 56].

Although only a few superlattice structures have been predicted to be ther-
modynamically stable, Shevchenko et al. demonstrated the formation of more
than 15 different binary nanoparticle superlattices by combining semicon-
ducting, metallic and magnetic nanocrystals [55, 56]. In many cases, several
superlattice structures formed simultaneously on the same substrate under
identical experimental conditions, i.e., the same nanoparticle mixture assem-
bled into superlattices with different stoichiometry and packing symmetry.
This observation underlines on the one hand the difficulty to get homogeneous
superlattices over a large length scale, on the other hand shows the great po-
tential of a modular self-assembly approach at the nanoscale. The building
blocks, monodisperse PbS, PbSe, CoPt3, Fe2O3, Au, Ag, and Pd nanocrys-
tals stabilized with amphiphilic molecules with long alkyl chains, were dis-
persed either in toluene, toluene/tetrachloroethylene or toluene/chloroform.
TEM grids or silicon nitride membranes as substrates were placed in a glass
vial containing the colloidal solution. By evaporating the solvent under re-
duced pressure, binary nanoparticle superlattices with AB, AB2, AB3, AB4,
AB5, AB6, and AB13 stoichiometry with cubic, hexagonal, tetragonal, and or-
thorhombic symmetries have been identified, depending on the size and mix-
ing ratio of the individual components [55]. Many of these arrays were found
to be isostructural with NaCl, CuAu, AlB2, MgZn2, MgNi2, Cu3Au, Fe4C,
CaCu5, CaB6, NaZn13, and cub-AB13 compounds, emphasizing the parallels
between nanoparticle assembly and atomic scale crystal growth [56]. Figure
6.4 displays selected superlattices obtained from iron oxide nanoparticles as
one, and Au (Figure 6.4a, k and l), and CoPt3 (Figure 6.4g) nanoparticles
as second constituents. The deposition of 5 nm gold and 13.4 nm γ-Fe2O3

nanocrystals yielded precisely ordered, large single domains of AB superlat-
tices (Figure 6.4a), isostructural with NaCl (Figure 6.4b). The NaCl super-
lattices are usually represented by the (111) projection (Figure 6.4a and e),
however smaller domains of the (100) projection were also observed (Figure
6.4a, upper inset, and c). Figures 6.4d and f depict the minimum number of
layers in the (100) and (111) projections, respectively, necessary for the for-
mation of the experimentally observed patterns. Figure 6.4g shows the (001)
projection of an AlB2-type superlattice assembled from 13.4 nm γ-Fe2O3 and
6.2 nm CoPt3 nanocrystals, together with a 3D sketch of the AlB2 unit cell
(Figure 6.4h), its (001) plane (Figure 6.4i) and minimum number of layers in
the (001) plane, leading to the observed patterns (Figure 6.4j). Changing the
iron oxide to gold nanoparticle ratio to about 1:5, a superlattice with AB6

stoichiometry (Figure 6.4k) isostructural with CaB6 (Figure 6.4m) formed.
View onto the (100) plane and the minimum number of layers in the (100)
plane, leading to the experimentally observed patterns, are shown in Figure
6.4n and 6.4o, respectively.
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Fig. 6.4. a–o Binary superlattices using γ-Fe2O3 (13.4 nm) and Au (5 nm) or CoPt3
(6.2 nm) nanocrystals as building blocks. a TEM micrograph of the AB superlattice
of γ-Fe2O3 and Au nanocrystals, isostructural with NaCl, (111) projection. Upper
inset: (100) projection. Lower inset: Electron diffraction pattern. b 3D sketch of the
NaCl unit cell, c, e (100) and (111) planes, d, f minimum number of layers in the
(100) and (111) projections necessary for the formation of the experimentally ob-
served patterns. g TEM image of the (001) plane of γ-Fe2O3 and CoPt3 nanocrystals,
isostructural with AlB2. Inset: Higher magnification. h 3D sketch of the AlB2 unit
cell, i (001) plane, j minimum number of layers in the (001) plane, leading to the
observed pattern. k TEM micrograph of the AB6 superlattice of γ-Fe2O3 and Au
nanocrystals, isostructural with CaB6, (100) projection. Inset: Small angle electron
diffraction pattern from the (100) projection, l enlarged view. m 3D sketch of the
CaB6 unit cell, n (100) projection, o minimum number of layers in the (100) pro-
jection necessary for the formation of the experimentally observed pattern. Images
reproduced from Ref. [56] with permission of the American Chemical Society

Many of these superlattices have packing densities smaller than 0.74, which
indicates that the assembly properties of nanoparticles cannot simply be pre-
dicted on the basis of idealized hard spheres, thus ruling the packing density
out as the major factor determining the stability of binary superlattices.
Therefore, Shevchenko et al. proposed a model that demonstrates the impor-
tance of Coulomb, van der Waals, charge-dipole, and dipole-dipole interac-
tions for the self-assembly of such complex nanoparticle superstructures [56].
Obviously, all the contribution of the different interactions is within the same
order of magnitude. Without any doubts, the richness and diversity of binary
superstructures still present a challenge to both the experimentalist and the-
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orists to understand the principles that guide assembly at the nanoscale level
[61, 56].

The ability to mix and match different nanocrystals and assemble them
systematically into binary superlattices provides a unique route to metama-
terials with precise uniformity of packing, stoichiometry, and rigorous control
of the interparticle distance. In comparison to random mixtures of nanoparti-
cles, the degree of ordering in 3D superlattices can have a pronounced effect
on the collective optical, magnetic and electrical properties. Of course, bi-
nary superlattices do not represent the end of the story. As a matter of fact,
ternary nanoparticle superlattices would even extend the range of accessible
properties. A step in this direction was done by using core-shell nanoparticles
as one of the building blocks. Assembly of single-phase gold with iron-iron ox-
ide core-shell nanoparticles represents an elegant way to make quasi-ternary
superlattices, at the same time avoiding the complexity of crystallizing three
separate types of nanocrystals [54]. However, in spite of the success in the
preparation of binary superlattices, studies on the collective properties are
still scarce, and also their use as “real”materials in applications is still at the
very beginning.

6.4 Mesoporous Materials

Since the discovery of mesoporous silica in 1992 [24], great efforts have been
undertaken to prepare similar materials in the form of fully crystalline metal
oxides [60, 67, 13]. Although partially crystalline mesoporous metal oxides
have been reported ten years ago [66], the preparation of fully crystalline
networks is still a major issue, mainly due to the fact that the as-synthesized
amorphous mesostructures collapse during the annealing step required for
inducing the crystallization process. One possibility to circumvent this prob-
lem is to use preformed and fully crystalline nanoparticles as nanobuilding
blocks instead of molecular precursors. The experimental procedure for such
mesoporous materials is closely related to the preparation of superlattices by
evaporating the solvent of the colloidal solution, however with the difference
that the colloidal solution contains a supramolecular template as porogen,
e.g., surfactants or block copolymers (Figure 6.5a). One example, completely
based on the use of organic solvents during the synthesis as well as during
the assembly process, is the preparation of ordered mesoporous tin oxide
with a fully crystalline framework [5]. In a first step, nearly monodisperse
crystalline tin oxide nanoparticles with a diameter of 3.5 nm (Figure 6.5b,
left panel) were prepared by reacting tin tetrachloride with benzyl alcohol
(cf. also Chapter 4.1.3). The tin oxide nanoparticles could then directly be
redispersed in tetrahydrofuran (THF), forming transparent and stable sols
without any additional stabilizer and without any indication of particle ag-
glomeration. Addition of a polybutadiene-(b)-poly(ethylene oxide) PB-PEO
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block-copolymer as template to the THF solution and subsequent evapora-
tion of the solvent induced the cooperative assembly of the nanoparticles and
the PB-PEO block-copolymer micelles (usually called evaporation-induced
self-assembly [11]), finally resulting in the formation of large mesopores of
18–20 nm with an exceptionally high degree of ordering in terms of pore
shape and 3D arrangement. The SEM and TEM images displayed in Figure
6.5b, right panel, prove the high quality of the mesostructure after thermal
removal of the template at 500 ◦C, confirming that preformed nanocrystals
are indeed able to preserve the mesostructure during calcination.

Fig. 6.5. a Schematic illustration of the evaporation-induced self-assembly of
nanocrystals into mesoporous materials using block copolymers as templates. b TEM
image of the starting colloidal solution of tin oxide nanocrystals (left) and SEM im-
age of the final mesoporous material (right) after calcination (inset: TEM image of
mesoporous tin oxide)
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Chapter 7

Characterization

7.1 Introduction

In order to relate the physical properties to the size, shape and crystallinity
of nanoobjects an accurate and detailed characterization has to be per-
formed. The determination of the size and shape distribution of nanometer
size particles can be addressed with several techniques like for example: ana-
lytical ultracentrifugation (AUC) [3], light scattering techniques, scanning
electron microscopy (SEM) and transmission electron microscopy (TEM)
[50, 51, 52, 19, 21] etc. The most common tools for the structural charac-
terization of nanoobjects are high resolution TEM (HRTEM) and diffraction
techniques such as electron diffraction (ED) and powder X-ray diffraction
(XRD). HRTEM permits to directly visualize the atomic columns of a sin-
gle particle and to determine its structure and possible structural defects.
However, this method is not statistically applicable to a large amount of par-
ticles. Powder XRD measurements are able to overcome this limitation and
provide a global information about the crystallinity of a sample, thus making
it a perfect complementary technique to HRTEM. This chapter mainly fo-
cuses on the characterization of inorganic nanoobjects by electron microscopy
and diffraction techniques. Additional useful and widely used characteriza-
tion techniques such as Fourier transform infrared (FT-IR) and solid state
nuclear magnetic resonance (SSNMR) will also be discussed in a particular
example. In the first section (7.2) the transmission electron microscope and
the basic operation modes are introduced together with some examples of
structure determination by ED and HRTEM. The examples will be taken
from nanocrystals synthesized in organic solvents. Afterward, the chapter
discusses powder X-ray diffraction techniques on nanopowders and especially
how to extract typical information related to the nanometric size and the crys-
tallinity of nanoparticles (7.3). The advanced use of electron microscopy and
diffraction techniques will be illustrated along with the structural determina-
tion of hollandite-type vanadium oxyhydroxide nanorods (7.4.1). Finally, the
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study of rare earth based organic-inorganic hybrid materials will be detailed
as it requires the use of several techniques, in addition to electron microscopy
and diffraction techniques, in order to obtain structural information (7.4.2).

7.2 Transmission Electron Microscopy

In general, the attainable resolution of an optical system is limited by the
wavelength of the probing waves according to Abbes relation. For visible light
the obtainable resolution is about 300 nm. The principle of a transmission
electron microscope (TEM) is analogous to the one of an optical transmission
microscope, but using an electron beam instead of visible light. However, due
to the different nature of electrons and photons, the optical lenses have to
be replaced by magnetic and electrostatic lenses. The big advantage of elec-
trons is that their wavelength can be decreased simply by accelerating them
across a high voltage. In 1932 Max Knoll and Ernst Ruska already proposed
that when using electrons instead of light for imaging, one could achieve a
resolution in the order of a few Å [43]. Indeed, resolution in this range was
obtained about 40 years later. Nowadays, instruments reach resolutions down
to the sub-Å region [1, 27]. A TEM provides highly coherent electrons of suf-
ficient energy and allows to investigate a sample in terms of its morphology,
structure and orientation at a very high spatial resolution. Imaging over a
big range of magnifications offers the possibility to determine the size distri-
bution of particles by measuring a few hundreds of them at low resolution
and to determine the shape and structure of individual particles at higher
resolution. In addition to imaging, a TEM also provides ideal conditions for
analyzing the interactions taking place between the electron beam and the
sample material. These interactions carry valuable information that can be
retrieved by spectroscopic methods. Spatially resolved compositional anal-
ysis by X-ray emission spectroscopy (energy dispersive X-ray spectroscopy,
EDXS) and local electronic structure measurements by electron energy loss
spectroscopy (EELS) and energy filtered imaging at the nanometer scale are
some of the techniques that are commonly applied in analytical TEM. In the
following paragraph, the set-up and the basic operation modes of the instru-
ment will briefly be introduced together with some examples chosen from
nanocrystals synthesized in organic solvents.

7.2.1 The Operation Modes

Depending on the operation mode of the instrument, different contrast mech-
anisms are involved in the formation of the final image.
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7.2.1.1 Low Magnification

In low magnification mode, contrast observed on the viewing screen is caused
by electrons that have been lost from the imaged region either by large-angle
scattering outside the objective aperture (contrast aperture) or as a result
of energy loss and wavelength change in the specimen (mass-thickness con-
trast). Electrons that have lost some of their kinetic energy get focused on a
plane far distant from the viewing screen. This out-of-focus “inelastic” or en-
ergy loss image only contributes a uniform background to the in-focus elastic
image. In the so-called bright-field mode, the contrast aperture selects the di-
rect, unscattered spot and excludes all electrons that were Bragg-scattered to
higher angles, whereas in the dark-field mode the image is formed only from
scattered electrons. The possibility to select electrons according to a certain
range of scattering angle allows to point out sample areas with different scat-
tering characteristics like crystal defects in mono-crystals or micro-crystals
of different orientation in polycrystalline samples.

7.2.1.2 High Resolution

High resolution transmission electron microscopy (HRTEM) is one of the
most powerful tools used for the characterization of nanomaterials. The most
important contrast mechanism for high resolution electron microscopy is
phase-contrast. If the specimen is suitably thin for HRTEM, i.e. less than
about 50 nm, the interaction of the electron beam with the inner potential of
the specimen predominantly causes phase shifts of parts of the electron wave
front. The image interpretation in HRTEM is not straight forward. This is
because in addition to the interaction of the electron beam with the specimen,
also the effect of the imaging process by imperfect electron lenses has to be
considered. The way how the microscope transfers waves with different rela-
tive phase shifts down through the column is defined by the so called contrast
transfer function. It depends on the performance of the objective lens (spher-
ical aberration), the acceleration voltage and the focus conditions. Further,
chromatic aberrations, focal and energy spread of the beam and instabilities
in the high tension and objective lens current play a role in the contrast for-
mation. Assistance in the interpretation of HRTEM images is provided by
image processing and image simulation. Some examples will be given later.

Even though HRTEM is the most used technique to determine the struc-
ture of a single isolated nanoparticle, the structure determination of small par-
ticles is often difficult and not always possible especially when the nanopar-
ticles are very small (i.e. less than 2 nm in diameter), present complicated
structures or crystallographic defects.

The structure determination of one isolated nanoparticle is in general per-
formed in few steps. First of all the power spectrum (PS) of the high resolution
image has to be calculated. The PS is the square of the Fourier transform
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of the 2D image. From the PS the netplane distances and plane angles can
be obtained more easily than from the real images. After that the PS has to
be compared to single crystal diffraction calculated for the possible structure
for different orientations. This approach works well, if the particles studied
do not present any defects and are crystallized in a known structure. If this
is not the case a more detailed study is needed such as Fourier analysis and
HRTEM simulations. However, this would go well beyond the aim of this
chapter and only few examples will be given later.

In order to calculate the PS of a HRTEM image a square selection of the
image of a power of 2 should be chosen (generally 256, 512 or 1024 pixels
depending of the nanoparticle size and resolution of the image). Normally a
resolution between 0.03 and 0.02 nm/pixel should be used to not lose struc-
tural information (Figure 7.1a). Furthermore, in order to avoid edge effects
which could introduce reflections or lines which do not come from the crystal
structure, a spherical mask with a Gaussian cut of the intensity should be
applied (Figure 7.1b). Finally the PS of this masked image is calculated. It
shows several well defined sharp spots (Fig 7.1c). The netplane distances are
measured by using the following simple formula:

dhkl =
Npix−image ∗Psize

Npix
(7.1)

where Npix−image is the size of the quadratic frame of the PS, Psize is the pixel
size in the real image, and Npix is the number of pixels between the origin
and the reflection hk l in the reciprocal space. The PS always show pairs
of reflections hk l and hk l which are lying diametrical opposite around the
origin.

Figure 7.1 shows only an explanatory example, more advanced studies
may include: i) Masks of different sizes can be used in order to determine the
structure at different positions. This is often useful when structural defects
are present or when the particle to be studied is not a single crystal. ii)
Fourier analysis which consist of selecting only interesting pair of reflections
and subsequently apply a back Fourier transform. This technique produces
a filtered image presenting less noise and information on the lattice planes
chosen. This is useful for the study of non-perfect crystals, etc. Few examples
of how to apply these techniques will be given below.

The use of a large amount of surfactants during synthesis produces metal
oxide particle precipitates together with a non-negligible amount of organic
material difficult to completely separate from the inorganic one. Usually, these
organic surfactants prevent to acquire good quality HRTEM images. In fact,
the surfactants burn under the electron beam reducing the stability of the
particles during the measurements. This is generally not the case for nanopar-
ticles produced in surfactant-free systems which present a very low content of
organic compounds [25] and permit the acquisition of high quality HRTEM
images like the ones presented in figure 7.2. For imaging, the particles were
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Fig. 7.1. a HRTEM image of 1024x1024 pixels from a part of an In2O3 cube-shaped
nanoparticle, b masked image, c PS of the image in b

transferred to an amorphous carbon coated copper grid by depositing one
drop of a dispersion of the as synthesized particles in ethanol onto it. Fig
7.2a depicts a part of a 20 nm In2O3 cubic nanocrystal [36], showing well de-
fined edges and monocristalline behavior as demonstrated by the PS in insert.
Such high crystallinity characteristic of nanoparticles produced by the “ben-
zyl alcohol route” exists also for very small particles such as Sn0.95In0.05Ox

(Figure 7.2b) [24, 23]). Despite its extremely small size (∼2 nm) this cubic
particle shows a perfect crystalline order. Larger spherical particles like in
the case of magnetite [35] (Figure 7.2c) are also perfect monocrystals having
crystalline order even at their surface which presents sharp and well defined
facets. The last panel shows the [010] zone axis of a Nb2O5 orthorhombic
nanoplatelet [32] once more the crystalline order is remarkable especially for
such an orthorhombic structure which is known to include many defects also
in the bulk phase.

7.2.1.3 Electron Diffraction

In this mode, the electron microscope is used as a diffractometer. This is
simply done by changing the excitation of the intermediate lens system such
that instead of focusing on the first image plane of the objective lens, it is
focused on the back focal plane of the objective which contains the Fraunhofer
diffraction pattern. The projector lens then projects a magnified image of
the diffraction pattern on the fluorescent screen. The easy switch over from
imaging to diffraction and vice versa and the variability of the electron probe
size is very helpful for analytical work. Small single crystals down to the size
of 5 nm can be selected in image mode and their diffraction characteristic
can be studied simply by changing to the diffraction mode. The arrangement
and intensity of diffraction spots is related to the symmetry and dimension
of the unit cell and depends on the orientation of the particle with respect
to the incident beam. In order to resolve the lattice parameters and crystal
symmetry of a particle, diffraction patterns have to be recorded from different
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Fig. 7.2 a HRTEM im-
age of a part of an In2O3
cube-shaped nanoparticle,
b a 2 nm nanoparticle
Sn0.95In0.05Ox, c a 16 nm
nanoparticle of Fe3O4,
d a part of a Nb2O5
nanoplatelet. Inserts show
respective PS
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crystallographic projections. This is usually done by tilting the sample to
different observation directions with respect to the incident electron beam
or in the case of a homogeneous sample, by selecting particles of different
orientations. From the distance between diffracted spots, the plane spacings
can be calculated by use of Bragg’s law.

In Figure 7.3 an isolated nanoplatelet of tungstite [40] is presented to-
gether with its selected area ED (SAED). The TEM image of an isolated
platelet shows a quadratic and well faceted shape (Figure 7.3a). The SAED
pattern (Figure 7.3b) of this particle shows spots characteristic of tungstite
(WO3·H2O) oriented along the [001] direction, demonstrating that the parti-
cle is monocrystalline. However, the HRTEM study of these platelets shows
(cf. Chapter 7.2.3) that they are far from being perfect monocrystals and
that they are in fact built up by a large number of small crystallites of a few
nanometers in size which are oriented almost but not exactly, parallel to one
another.

Fig. 7.3 a TEM overview
image of a tungstite
nanoplatelet, b SAED of
the same platelet oriented
along the [001] direction
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7.2.1.4 Scanning Transmission Electron Microscopy

In the scanning mode (STEM), the specimen is scanned across the region of
interest by using a very small probe of typically only a few Å in diameter. If
the specimen region is sufficiently thin, most electrons are transmitted with
relatively little lateral spreading, and a variety of signals from elastic and
inelastic scattering events can be recorded, allowing high spatial resolution
analysis and imaging. At each point, various types of signals discriminated
by scattering angle and energy loss yield different structural and chemical
information that can be captured simultaneously in different channels. Most
commonly, energy dispersive X-ray spectroscopy (EDX), electron energy loss
spectrometry (EELS) and high angle annular dark field detectors (HAADF)
are applied. For a detailed introduction on STEM we refer to the book of R.
J. Keyse, A. J. Garratt-Reed, P. J. Goodhew and G. W. Lorimer [18].

7.2.2 HRTEM Image Simulations

If the comparison between the extracted crystallographic data from SAED,
HRTEM, PS does not allow an unambiguous determination of the structure of
the nanocrystal, a more detailed study is required. In this case, the most used
technique is the simulation of HRTEM images on the basis of the structure
of model particles. The calculations are often performed with the multislice
technique [47, 4, 48]. This approach includes several steps:

1. The construction of one or more atomic models of the nanocrystals
2. The simulation of the HRTEM image of these models
3. The calculation of the PS of the calculated HRTEM image
4. The comparison of the HRTEM images and the PS calculated with the

data obtained from the experimental HRTEM

It should be noticed that the contrast of a HRTEM image strongly depends
on the defocus, so particular care has to be taken in acquiring the HRTEM
images.

In the following we will apply this technique to MnO nanoparticles syn-
thesized in benzyl alcohol presenting an interesting superstructure which can
be described as an ordered Mn vacancy cubic superstructure with the general
formula of Mn0.875Ox and a lattice parameter of 8.888 Å [7].

The HRTEM image of a manganese oxide nanoparticle (Figure 7.4a) to-
gether with its PS (Figure 7.4b) show a peculiar feature associated with the
spot B in the PS. The corresponding d-value equals 5.078 Å, which is ex-
actly the double of spot A. This reflection can be indexed only with rational
Miller indices 0.5 0.5 0.5. Such a configuration of spots in the PS is charac-
teristic of the [011] zone axis orientation of the MnO nanocrystal displayed.
The indexing of the PS with rational numbers points to a superstructure.
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A careful look at the Fourier-filtered HRTEM image in Figure 7.4c clearly
shows arrays of spots. One bright line of spots (denoted by arrowheads) al-
ternates with a less bright one. The distance between two lines of spots with
the same brightness is exactly the double (5.078 Å) of the distance between
arrays of brightless bright spots. Such a regular arrangement of double arrays
of spots found in the HRTEM image demonstrates the presence of a regu-
lar superstructure. The assigned rational Miller indices can be turned into

Fig. 7.4. a HRTEM image of a part of a single-crystalline MnO nanoparticle, b corre-
sponding PS, c Fourier-filtered HRTEM image of part of a (arrows denote the lattice
fringes corresponding to the superstructure), d simulated image based on the model
shown in e, f PS of a [112] HRTEM image of a single-crystalline MnO nanoparticle, g
Fourier filtered HRTEM image from f, h simulated image based on the model shown
in e

integers by simple multiplication by a factor of 2, implying that new inte-
ger Miller indices describing the structure of MnO with a doubled value of
the unit cell parameter can be used. One possible superstructure constitutes
the regular distribution of manganese or oxygen vacancies or interstitials in
the MnO crystal matrix. It is unlikely that the oxygen vacancies are respon-
sible for the superstructural ordering, because HRTEM is less sensitive to
light atoms. Therefore, ordered Mn vacancies should be responsible for the
superstructure. In order to prove this hypothesis HRTEM image simulation
using the multislice techniques were performed. The superstructural model
used in the simulations is displayed in Figure 7.4e in the projection along the
b-axis. The manganese atoms are removed from the corners and centers of
the faces in a simple doubled unit cell of MnO (yellow color), leaving behind
an ordered system of Mn vacancies. A simple calculation shows that the Mn
deficiency in such a model is 12.5%, i.e., the formula of the defective MnO
structure is Mn0.875Ox. On the basis of the proposed vacancy ordered su-
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perstructural model, the HRTEM image simulation was performed using the
multislice method, and considering the experimental conditions of HRTEM
imaging and specific zone axis. Taking the experimental parameters of mi-
croscope into account, the image is simulated at Scherzer focus (−68 nm)
and at the sample thickness of 2.5 nm (Figure 7.4d). The bright contrast
in the simulated image corresponds to the Mn vacancy column, because in
HRTEM imaging the atom deficiency columns leave the signature as a bright
contrast at this particular defocus. The visual inspection of the simulated im-
age shows that it nicely matches with the Fourier-filtered HRTEM image of
a MnO nanocrystal oriented in the [011] zone (Figure 7.4c). In this way, the
HRTEM measurement corroborates the validity of the proposed superstruc-
ture model based on Mn vacancies ordering. To prove that this example is not
an exceptional case the same approach was applied for the [112] orientation
of the MnO crystal with respect to the electron beam. The corresponding
PS (Figure 7.4f) also shows reflections that can be indexed only in terms of
rational numbers, pointing again to the formation of a superstructure. The
Fourier-filtered image (Figure 7.4g) clearly exhibits the interchange of two
lattice fringes in the [111] direction that are mutually shifted in the [110]
direction by d220 (1.57 Å). The simulated image (Figure 7.4h) unequivocally
confirms the superstructural model as it also fits nicely with the experimental
one. It is important to highlight that the MnO superstructure is not detected
by powder XRD but only with local probing (HRTEM and SAED) at the
level of the single nanocrystal [7].

7.2.3 TEM Studies of Nanostructures by Oriented
Attachment

Above we showed how to study highly crystalline nanocrystals synthesized
in organic solvents, in the next selected examples we will show the struc-
tural properties of nanoparticles formed by the oriented attachment growth
mechanism (cf. Chapter 6). This non-classical crystallization mechanism per-
mits to produce anisotropic nanostructures. However, it often leads to the
inclusion of defects where the primary building blocks epitaxially aggregate.
Especially, we will show the particular features of crystals grown under this
particular mechanism and how by using HRTEM techniques it is possible to
obtain information on the growth mechanism. Furthermore, these systems are
interesting for a microscopist because they often present interesting defects
where the attachment of the primary building blocks occurs.

In Figure 7.5 an example of the study of anatase particles synthesized
by the benzyl alcohol route is presented. In this case the anatase particles
are functionalized with 2-amino-2-(hydroxymethyl)-1,3-propanediol
(HOCH2)3CNH2 (Trizma) during the synthesis and subsequently refluxed in
water in order to arrange them into pearl-necklace structures [39, 38]. Figure
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7.5a shows an imperfect oriented attachment along the [001] axis character-
ized by a small misorientation at the interface (black arrow). This is confirmed
by the Power Spectrum (PS), which was calculated for the entire nanorod
and shows doubled spots (Figure 7.5b). This effect is due to the fact that the
lattice planes on both sides of the nanorod are misoriented leading to slightly
tilted PS for the two parts of the rod. Further prove is given in Figure 7.5c,
where the PS has been calculated only for the left part of the nanorod (white
circle). In this case, the spots are no longer doubled. In order to get fur-
ther information on the misorientation of the lattice plane at the attachment
region Fourier analysis is performed. This technique consists on selecting a
particular crystal direction on the PS by masking it. In the present case the
PS of the entire image was masked in order to get information only from the
(020) reflections. Subsequently, the inverse Fourier transform of the masked
PS in calculated (Figure 7.5d). In this figure only the information concerning
the lattice planes of the (020) family are present and thus, the interpretation
of the image is drastically facilitated. For example, the presence of disloca-
tion is clearly seen (black circles) and the misorientation is easily estimated
to about 4◦ from the green and red lines drawn on the image (Figure 7.5d).

Another example of oriented attachment of primary particles leading to
anisotropic nanostructures is given by the non-aqueous synthesis of tungstite
nanoplatelets by the benzyl alcohol route [40]. The particles exhibit a platelet
like shape and have sides ranging from 50 to 100 nm and thicknesses from
5 to 10 nm. Contrarily to the example of the TiO2 nanorods, in this case
the primary particles spontaneously assemble to form anisotropic structures
without any specific molecule adsorbed at their surface and a post-synthetic
treatment. SAED measured from isolated tungstite nanoplatelets prove their
structure and were characteristic of monocrystals (Figure 7.3). However, by
HRTEM (Figure 7.5e) the particle seems to be formed by a large number of
small perfect crystallites of few nanometers in size which are oriented almost
but not exactly, parallel to one another. The platelet shows a much wider
but lower diffraction profile as compared to perfect crystals. This behavior
is further confirmed by the PS of this HRTEM image (Figure 7.5f) showing
reflection spots characteristic of the tungstite structure for a particle oriented
along the [001] direction. These reflections are diffuse and reflect the fact that
the little crystallites are not perfectly aligned with respect to each other. Un-
fortunately from a PS as well as from an electron diffraction pattern it is
not possible to extract the primary crystallite sizes. In order to better char-
acterize the growth mechanism of the platelets once more Fourier analysis
is needed. The PS is masked in order to only keep the information about
the (120) lattice planes (black circle in figure 7.5f). Thus, the inverse Fourier
transform will only show information regarding those lattice planes (Figure
7.5g). Non-perfectly aligned lattice planes almost oriented in the same di-
rection but not perfectly as in a single crystal runs along the whole selected
zone. In addition many defects like dislocations could be observed as well as
large zones where the attachment of the planes is slightly misoriented. These
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findings suggest that the platelets are indeed formed by oriented attachment
of primary particles having an average size of around 5 nm which by directed
aggregation form the final crystals with large number of defects.

Fig. 7.5. a HRTEM of a part of a TiO2 nanorod grown by oriented attachment, b
PS of the entire image, c PS of a selected area marked with a white circle in a, d
Fourier filtered image from the (020) reflections. e HRTEM of a part of a tungstite
platelet, and f its PS. g Fourier analysis of the HRTEM image in e

MnO multipods were synthesized via a non-aqueous sol-gel route using
Mn(oleate)2 in n-trioctylamine [56]. In the presence of oleic acid, the syn-
thesis yields almost exclusively hexapods homogeneous in size and shape.
TEM study showed homogeneous NCs around 200 nm in size (Figure 7.6a).
Most of the multipods appeared to be hexapods with an Oh symmetry even
if some of the NCs displayed only 2, 3, 4 or 5 pods (Figure 7.6b-g). All of
the NCs were single-crystalline as evidenced by electron diffraction and high
resolution studies. Core and pods were found to be homogeneous in size and
morphology, each arm being terminated by an arrow. However, they were not
exempted from defects as demonstrated by electron diffraction and high reso-
lution studies. SAED measured from isolated multipods (Figure 7.6h) showed
patterns similar to the one presented in Figure 7.6i. The SAED showed sharp
single spots characteristic of a single crystal of MnO (manganosite) oriented
along the [001] direction with its arms parallel to the [100] and [010] direc-



158 7 Characterization

tions respectively. Furthermore, it should be noted that the presence of 110
forbidden reflections points to the presence of a high density of stacking faults
or defects. These findings were further proved by HRTEM. The image of the
an arm-end (Figure 7.6j) showed well defined lattice planes. A magnification
of the white squared zone and its PS (Figure 7.6k and l) confirmed the good
crystallinity of the multipods and their growth orientation. Once again in the
PS the presence of the formally forbidden 110 reflections point to the fact that
the multipods are not perfect crystals and present a high density of defects.
In fact, stacking faults and defects may also give rise to symmetric forbidden
reflections because, due to a break of symmetry, the extinction rules of a
particular reflection are not any more satisfied. Furthermore, the amount of
defects will determine the intensity of the forbidden reflections and the dif-
fuse character of the spots. This is what is occurring in the MnO multipods
for which the amount of defects is high. This behavior is frequent for little
particles and nanostructures, like the present ones, made by oriented attach-
ment in which the amount of defects introduced by the imperfect attachment
is often very high.

In order to further prove the growth mechanism the authors studied the
kinetics of the reaction by characterizing the particles after only 30 min of
growth. In this case they observed that the particles adopt a truncated oc-
tahedral shape of about 40-50 nm which is in good agreement with chain
end diameter and some particles coalesced to form aggregates as shown in
Figure 7.6m. The structure was also manganosite as confirmed by SAED (Fig-
ure 7.6n). Two independent works published only few months later reported
similar multipods or dumbbells synthesized by an analogous route [55, 28].
The authors of one of them [55] proposed that both sides of the arms of the
dumbbells are not flat but show pearl-chain-like structure. This suggests that
they are formed by aggregation of diamond-shaped particles, thus supporting
the hypothesis of oriented attachment growth mechanism by aggregation of
MnO diamond-like nanoparticles. Such diamond-shaped particles were also
obtained at slightly different reaction conditions supporting the hypothesis.
The structural properties of these dumbbells were also similar to the multi-
pods reported above. In fact, by HRTEM they observe that the nanocrystals
are highly monocrystalline and confirm that the dumbbells exhibit cubic rock
salt structure and that the arms are parallel to the [100] and [010] directions.
Furthermore, the PS of a part of a crystal shows again the formally forbidden
110 reflections due to the large amount of defects [55].

The few examples given above and the growing number of articles pub-
lished on the subject suggests that detailed structural studies and especially
HRTEM studies are needed for the precise characterization of the oriented
attachment growth mechanism.

In conclusion, from the cases studied above the reader gets familiar with
some of the possible approaches necessary to fully characterize the structures
formed by this particular type of particle-based crystal growth.
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Fig. 7.6. a TEM overview image of the MnO multipods, b a bipod, c a tripod, d a
tetrapod, e a pentapod, f a hexapod, g a branched pentapod, h a typical tetrapod,
i SAED showing also the forbidden 110 reflections, j HRTEM of a single arm, k
magnification of the white square, l its PS indicating once more the presence of the
forbidden 110 reflections, m TEM overview image of the MnO nanocrystals grown
for 30 min only and n its related SAED

7.3 Powder X-ray Diffraction

As previously demonstrated, TEM studies permit to directly visualize the
atomic columns of a single particle and to determine its structure, its defects
and so on. However, this method is not statistically applicable to a large
amount of particles. Powder XRD measurements are able to overcome such a
limitation and give a global information about the crystallinity of the whole
sample, thus make it a perfect complementary technique to HRTEM. The
Scherrer equation is commonly used to determine the average crystal size
from the powder XRD measurement [29]:

B(2θ ) =
K λ

L cosθ
(7.2)

Where B(2θ ) is the full width in radians at half maximum intensity of the
powder pattern peak and L is the cube edge dimension and K a constant which
depends on the particle morphology and it varies between 0.9 and 1 [29]. In
the original work Scherrer evaluated the constant to K = 2 [(ln 2)/π ]1/2 = 0.94
for a cubic particle [45]. Such an equation is only valid under the following
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approximations: i) The shape of the crystal is well defined (cubic, spherical,
etc.), ii) the crystal is free from strains, defects, etc. iii) the system should
be monodisperse. In other words, the peak broadening should only be due
to the small crystallite size. Even though the Scherrer equation should be
applied for isotropic crystals only, it can be used for anisotropic materials,
with acceptable results, if for each hk l-reflection the L value is interpreted as
an average crystal dimension perpendicular to the reflecting plane.

More exact methods exist in order to determine particle size and shape,
crystallinity, defects, etc. in nanocrystals. For example, it is possible to calcu-
late the intensity scattered by a model particle, in the kinematic approach, by
the so called Debye function [6, 53, 11]. A few groups applied such techniques
to metallic clusters [49, 14, 54] and then extended the method to polydis-
persed nanocrystalline systems calling it the Debye function analysis (DFA)
[10, 12]. Later on, this method was extended to oxide nanoparticles [37] and
applied to characterize the structure, the size and the shape of many ox-
ide nanoparticles synthesized in organic solvents [31]. More recently a novel
approach was introduced for size and shape determination of nanoparticles
based on calculations of XRD powder patterns using the Debye formula [2].
The methodology was based on the construction of a database of simulated
XRD powder patterns calculated from all possible morphologies (sizes and
shapes) of the considered nanoparticle system. Comparison between the cal-
culated XRD diagram database and experimental XRD powder patterns is
then performed by means of calculation of a Rietveld agreement factor.

The Debye formula describes the intensity distribution, spherically aver-
aged over the reciprocal space:

IN(b) =
N

∑
n,m�=n

fn fm
sin(2πbrnm)

2πbrnm
(7.3)

Where b = 1
d = 2sinθ

λ , λ is the wavelength and 2θ the scattering angle. The sum
runs over all the pair distances rnm of the atoms labeled by n,m with scattering
amplitudes fn, fm in a cluster of N atoms. The formula includes the following
characteristics which are significant advantages compared to the Scherrer
equation: i) It is a general equation valid for any form of matter in which
there is a random orientation: gases, liquids, amorphous solids, and crystalline
powders. ii) There is no limitation on the number of different kinds of atoms
in the sample. The main disadvantage stays on the number of terms, which
have to be calculated, that increases proportional to the sixth order of the
linear dimension of the particle, thus, restricting the applicability to particles
smaller than 5–6 nm. By applying efficient algorithms larger particles might
be calculated too [13].

BaTiO3 nanocrystals synthesized in benzyl alcohol [26] (Figure 7.7) can
be taken as a model example for demonstrating how the Debye equation per-
mits to precisely elucidate the crystal structure of nanocrystals. All diffraction
peaks in Figure 7.7 can be assigned to the BaTiO3 phase without any indi-
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cation of other crystalline by-products such as barium carbonate or titanium
dioxide. The cubic and tetragonal perovskite structures of BaTiO3 are very
similar in terms of lattice distances and thus, difficult to distinguish at the
nanoscale. The powder pattern in the 2θ = 40-50◦ region is characteristic
for the presence of either the cubic or tetragonal BaTiO3 structure, and the
splitting of the 200 into tetragonal 200 and 002 reflections at about 45◦ is
observed. In the present case, the reflections are too broad to discriminate
between the two crystal modifications due to the small particle size. This
can be easily confirmed by calculations of the Debye equation for the two
possible structures for spherical, monodisperse particles with diameters of 6
nm. There are only minor differences between the cubic (dotted line) and the
tetragonal (dashed line) calculated patterns. Moreover, the pattern of the
tetragonal crystal modification does not display any splitting of reflections
due to the small size. Therefore, in this case XRD cannot discriminate be-
tween the two very similar structures. Nevertheless, calculations of the Debye
equations confirm the very good crystallinity of the perovskite particles, their
spherical shape and the absence of systematic structural defects. In fact, the
calculated position, the broadening and the relative intensity of the experi-
mental and calculated diffractions fit very well. Furthermore, the average size
extracted from Debye equation studies corresponds to the one determined by
TEM [26].

In order to acquire additional insight on the crystal structure of the
BaTiO3 nanocrystals [30] XRD experiments using synchrotron radiation were
performed and the data were analyzed by Rietveld refinement[41] and by us-
ing the atomic pair distribution function technique [46]. It was concluded
that the three-dimensional atomic ordering in BaTiO3 nanoparticles is more
complex than in the bulk: it is cubic-like on average, but it shows locally
slight distortions of a tetragonal-type. A description of these advanced crys-
tallographic techniques and how these results were obtained overcome the
scope of this chapter and we invite the reader to consult Ref. [30] for more
information.

The second example shows how to use Debye scattering equation calcu-
lations to determine the shape and the preferential direction of growth of
small and slightly elongated particles. In this case HfO2 nanocrystals synthe-
sized in benzyl alcohol are studied [33]. They exhibit an elongated shape as
observed in HRTEM images (Figure 7.8a). This nanoparticle is a monocrys-
tal and shows several lattice planes. For this reason it is a perfect example
to be used for structure determination. The power spectrum (Figure 7.8b)
is characterized by several sharp spots from which it is possible to extract
the lattice distances and the angles between the planes. In this case it can
be attributed to the monoclinic HfO2 structure (JCPDS [43-1017] and ICSD
27313) oriented along the [011] direction as indexed in Figure 7.8b. The par-
ticle is elongated along the [100] direction. The monoclinic HfO2 structure is
characterized by similar lattice parameters: a = 5.116, b = 5.172 and c = 5.295
Å and β = 99.2◦. Because the global precision in the determination of the dis-
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Fig. 7.7 XRD pattern of
6 nm BaTiO3 nanopar-
ticles synthesized by the
benzyl alcohol route (solid
line). Debye equation cal-
culated for a 6 nm spher-
ical BaTiO3 nanoparti-
cle with the cubic (dot-
ted line) and tetragonal
(dashed line) perovskite
structure

tances by HRTEM is around 1–2% at most, in this particular case the particle
could also be oriented along the [110] with the long axis parallel to the [001]
direction instead of [100]. To discriminate between the two possible growth
directions experimental XRD patterns were compared to calculated ones.

The X-ray powder diffraction pattern of HfO2 nanocrystals synthesized
at 250 ◦C (Figure 7.9, solid line) shows broad diffraction peaks pointing
to small crystallite sizes. Despite this broadening, the theoretical positions
of the diffractions of the monoclinic HfO2 structure match well with the
experimental ones. To prove that the Debye scattering equation is a powerful
tool to characterize the preferential growth direction of these nanocrystals
several calculations for model particles were performed.

Fig. 7.8 a,b HRTEM
image of a single HfO2
particle a and its power
spectrum b

2 nm

200

111

011

111
_

211(a) (b)

Although the pattern calculated for a spherical particle of 4 nm in diam-
eter (Figure 7.9, dotted line) fits relatively well the experimental data, the
reflection at about b = 0.393 Å−1, characteristic for the diffraction by the
(002), (020), and (200) planes, is not well reproduced. These reflections are
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Fig. 7.9 Experimental
pattern of HfO2 nanopar-
ticles synthesized at 250◦
C (solid line), calculated
patterns for 4 nm spheri-
cal particles (dotted line),
ellipsoidal particles of
6× 3 nm elongated along
the [100] (short dashed
line), [010] (long dashed
line), [001] (dot, short
dashed line), respectively

superimposed in the experimental patterns, due to the broadening and be-
cause the lattice parameters of the HfO2 monoclinic structure are similar.
In the experimental patterns this peak is sharper, more intense and slightly
shifted towards larger diffraction angles compared to the calculated ones,
suggesting that the particles exhibit an elongated shape in one of these direc-
tions. It is reasonable to assume that the intensity as well as the shift of the
experimental peak around b = 0.393 Å−1 is mainly caused by the diffraction
of the (200) planes, and that the particles are elongated along the [100] axis.
To prove this hypothesis, the Debye scattering equation was calculated for
ellipsoidal particles (long radius = 3 nm and short radius = 1.5 nm) with the
long axis either parallel to the [100], [010], or [001] directions, respectively
(Figure 7.9 short dashed line, long dashed line and dot, short dashed line,
respectively). All three calculated patterns seem to be quite similar in terms
of peak intensity, the main difference lies in the position of the 002, 020 and
200 reflections. A comparison of the calculated and the experimental pat-
terns clearly shows that the best agreement is found, when the particles are
elongated along the [100] direction. The calculated peak position at b = 0.393
Å−1 fits perfectly with the experimental reflection, whereas calculations for
a particle elongated along the [010] and along the [001] give a peak position
of b = 0.388 Å−1 and b = 0.383 Å−1, respectively. In conclusion, according to
Debye calculations, the particles are about 6 nm in length and about 3 nm
in width and display a preferential growth in the [100] crystal direction.
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7.4 Combination of a Range of Techniques

The characterization of nanoparticles of a known crystalline structure can
be usually achieved using only HRTEM and powder diffraction techniques.
However, in the case of an unknown structure several techniques should be
combined for structure elucidation. Single crystal diffraction is the most com-
mon technique for solving the structure of large crystals, however, it can not
be used in the case of nanoparticles due to their small size. Moreover, if the
structure is known, refinement using powder diffraction data (e.g. Rietveld
method) are not effective and the broad diffraction peaks observed in small
nanoparticles further complicate the task. In this case several techniques are
generally used and the different information acquired from each technique
are compared in order to build a reasonable structural model. It should be
pointed out that such an approach rarely lead to the precise atomic positions
in the elementary crystal cell. In our work such an approach was needed for
the elucidation, among others, of the structure of vanadium oxide nanorods
(cf. Chapter 4.1.3) and hybrid organic-inorganic materials based on rare earth
oxides (cf. Chapter 4.2) and will be detailed below.

7.4.1 Hollandite-Type Vanadium Oxyhydroxide
Nanorods

The structural determination of vanadium oxide nanorods synthesized in ben-
zyl alcohol is an interesting and challenging example requiring the combina-
tion of several experimental techniques and theoretical tools [8]. Composition,
structure, and morphology were thoroughly analyzed by neutron and syn-
chrotron powder X-ray diffraction as well as by different electron microscopy
techniques (SEM, HRTEM, EDX, EELS and SAED). The data obtained
point to a hollandite-type structure VO1.52(OH)0.77 which, unlike other vana-
dates, contains oxide ions in the channels along the c-axis, with hydrogen
atoms attached to the edge-sharing oxygen atoms, forming OH groups. Ab
initio density-functional calculations with a local spin density approximation
including orbital potential (LSDA + U with an effective U value of 4 eV) have
been employed to extract the electronic structure. These calculations propose,
on the one hand, that the electronic conductivity is based on electron hop-
ping between neighboring V3+ and V4+ sites, and, on the other hand, that
the oxide ions in the channels act as electron donors, increasing the fraction
of V3+ cations, and thus leading to self-doping. Experimental and simulated
electron energy-loss spectroscopy data confirm both the presence of V4+ and
the validity of the density-of-states calculation.

The initial and preliminary analysis of the crystal structure of the vana-
dium oxyhydroxide nanorods involved Rietveld refinement of the X-ray pow-
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der diffraction pattern. The reflections observed matched well with the XRD
pattern reported in the ICDD PDF database (No. 00-500-1797), correspond-
ing to V8.18O16·1.46 H2O in the space group I4/m. To get more detailed
structural information, including possible hydrogen atoms, high resolution
probes such as synchrotron X-ray and neutron diffraction were performed.
The complementarity of X-ray and neutron powder diffraction techniques
was essential for the success of the complete crystal structure determination
of VO1.52(OH)0.77 (Figure 7.10). The scattering amplitudes of vanadium, oxy-
gen, and hydrogen atoms are in the ratio of 23:8:1 for X-rays and roughly
−0.4:5.8:−3.7 for neutron diffraction. Consequently, hydrogen is almost in-
visible by X-rays, whereas vanadium is almost invisible for neutrons. On
the other hand, in the neutron diffraction experiment, hydrogen and oxygen
atoms strongly scatter. The structure obtained by refinement of the X-ray
and neutron diffraction studies is shown in Figure 7.10, viewed in perspective
(a), along the c-axis (b), and along the a-axis (c). A highly distorted VO6

octahedron constitutes the basic structural unit building up the vanadium
oxide framework. A detailed description of the peculiarity of this structure
can be found in the original publication [8]. Below we will focus on a problem
that could be only solved by using DFT calculations.

Surprisingly, the structure contains oxide ions O2− placed in the center of
the channels (noted O3 in the Figure 7.10a). Moreover, they look like they
are doubled. However, such a splitting is, in fact, artificial, since instead of
(0, 0, 0.101) for this site, equally good refinement is obtained if O3 is placed
in the (0, 0, 0) position and subjected to strong anisotropic thermal motions.
The representation of these central oxygens as ellipsoids, which are strongly
elongated along the c-axis, in fact suggests a very shallow potential for the O3
at the center of the 2×2 channel. However, this could also be a split position,
in which O3 occupies the upper position in one channel and the lower position
in a neighboring channel. To resolve which of these two possibilities is correct
(i.e., more stable), DFT calculations were performed in a supercell created
from the 1× 1× 2 hollandite unit cells. By comparing the total energies of
both configurations, it was found that the first solution, i.e., O3 placed in the
(0, 0, 0) position and subjected to strong anisotropic thermal motions, lies
about 26 mRy (0.354 eV) below the energy corresponding to the split position.
The morphology of the VO1.52(OH)0.77 nanoparticles was examined by SEM
and TEM. An overview SEM image at low magnification illustrates that
the product is almost exclusively composed of discrete and uniform particles
with an anisotropic, rod-like shape (Figure 7.11a). The pointed ends of the
rods give them an ellipsoidal, rice-like appearance, which is also confirmed
by the TEM image in Figure 7.11b. Their length ranges from 140 to 500
nm, with an average of 330 nm, and the width varies between 50 and 105
nm, with an average of 80 nm. The local crystallinity of a single nanorod
was further elucidated by HRTEM, revealing well-developed lattice fringes
that extend over the whole area displayed in Figure 7.11c. The power spectra
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Fig. 7.10. a–c Crystal structure of VO1.52(OH)0.77 viewed a in perspective, b along
the c-axis, and c along the a-axis. The vanadium atoms are represented by red, oxygen
by blue, and hydrogen by green spheres

of the HRTEM images and SAED study point to single crystallinity of the
nanorods with the main growth direction parallel to the [002].

Fig. 7.11 a SEM and b
TEM overview images of
VO1.52(OH)0.77 nanorods.
c HRTEM image of a part
of a nanorod

Additional electrical and magnetic studies, and band structure calcula-
tions permitted to analyze and understand the peculiar physical properties
of this particular system. However, they will not be detailed here as it would
overcome the scope of this book. Finally, the VO1.52(OH)0.77 nanorods are
an instructive example of how a simple, one-pot synthesis procedure can re-
sult in the formation of a highly complex material. The application of several
state-of-the art characterization tools was required to elucidate the structural
and physical properties. Some of the results were rather unexpected, and only
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the combination of various experimental techniques and theoretical modeling
made it possible to understand and interpret them.

7.4.2 Lanthanide-Based Organic-Inorganic Hybrid
Nanostructures

In this section the approach needed for the elucidation of the structure of
hybrid organic-inorganic materials based on rare earth oxides introduced in
Chapter 4.2 will be illustrated. The particular features of the ordered lamel-
lar structure was revealed using several characterization techniques ranging
from powder X-ray and electron diffractions, vibrational spectroscopy, solid
state NMR, elemental analysis to emission spectroscopy. It turned out that
the oxide layers are composed of only 3 layers (∼0.6 nm) of crystalline rare
earth oxide alternated with a double layer of benzoate or biphenolate species
bridged to the oxide nanosheets (cf. Figure 4.11). Moreover, a detailed analy-
sis of the reaction mixture gave valuable information on the formation mech-
anism of the hybrid structure and a valid explanation of the oxidation of the
alcohol, used as solvent, to carboxylate species (cf. Chapter 5.5).

Fig. 7.12. a,b XRD (2θ – for the cobalt radiation) patterns of the benzoate based
hybrid materials: yttrium (solid line), neodymium (dotted line), samarium (dashed
line) (synthesized at 300 ◦C) and gadolinium (long dashed line) based hybrid mate-
rials. a Small angle region, b wide angle region in which the reflections due to the
mesostructure are indicated by a star

Powder XRD provided complex patterns containing information at low
diffraction angle about the mesostructural order (i.e. the lamellar periodicity)
and at larger angle about the crystal structure of the RE2O3 type oxides
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(Figure 7.12). The first most intense peak observed for a diffraction angle of
around 5.5◦ corresponds to a distance of 1.8 nm, hence to the 100 reflection
of the lamellar structure. The higher orders up to the fifth could be clearly
assigned on the same figure. Even higher orders are visible on the wide angle
part of the pattern (Figure 7.12b) especially the sixth at 2θ ∼ 35◦ which is as
intense and overlaps with the near reflections due to the crystalline inorganic
layers (zone 30◦ < 2θ < 40◦). The extinction of the third order is typical for
lamellar structures where the thickness of one layer is the double of the other.
This is exactly what happens in our system where the inorganic layer is twice
as thinner as the organic one. In fact, quantitative analysis of the XRD data
performed following the approach of Ruland and Smarsly [9, 42] by fitting
the experimental data with analytical expressions for the one-dimensional
density function show that the long period deduced by this method is 1.75
nm and the thicknesses of the two layers are about 1.2–1.25 nm and 0.55–
0.6 nm, respectively, and their variation in thickness is smaller than 0.05 nm
[34]. The high number of reflections, due to the lamellar periodicity, denotes
the high order and the monodispersity in term of organic and inorganic layer
thicknesses. Surprisingly, the position of these reflections is the same for each
sample. Hence, the thickness of the inorganic and organic layers is constant
and does not vary regarding to the nature of the oxide.

Information about the crystal structure of the RE2O3 was impossible to
extract from XRD data due to i) the sub-nanometric thickness of the layers
giving rise to extremely broad diffraction peaks in the region 30◦ < 2θ < 40◦
and ii) the overlapping with some reflections due to the lamellar periodicity
(Figure 7.12b). HRTEM studies could not be performed due to the insta-
bility of the material under the electron beam due to the organic-inorganic
structure. Additional structural data could be obtained by SAED under the
TEM, but they could give a clear answer in one case only due to the pref-
erential orientation of the particles on the TEM grid [16]. Hence, additional
techniques should be used in order to get additional insight on the inorganic
and organic parts forming the hybrid structure. Yttrium observation by 89Y
solid-state NMR (SSNMR) is usually a difficult task, owing to its long lon-
gitudinal relaxation time, low sensitivity and low gyromagnetic constant (γ).
However 89Y SSNMR spectra can be obtained by cross-polarization (CP) us-
ing the pool of 1H spins [20]. The 89Y cross polarization magic angle spinning
(CPMAS) NMR spectra (Figure 7.13a and b) of two hybrid materials synthe-
sized in 4-biphenylmethanol and benzyl alcohol are very similar, exhibiting
two 89Y resonances almost at the same isotropic chemical shift (δiso ∼ 195
and 215 ppm) [15]. The presence of two distinct 89Y resonances at the same
frequency for both materials indicates that the yttrium local environment and
the crystal structures are analogous. The peaks observed in Figure 7.13a and
b indicate the existence of two distinct yttrium environments. Additionally,
the relative intensity of both peaks does not change significantly by perform-
ing various 89Y CPMAS experiments at different contact times. This fact
suggests that the 89Y resonance at ca. 195 ppm correspond to a site more
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populated than that giving the peak at 215 ppm. The deconvolution of the
89Y spectrum of the yttrium-benzoate compound yields a 2:1 ratio. This fact
supports the hypothesis that the inorganic sheet is made up of three layers
of yttrium oxide: one inner layer (which is not in contact with the organic
molecules) and two outer layers of yttrium oxide. These findings supports the
TEM and XRD measurements. Indeed, a thickness of 0.6 nm of Y2O3 would
correspond to three yttrium layers. Thus, following this assumption, the 89Y
environments corresponding to the outer and inner layers should resonate at
ca. 195 and ca. 215 ppm, respectively.

A confirmation of the existence of two distinct RE environments was also
demonstrated by emission spectroscopy studies for europium doped yttrium
and gadolinium-based materials. Indeed, europium is considered a powerful
probe of the local environment because the europium emission lines are very
sensitive to its local environment. High resolution spectra showed that two
distinct environments exist, which can be assigned to a purely oxidic one (Eu
ions in the inner layer) and a carboxylate bridged-like complex (Eu in the
outer layer coordinated to carboxylate species as well) [17, 44].

300 280 260 240 220 200 180 160 140 120 100

89

Y ( )ppm

300 280 260 240 220 200 180 160 140 120 100
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b)

Fig. 7.13. 89Y CPMAS spectra of a yttrium-biphenolate and b yttrium-benzoate
[15]

In order to study the composition of the organic layer forming the hybrid
materials the samples were extensively studied by vibrational spectroscopy
and 1H and 13C SSNMR. The powder of the yttrium based hybrid materi-
als synthesized in benzyl alcohol and 4-biphenylmethanol were analyzed by
1H-broadband decoupled 13C CPMAS SSNMR. Figure 7.14 show a typical
example for the materials synthesized in 4-biphenylmethanol. Aside from the
anisotropic sidebands, only three peaks were observed. All of them, namely
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the signal of the carboxylate group in the range of 171–176 ppm, the aro-
matic carbon signals at 126–133 ppm and the carbons bridging the phenyl
rings at 140.5–142.6 can be attributed to biphenolate species. The absence of
the methylene group from the starting material (4-biphenylmethanol), which
resonates at ca. 64 ppm, indicates its complete conversion to a biphenolate
species. In order to support SSNMR studies and prove that similar behavior

Y

Y
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13
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Fig. 7.14. 13C CPMAS NMR spectrum of the yttrium based biphenolate hybrid
material

is also obtained with the other RE ions1, vibrational spectra (FT-IR and Ra-
man) were recorded. The vibrational spectra of metal-organic complexes and
salts of carboxylic acids have been studied extensively in the literature [22].
The comparison of vibrational data with X-ray crystal structures provides
information about the kind of bond of the carboxylic group to the metal
center, just by calculating the difference of the νa(CO2) and νs(CO2) stretch-
ing frequencies [5]. In the IR spectra of the hybrid materials synthesized in
benzyl alcohol and in 4-biphenylmethanol, νa(CO2) are located around 1570
cm−1 and νs(CO2) around 1390 cm−1, giving a difference of Δ � 180 cm−1

[34, 17, 15]. These values agree well to a bridged kind of bonding. This sup-
ports solid state NMR findings and further proves that the organic moieties
and the bonding types are independent of the rare earth element.

In conclusion, the combination of various characterization techniques al-
lowed to have a precise picture of the peculiar features of these hybrid ma-
terials and draw a structural model (cf. Figure 4.11). It is worth pointing

1 Indeed, similar SSNMR studies can not be performed in the presence of paramag-
netic ions such as the other rare earth used (e.g. Nd, Sm, Eu, Gd, Tb, Er)
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out that the structure could have been solved in a much easier way if single
crystals of several micrometers in size could have been obtained. Combin-
ing different characterization techniques for the elucidation of structures is
a more and more common approach especially in the field of nanostructured
and hybrid materials.
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Chapter 8

Properties and Applications

8.1 Introduction

The unique characteristics of transition metal oxides make them the most
diverse class of materials, with properties covering almost all aspects of ma-
terials science and solid state physics [82]. Metal oxides experience the same
trend as many other advanced materials: The miniaturization of functional
devices in emerging technologies such as gas sensing, catalysis, energy storage
and conversion and electroceramics demands for the production of these ma-
terials with the highest possible purity, small crystallite size, narrow particle
size distributions and well-defined particle morphology and chemical compo-
sition. The high scientific as well as technological interest in nanoparticles
lies in the fact that the dependence of the chemical and physical properties
of nanocrystalline solids on particle size and shape provides a powerful tool
to tailor the properties of a material.

In this chapter we shall introduce some physical properties of selected
metal oxide nanoparticles synthesized in organic solvents. The chapter is
organized in the following sections: i) 8.2 magnetic properties of intrinsic
magnetic oxides (e.g. ferrites) and oxides doped with paramagnetic ions (e.g.
manganese doped zinc oxide), ii) 8.3 photoluminescence properties of rare
earth and semiconductor metal oxides, iii) 8.4 (photo)catalytic properties,
iv) 8.5 gas sensing devices fabricated using metal oxide nanoparticles as ac-
tive component for the detection of various gases and v) 8.6 the possible use of
metal oxide nanoparticles in medical applications such as magnetic resonance
imaging and cancer treatment.

175
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8.2 Magnetic Properties

In this section we will concentrate on the magnetic properties of oxide
nanoparticles made of paramagnetic transition metal atoms (e.g. iron oxides
and ferrites) and doped semiconductor oxide nanoparticles (e.g. ZnO:Co).

8.2.1 Magnetic Metal Oxides

Iron oxides and ferrites such as γ-Fe2O3, Fe3O4, CoFe2O3 have a net magnetic
moment due to the antiparallel arrangement of the moment of the atoms in
the octahedral and tetrahedral sites of the inverse spinel structure (e.g. Fe2+,
Fe3+, Co2+). Due to their small size (usually <30–40 nm) magnetic oxide
nanoparticles are generally single-domain [24] and show a superparamagnetic
behavior depending on the temperature, their size and their composition.
The magnetization of ferromagnetic and ferrimagnetic nanoparticles above
a given temperature, called blocking temperature (TB), displays no hystere-
sis as a function of increasing and decreasing magnetic field (M-H). This is
caused by the thermal energy kT that, in the superparamagnetic regime, is
larger than the energy required to change the direction of the magnetic mo-
ment of a particle. Therefore, above TB the nanoparticles do not retain any
magnetization in the absence of an externally applied magnetic field.

The TB increases with the number of magnetic atoms and thus, with the
size of the nanoparticles. Therefore, its precise evaluation requires homoge-
neous samples characterized by a low size distribution. The group of T. Hyeon
reported the synthesis of monodisperse iron oxide nanoparticles with a con-
tinuous size spectrum of 4–15 nm (cf. Chapter 3.6) [72]. In the same article
the authors reported the magnetic properties and the TB in function of the
size (Figure 8.1), evaluated by comparing magnetization versus increasing
temperature (M-T) of the zero-field-cooled (ZFC) and field-cooled (FC). TB

varies from 14 K to 275 K when the iron oxide particle size increases from 4
to 15 nm.

The total magnetic moment of a magnetic single-domain nanoparticle (i.e.
the magnetization at saturation extracted from M-H experiments) should be,
in principle, directly proportional to the number of magnetic atoms in the
particle. However, the magnetization at saturation measured for nanoparticles
is often lower than expected. This is principally due to two reasons: i) the
reduction of the particle size results in a large amount of magnetic atoms
on the surface of the particle. These atoms have fewer nearest neighbors to
which they can interact. Therefore, it is more likely that their moment become
randomly oriented at the surface (spin-canting) and that higher applied fields
are needed to align them parallel to it. ii) Moreover, when the syntheses are
performed in the presence of surfactants a large amount of organic species
are present at the particle surface and can contribute to 30% or more of the
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Fig. 8.1 Size dependence
of the blocking tem-
perature of maghemite
nanoparticles, TB, deduced
from M-T experiments in
function of the particle
size. Experimental points
from Ref. [72]
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total weight of the sample [83]. Therefore, the magnetization is artificially
lowered by the weight fraction of these impurities.

Surfactant-free routes have also proven to be able to produce high quality
iron oxide nanocrystals (cf. Table 4.1). Syntheses performed in benzyl alcohol
from iron acetylacetonate lead to magnetite nanoparticles with tunable size
from 12 to 25 nm [77]. The magnetization at saturation is comparable to
the one of the bulk magnetite (Figure 8.2), highlighting the high quality and
purity of the as-synthesized nanocrystals. Indeed, from HRTEM studies, they
were found single crystalline in nature with no detectable core defects (cf.
Figure 7.2c). The blocking temperature lies close or above room temperature
for the 12 and 25 nm sized nanoparticles, respectively.

8.2.2 Diluted Magnetic Semiconductors

These materials are typically III-V or II-VI semiconductors doped with tran-
sition metals [32]. In the past five years, the revival of the field mainly occurs
due to the assumption that room temperature ferromagnetism is promoted
by the semiconductor charge carriers, based on the so-called Zener model
adapted to DMS [21]. However, many of the claims of high-temperature fer-
romagnetism in DMS systems are controversial owing to the tendency of
these materials to phase-separate into a semiconductor matrix laced with
ferromagnetic metal or oxide domains. Consequently, the main point of any
new study relies on the exclusion of any secondary phase as the origin for
ferromagnetism. This point is critical for nanoscale systems as they tend to
expel the doping atoms from the nanocrystal’s core.
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Fig. 8.2 Magnetization
curves at 5 K of two
samples of magnetite
nanoparticles synthesized
in benzyl alcohol having
average sizes of 12 (�) and
25 nm (�), respectively
[77]

Recently, the quest for high temperature ferromagnetic semiconductors
was dominated by theoretical and experimental studies on zinc oxide and
gallium nitride. These materials gave rise to further investigations on oxides
such as TiO2, ZrO2 and HfO2. Interestingly, doped oxides were rarely con-
sidered as potential DMS. However, as recently predicted by Ostanin et al.
[69], doped ZrO2 should be considered as one of the few suitable materials.

The exact origin of the magnetism of DMS is still unclear. However, for
homogeneous systems it seems to be strongly dependent on dopant/matrix in-
teraction, carrier concentration, defects, and thus on synthetic conditions. For
this reason meticulous characterizations of the doped nanoparticles obtained,
with emphasis on the homogeneity and local environment of the magnetic ions
diluted in the matrix, are needed.

Cobalt and manganese doped zinc oxide nanowires were synthesized in
trioctylamine at 310◦C [15, 113]. The synthesis approach led to bundles of
nanowires that are tethered to a common hexagonal base. The diameter of
the nanowires is statistically invariant regardless of the dopant concentration
and the average nanowire diameter and length are approximately 35 nm
and 3–4 μm, respectively. The metal dopant concentration could be varied
from 1% to 15% and was found to be homogeneous and no evidence of a
lateral or longitudinal concentration gradient in individual nanostructures
was detected. ZnO nanowires doped with 2.1% of cobalt exhibit magnetic
hysteresis with coercive fields decreasing from 230 Gauss at 2 K to 140 Gauss
at 300 K. This is the usual observed behavior for ferromagnetic materials. The
magnetization does not saturate and reaches the value of 3.5 μB/Co atom at
μ0H = 5.0 T which corresponds to the experimental value for isolated Co2+

ions. Magnetization versus temperature (M–T) curves, at a constant applied
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field of μ0H = 5.0 mT, remains at a non-zero value in the temperature range of
20–350 K, proving the existence of a high-Curie-temperature ferromagnetism.
In the case of manganese, for all concentrations, the as-synthesized samples
never show any deviation from a paramagnetic behavior.

The reaction of metal oxide precursors in benzyl alcohol also proved to be
a versatile approach for the synthesis of transition metal doped ZnO [16, 23],
TiO2 [22] and ZrO2 [17] (cf. Table 4.3).

Doped zinc oxide nanoparticles were synthesized by reacting zinc acetate
with benzyl alcohol at 250◦C [16]. This enables the incorporation of several
dopants into the ZnO matrix, such as Mn, Fe and Co. Moreover, by varying
the amount of benzyl alcohol with anisole, used as inert co-solvent, the mor-
phology of the particles can be tuned. For example, Co-doped ZnO synthe-
sized in benzyl alcohol/anisole (5/95%) yield small rods whereas particles are
obtained for Mn-doped ZnO synthesized in pure benzyl alcohol. Surprisingly,
the use of anisole affects the magnetic behavior as well. Mn-doped ZnO always
displays a paramagnetic behavior while Co-doped particles are paramagnetic
or ferromagnetic depending on the solvent used. The zero-field-cooled/field-
cooled (ZFC-FC) measurements (Figure 8.3) show no deviation from Curie’s
law for nanoparticles synthesized in benzyl alcohol/anisole (5/95%) while for
the synthesis in pure benzyl alcohol, the ZFC-FC curve deviates from a Curie
law above 30 K. Above this temperature the magnetic moment shows a typi-
cal ferromagnetic behavior until room temperature similar to other reported
Co-doped ZnO particles [15]. For both cobalt and manganese doped zinc ox-
ide, independently of the synthetic condition, it was shown that the dopant
substitutes onto zinc sites in the wurtzite lattice, with no detectable phase
impurities or clustering. Hence, the observance of ferromagnetism appears to
be clearly related to the core properties of cobalt doped ZnO nanocrystals.
Co- and Mn-doped ZnO nanowires were also synthesized in benzyl alcohol
from the corresponding metal acetylacetonates as precursors [23]. The Co-
doped ZnO powders are ferromagnetic with a Curie temperature exceeding
room temperature. Conversely, the Mn-doped samples show antiferromag-
netic correlations with a possible transition to an antiferromagnetic ground
state below TN = 10 K. The results suggest that the magnetic properties are
extremely sensitive to the type of dopant and are in agreement with previous
studies.

The synthesis of doped zirconia led to high quality spherical nanocrys-
tals of 3–4 nm [17]. The particles are monocrystalline in nature and do not
present any core defects. Previous theoretical calculations on zirconia indi-
cate that the ferromagnetic interactions are closely related to the oxidation
state of the magnetic ion [69]. EPR experiments of the Mn-doped samples
reveal the coexistence of manganese oxidation state (II) and (III), their ratio
depending on the initial manganese concentration. The magnetic measure-
ments show mainly a paramagnetic behavior. Nevertheless, for a larger Mn
concentration, antiferromagnetic interactions dominate the ZFC-FC curves.
As ferromagnetic behavior is expected upon increasing the concentration and
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Fig. 8.3. ZFC-FC magnetization curves of Co-doped ZnO synthesized in benzyl
alcohol/anisole (5/95%) at 0.81% (full line) and 4.09% (dotted line), Co-doped ZnO
in pure benzyl alcohol at 0.77% (dashed line) and 3.88% (dot-dot-dashed line)

the oxidation state of the dopants [69], modification of the synthesis con-
ditions and post-synthesis annealing might permit to obtain ferromagnetic
interactions.

The reaction between either TiCl4 or Ti(OiPr)4 and benzyl alcohol or 2-
butanone results in the formation of phase pure TiO2-anatase nanoparticles.
Doping was achieved by adding 3 mol% iron(III) and cobalt(II) acetylaceto-
nates [22]. According to XRD, impurity peaks, which might be attributed to
the presence of a crystalline by-product, were not detected, confirming the
phase purity of the final products. However, the doping efficiency was gen-
erally low. The highest doping (0.7 mol%) was achieved for Co-doped TiO2

synthesized from Ti(OiPr)4. At this low doping no interaction between mag-
netic atoms was detected, i.e., the material present a typical paramagnetic
response.

8.3 Photoluminescent Metal Oxides

8.3.1 Rare Earth-Based Nanostructures

In the recent literature the synthesis of rare earth (RE) metal oxide parti-
cles in organic solvents was reported and their photoluminescence properties
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measured (cf. Table 3.1) [92, 102, 70, 93]. Si et al. [92] reported a synthetic
approach leading to almost every rare earth sesquioxide (general formula
RE2O3). In a following work the same authors reported the fabrication of
pure RE2O3 and Y2O3:Eu [93]. The reaction of yttrium carbonate and eu-
ropium carbonate in oleic acid and TOPO leads to Y2O3:Eu nanoparticles
and nanodisks [102]. Recently, Zhao et al. [117] reported a synthesis approach
to lanthanide oxysulfides Eu2O2S and Gd2O2S:Eu. Finally, pure Eu2O3 and
Tb2O3 nanoparticles were obtained by microwave assisted synthesis [70]. The
RE metal oxide nanoparticles cited above were all synthesized in the presence
of surfactants. Generally the study of the optical properties of these materi-
als is limited to emission and excitation spectra and no details about other
important properties such as emission quantum yield (QY), radiance and life
time were given. In some rare cases QY up to 3-4% were reported [102, 117].
Those values cannot be compared to the one obtained for rare earth based
phosphors (QY > 90%), which are typically composed of micrometric sized
particles. It is also worth mentioning that such QY cannot compete with the
ones obtained for II-VI semiconductor quantum dots and other fluorescent
molecules commonly used for biological labeling. This definitively limits the
field of application of these RE metal oxide nanoparticles.

When the “benzyl alcohol route” is used for the fabrication of RE ox-
ides, ordered organic-inorganic hybrid nanostructures, based on M2O3 type
thin oxide layers (M= Y, Gd, Nd, Er, Sm) are obtained [45, 43, 44, 76, 73].
Their formation mechanism, morphological and structural properties were al-
ready described in detail in Chapters 4.2, 5.5 and 7.4.2, respectively. Briefly,
it was demonstrated that the synthetic approach leads to crystalline lan-
thanide oxide layers regularly separated from each other by organic layers
of intercalated benzoate or biphenolate molecules. The thickness of the crys-
talline nanosheets was ∼0.6 nm, while the thickness of the organic layer
was ∼1.2 or ∼1.8 nm, depending on the alcohol used (i.e. benzyl alcohol
or 4-biphenylmethanol). Additionally, it was shown that the yttrium- and
gadolinium-based nanohybrids may be doped with Eu3+, Tb3+, and Nd3+ lu-
minescent lanthanide ions. The optical properties of several RE ions emitting
in the IR and visible were studied. Erbium- and neodymium-based hybrid
nanostructures synthesized in benzyl alcohol show interesting emission prop-
erties in the near infrared (NIR) when excited in the organic subphase. Figure
8.4a shows the NIR spectrum of the erbium-based material excited at 290 nm
where only the phenyl rings of the benzoate molecules in between the layers
absorb [44]. The emission lines are assigned to the Er3+ intra-4f11 transi-
tion, 4I13/2 → 4I15/2. It should be pointed out that it is not usual to observe
room temperature emission from Er3+-based hybrid materials containing or-
ganic groups, particularly if hydroxyl groups are present, which are known
to prevent Er3+ radiative emission. However, in this case the Er3+ ions are
active at room temperature indicating that they are efficiently protected from
non-radiative deactivations. Figure 8.4a also shows the excitation spectrum
monitored within the Er3+ 4I13/2 → 4I15/2 transition. The spectrum is formed
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of a series of straight lines assigned to transitions from the ground state 4I15/2

to intra-4f11 excited levels and of a band peaking around 290 nm, which can
be ascribed to the phenyl rings of the benzoate molecules [44]. The presence
of such a band indicates that phenyl rings of the benzoate molecules in be-
tween the layers absorb energy and then further transfer it to the Er3+ ions
at room temperature.

Fig. 8.4. a Room temperature NIR emission (Em.) and UV/VIS excitation (Ex.)
spectra of the erbium-based hybrid material synthesized in benzyl alcohol excited
at 290 nm and monitored at 1535 nm, respectively. b Room-temperature excitation
(Ex.) and NIR emission (Em.) spectra of the yttrium- (solid line) and gadolinium-
based (dotted line) hybrid materials synthesized in benzyl alcohol doped with Nd3+

monitored around 1060 nm and excited under 291-312 nm, respectively. (* denotes
the detection of the monitoring wavelength harmonic).

Similarly, by exciting the yttrium and gadolinium-based hybrid materi-
als doped with Nd3+ within the organic subphase emission lines in the NIR
are observed. They are assigned to the 4F3/2 → 4I11/2,13/2 Nd3+ intra-4f3

transitions. The Nd3+ ions are also active at room temperature. Figure 8.4b
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shows the excitation spectrum monitored within the Nd3+ NIR more intense
transition. The spectrum is formed of two large broad bands peaking around
290-312 nm and around 400 nm. As in the previous example, these bands can
be ascribed to the excited states of the phenyl rings of the benzoate molecules
demonstrating that there is an active visible-to-NIR energy conversion chan-
nel at room temperature [86].

Yttrium- and gadolinium-based hybrid materials doped with Eu3+ and
Tb3+ luminescent lanthanide ions present emissions in the red and green
spectral regions. Figure 8.5a shows the room-temperature excitation spectra
monitored within the 7F2 manifold for the hybrid materials doped with Eu3+

ions. The spectra are formed of a broad band peaking at ca. 284 nm ascribed

Fig. 8.5. a Room-temperature excitation spectra of yttrium- (1) and gadolinium-
based (2) hybrid materials synthesized in benzyl alcohol doped with Eu3+ and mon-
itored around 625 nm. The dotted lines represent the room-temperature excitation
spectra monitored around 611 nm for the same hybrid materials calcined at 800◦C.
b Room-temperature emission spectra of the yttrium- (1) and gadolinium-based (2)
hybrid materials synthesized in benzyl alcohol doped with Eu3+ and excited under
284 nm
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to the excitation of the phenyl rings of the benzoate molecules in between
the layers and of a shoulder at ca. 260 nm attributed to the charge transfer
band (CTB) related to the excitation of an electron from the 2p orbital of
the oxygen to the 4f6 orbital. The presence of the phenyl rings excited states
demonstrates that also in this case the benzoate complex plays an important
role for the emission characteristics. The CTB in the excitation spectra of
both materials can be selectively observed by monitoring the Eu3+ excitation
spectra of the same samples calcined at 800◦C (dotted lines in Figure 8.5a).
The heat treatment removes the organic phase leading to a purely inorganic
RE sesquioxide. The emission spectra excited for the wavelength that maxi-
mizes the Eu3+ emission intensity (284 nm, excitation into the phenyl rings
of the benzoate molecules) are shown in Figure 8.5b. The emission spectra
display a series of lines ascribed to the Eu3+ intra-4f6 5D0 → 7F0−4 electronic
transitions and no emission from the excited states of the phenyl rings could
be detected (not shown), indicating an efficient energy transfer between them
and the Eu3+ levels.

The emission of the hybrid materials doped with Eu3+ ions was further
quantified through the measurement of the radiance and quantum yield un-
der the excitation wavelength that maximizes the Eu3+ emission intensity.
The radiance values found for the Eu3+-doped hybrid materials are larger
than the values of red standard phosphors (ca. 8–23% larger), even though
the quantum yield of the Eu3+-doped samples is lower than the one of the
standard phosphors (ca. 15% compared to 95%). The larger radiance of the
Eu3+-doped hybrid materials can be explained by the larger absorption cross
section of the phenyl rings compared to the CTB observed in purely inorganic
samples.

As described in Chapter 4.2, hybrid materials could also be prepared using
biphenylmethanol as solvent instead of benzyl alcohol. Their optical proper-
ties are in general similar to the ones presented above. The main difference is
due to the larger absorption band characteristic of the biphenolate molecules
that permits to observe RE emission by exciting the hybrid materials at a
lower energy compared to the same materials synthesized in benzyl alcohol
[43, 73].

Another interesting feature of these hybrid materials is due to their emis-
sion chromaticity that can be simply controlled by varying the excitation
wavelength [86]. For example, the emission color of the Eu3+-doped sam-
ples may be tuned from the red spectral region to the white one crossing
the purplish-pink, bluish-purple and the purple spectral areas of the diagram
when the excitation wavelength varies from 280 to 420 nm (Figure 8.6). It
was thus possible to precisely tune the emission color through the CIE chro-
maticity diagram by varying the excitation wavelength and without loosing
the high radiance values.

In conclusion organic-inorganic hybrid materials synthesized by the “ben-
zyl alcohol route” show enhanced and new interesting emission properties
compared to pure inorganic RE2O3 nanoparticles synthesized via other non-
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Fig. 8.6 CIE chromatic-
ity diagram (1931) show-
ing the (x,y) color co-
ordinates of the room-
temperature emission of
yttrium- and gadolinium-
based hybrid materials
synthesized in benzyl al-
cohol doped with Tb3+

and Eu3+ ions and excited
at different excitation
wavelengths, 264-280 nm
(1), 330 nm (2), 350 nm
(3), 375 nm (4), 395 nm
(5), and 420 nm (6) [86].
The black curve repre-
sents the color of the
black body emission at
different T (K)

aqueous routes. In fact, they not only show larger quantum yields (about one
order of magnitude larger) but, due to the larger absorption cross section
of the organic moieties, they show radiances nearly two orders of magnitude
larger hence, also larger than commercial phosphors. However, the hybrid
materials present a major disadvantage that prevent their use in biological
analysis (e.g. labeling), i.e, their particle size could not be controlled as in
the case of pure inorganic nanoparticles and it still remains a challenge.

8.3.2 Semiconductor Nanoparticles

Fluorescent semiconductor nanocrystals or quantum dots (especially II–VI
and III–V) have attracted intensive interest during the past decade because
their outstanding optical properties make them suitable for various fields
such as biological analysis, lighting and photovoltaic applications. Indeed,
they present strong size-dependent optical absorption and emission, the so
called “quantum size effect” and high QY. Metal oxide nanoparticles such as
zinc oxide also present interesting QY in view of such potential applications.
However, they were synthesized using approaches not covered by the scope
of this book [106, 107, 55]. The photoluminescence of pure semiconducting
metal oxides generally arises from the recombination of charges trapped by
defects (e.g. oxygen vacancies) which create energy levels inside the band gap
and not from a direct recombination of the charge carriers as in II–VI and
III–V direct band gap semiconductors. Therefore, even though the emission
wavelength can be generally modified by the particle size, its wavelength is
substantially larger than the one required to promote an electron from the
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valence band to the conduction band. Moreover, due to the physical origin
(charge recombination from trap states) the width of the emission bands are
much larger for an equivalent particle size distribution, than in the case of a
direct recombination of the exciton.

ZnGa2O4 nanocrystal were recently prepared by solvothermally react-
ing metal acetylacetonates with benzylamine at 200◦C [7]. The resulting
nanocrystals without further surface modification could be readily dispersed
in chloroform to form a transparent colloidal solution. The excitation spec-
trum of the ZnGa2O4 colloids is characterized by a broad peak centered at
330 nm. The emission spectrum shows a broad emission band centered at
427 nm under an excitation at 330 nm. This band is blue shifted compared
to previous studies on ZnGa2O4 which reported the maximum of emission
around 450–470 nm. This blue shift was attributed to a quantum size effect
arising from the nanometric particle size. The QY was estimated to be 6.8%
under an excitation at 347 nm. It is likely that the blue emission of ZnGa2O4

originates from the self-activation center of the octahedral Ga-O environment
in the spinel structure of ZnGa2O4 from which the Ga3+ ions combine with
UV-generated free electrons produced in oxygen vacancies [7].

8.4 (Photo)catalysis

The good accessibility of the surface of metal oxide nanoparticles prepared
via surfactant-free routes should be particularly advantageous for applica-
tions in (photo)catalysis and gas sensor technology. Several studies proved
that surfactants adsorbed on the surface of titania strongly influenced its
photocatalytic activity [112, 95, 13]. Especially surfactants (e.g. sodium do-
decylsulfate) that compete with the pollutant for degradation on the surface
of titania lowered the photocatalytic activity considerably [112]. Accordingly,
metal oxide nanoparticles synthesized in surfactant-free media showed excel-
lent photocatalytical properties. Titania nanoparticles prepared from TiCl4
and benzyl alcohol exhibited higher activity than the standard Degussa P25
photocatalyst for phenol degradation [118]. Although thermal treatment at
400◦C increased the photocatalytic activity to a maximum due to the removal
of organic residues on the nanoparticle surface, the temperature is still low
enough to keep the nanocrystal size small. In comparison, trioctylphosphine
oxide (TOPO), a frequently used surfactant, starts to decompose at around
425◦C [29].

Comparelli et al. [18] compared the photocatalytic degradation of two azo
dyes by two kind of organic-capped TiO2 anatase nanoparticles and to the
commercial Degussa P25 photocatalyst. The titania nanocrystals were either
synthesized using TOPO as ligand in nonaqueous media following the route
published by Trentler et al. [101] or using oleic acid as ligand by hydrolysis of
Ti(OiPr)4 by in situ generated water as it was reported previously by Coz-
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zoli et al. [19]. On the one hand, they attribute the slightly higher activity
of the oleic acid-capped nanocrystals, compared to the commercial P25 pho-
tocatalyst, to their smaller size and consequently large specific surface area.
On the other hand, they found that TOPO-capped nanocrystals were the
less effective in the photodegradation processes studied than the commercial
P25 photocatalyst and the oleic acid-capped nanocrystals. This behavior was
attributed to the role of the TOPO that almost fully passivates the surface.
The strong Ti-O-P bonds are difficult to hydrolyze [18], underlining the detri-
mental role of surfactants and strong binding agents in applications such as
catalysis or gas sensing requiring accessible surfaces.

Particularly high photocatalytic activity in the mineralization of acetic
acid in aqueous solutions was achieved over titania nanoparticles synthesized
from alkoxides in different alcohols without any surfactant [47, 48].

During the intense search for photocatalysts active under visible light,
InNbO4 nanoparticles of about 30 nm were recently prepared in benzyl al-
cohol [114]. Their activity in the degradation of rhodamine B in aqueous
solution under visible light was found to be higher than the standard photo-
catalyst P25 and bulk InNbO4 synthesized by traditional high temperature
route.

In heterogeneous catalysis V2O3 made from vanadium isopropoxide in ben-
zyl alcohol [74] is a good catalysts for the oxidation of n-butane towards
maleic anhydride [35]. The peculiarity of this catalyst lies in its crystal struc-
ture, because the nanoparticle core consists of catalytically inactive V2O3,
whereas the surface is rather complex with vanadium species of higher oxi-
dation states (IV and V) that are known to be responsible for the catalytic
reactivity of vanadium based catalysts in partial oxidation reactions.

Iron oxide nanoparticles synthesized in benzyl alcohol [77] were shown to
effectively catalyze the hydrothermal carbonization of starch and rice grains
under mild conditions (200◦C) [20].

Cu2O coated Cu nanoparticles prepared from copper acetylacetonate in
oleylamine were used as catalyst for Ullmann type amination coupling reac-
tions of aryl chlorides [96].

8.5 Gas Sensing

8.5.1 Introduction

Resistive chemical sensors based on metal oxide semiconductors (MOS) are
attracting significant attention due to their simplicity, low cost, small size and
ability to be integrated in electronic devices. Applications of MOS sensors
can be found in many areas, such as in industry, environment, home safety,
biomedicine, automotive and security. However, continuous improvements in
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the sensors properties are required for their implementation in constantly
more demanding applications. Especially, better sensitivity and selectivity,
faster response, together with low power consumption and high device relia-
bility are sought after [109, 91, 110].

Resistive chemical sensors are devices in which the electrical transport
properties of the MOS sensing layer are modified upon contact with reducing
or oxidizing gases. The performance of a sensor is closely related to the nature
and the structure of the sensing material and to the nanoscale morphology.
The demand for high performance gas sensors generated strong incentives
for the promotion of basic studies in different fields of materials sciences
(synthesis, surface science, catalysis, etc.). In particular, many interesting
results have been achieved and intensive efforts are still in progress in order
to develop new materials and synthesis approaches [89, 98, 103, 28].

The gas sensing efficiency of MOS changes drastically between the bulk and
nanostructured form. In fact, the same material having different size, shape
and exposed facets (e.g. coarse grains, nanoparticles, nanowires, etc.) often
shows dramatically different electric [5, 10, 49, 58], sensing [111, 3, 108, 53]
and catalytic behavior [88, 31]. The correlation between these parameters and
the sensing characteristic of MOS are, however, still not completely defined.

Nanocrystalline metal oxides are suitable for applications in catalysis and
gas sensors as their properties are enhanced because of the much larger
surface-to-bulk ratio compared to coarse micrograined materials. The present
status of new nanostructured materials and their applications to resistive gas
sensors has been recently reviewed [6, 9, 94]. In this section, we report the
gas sensing properties of various semi-conducting metal oxide nanoparticles
synthesized in organic solvents [67].

8.5.2 Sensor Devices

Gas sensor devices having sensing layers made of metal oxide nanoparticles
are generally fabricated by simple drop/spin coating or screen-printing of a
nanoparticle suspension onto a patterned substrate equipped with electric
contacts on the front and a heater on the back. Schematic representation of
such a device is given in Figure 8.7. The deposited layer is then thermally
treated at moderate temperature in order to eliminate the binder, and to form
a porous structure attached to the substrate. The principles of sensing mecha-
nism of resistive gas sensors are reported in many books and reviews and will
not be considered here in details [34, 60, 1, 4, 87, 104]. In brief, the response
of a n-type metal oxide semiconductor to the presence of a target gas relies
on the surface reactions which occur between adsorbed oxygen species and
the probed gas. Oxygen adsorbed on the surface traps free electrons because
of its high electron affinity, forming a potential barrier at the grain bound-
aries. This potential barrier restricts the flow of electrons, causing the electric
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Fig. 8.7. Schematic representation of the MOS sensor device and micrograph of the
In2O3 metal oxide sensing layer deposited on the ceramic substrate

resistance to increase. When the sensor is exposed to an atmosphere contain-
ing reducing gases, e.g. hydrocarbons, CO, ethanol, etc., the gas molecules
adsorb on the surface and react with active oxygen species. Reactions with
surface oxygen species vary depending on the temperature and the reactivity
of the sensing material. In any case, this lowers the potential barrier allowing
electrons to flow more easily, thereby reducing the electrical resistance. On
the other hand, the adsorption of oxidizing gases such as NO2 and ozone on
metal oxide surfaces increases the surface resistance [50, 84]. The opposite
is true for p-type oxides, where electron exchange due to the gas interaction
leads either to a reduction (reducing gas) or an increase (oxidizing gas) in
electron holes in the valence band [54, 85].

As the various pathways and reactions involved on the surface of the metal
oxide semiconductors are complex and not always known, it is not simple to
establish correlations between the electrical/gas sensing properties and the
morphological and microstructural characteristics. Indeed, it should be con-
sidered that gas sensing responses depend on a number of parameters such as
chemical (catalytic and acid-base properties of the surface), microstructural
(particle size, crystal structure) and electronic (electronic structure, Fermi
level position, transport properties) properties.

8.5.3 Nanoparticles Made in Surfactant-Free Systems

The response of various metal oxide nanoparticles, synthesized in surfactant
free systems and especially in benzyl alcohol, to various oxidizing and reduc-
ing gases where recently reported [62, 63, 64, 65, 66, 75, 78, 80].



190 8 Properties and Applications

8.5.3.1 Tin-Indium Metal Oxides

The indium tin oxide system is very rich and gave rise to homogeneous
nanocrystalline particles in the range 2-25 nm (Figure 8.8) depending on
the composition and on the precursors used (cf. Chapter 4.1.4) [78, 2, 64, 65].
In2O3-based sensors are particularly suitable for monitoring nitrogen dioxide

50 nm

(a) (b)

5 nm

(c)

25 nm

Fig. 8.8. a TEM image of an assembly of In2O3 cube-shaped nanoparticles, b SnO2
and c Sn0.9In0.1Ox nanoparticles

at ppb-ppm levels [38]. NO2 is a highly reactive species showing a strong oxi-
dizing character when adsorbed onto non-stoichiometric metal oxides. In fact,
as metal oxide surfaces are expected to deviate from exact stoichiometry, an
increase of surface sites for chemisorption of oxygen and oxidizing species are
generally expected [30]. For this reason, non-stoichiometric oxides generally
permit the detection of oxidizing gases at lower temperature compared to
reducing gases.

The response of the In2O3 nanoparticles-based sensor to trace levels of NO2

in function of the operating temperature is reported in Figure 8.9. The re-
sponse to NO2 increases with increasing temperature, showing a maximum of
sensitivity S = Iair/I2ppmNO2 = 100 around 200◦C (Figure 8.9a). The dynamic
response of the sensor at 250◦C shows that the output signals essentially
recover to the initial level, indicating the reversibility of the interactions be-
tween the sensing elements and NO2, with fast (less than 60 sec.) response
time (Figure 8.9b). The estimated detection limit of this sensor is about 1
ppb of NO2 in dry air [78].

Gas sensors based on SnO2 nanoparticles synthesized in benzyl alcohol
showed higher responses to reducing gases (e.g. CO and CH4) compared to
In2O3 [65]. The gas sensing behavior of mixed indium tin oxide nanoparticles
was also studied [65, 64] showing that the sensitivity and selectivity towards
reducing and oxidizing gases depends on the chemical composition and on
the working temperature of the sensor.

In2O3 nanoparticles were further doped with 1 wt% of platinum. The
dopant was dispersed on the surface of the semiconducting metal oxide by
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Fig. 8.9. a Gas responses as a function of working temperature to 2 ppm of NO2, b
dynamic response (solid line) of the In2O3-based sensor to different NO2 concentra-
tions (dashed line) in dry air

wetness impregnation, contacting the In2O3 nanopowders with the proper
amount of an aqueous solution of H2PtCl6. The nanopowders were finally
dried and fired at controlled temperature (between 150 and 450◦C) to pro-
mote the decomposition of the platinum precursor into metallic platinum.
The obtained material (Figure 8.10) is composed of cubic-shaped indium ox-
ide nanoparticles with small platinum particles of about 2-3 nm attached to
their surface. Sensor devices made of these platinum-doped In2O3 nanoparti-
cles showed a high sensitivity to oxygen even at room temperature [62]. How-
ever, long response and recovery times were observed at low temperature. To
be of any practical use the sensor should work at higher temperature (150◦C).
Figure 8.11 depicts the sensitivity of the Pt-promoted and the reference sen-
sors towards 20% oxygen. It proves that platinum substantially increases the
sensitivity. Moreover, faster response and recovery times are also observed
[63].

8.5.3.2 Tungsten Oxides

Tungsten oxides are relevant semiconducting oxides for gas sensing applica-
tions and were also successfully synthesized in benzyl alcohol from tungsten
chloride or alkoxide as precursors (cf. Chapter 4.2.3) [68, 79, 80, 81]. In func-
tion of the precursor and other ligands added during the synthesis it was
possible to synthesize nanoplatelets, nanowires and hybrid materials. Espe-
cially, the tungsten oxide nanowires with a uniform diameter of about 1.3 nm
and an aspect ratio of more than 500 (cf. Figure 4.12) showed to be promis-
ing for sensing applications [80, 66]. Tungsten oxide nanowires synthesized
from WCl6 in presence of deferoxamine mesylate (DFOM) showed high sen-
sitivity towards ammonia (Figure 8.12a). The authors proposed to use it for
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Fig. 8.10 TEM image
of In2O3 nanoparticles
doped with 3 nm Pt
particles

20nm20nm

Pt

Fig. 8.11 Responses of
the doped and undoped
In2O3-based sensors to
20% of oxygen at different
working temperatures

clinical breath analysis for the detection of ammonia [66]. Indeed, the sensor
sensitivity to some interfering gases such as acetone, CO and NO in concen-
trations much higher than their usual concentration in the human breath was
negligible, proving its possible application for healthcare applications (Figure
8.12b).

Similar tungsten oxide nanowire bundles synthesized from tungsten iso-
propoxide exhibited a particularly high sensitivity at low NO2 concentrations.
A sensor signal of S∼9 was measured at low temperature for a concentration
of only 50 ppb of NO2 [80].
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Fig. 8.12. a Transient response of the tungsten oxide nanowires-based sensor to
9 ppm of ammonia in dry air at 450◦C. b Response of the tungsten oxide nanowires-
based sensor to 9 ppm of NH3 as a function of the operating temperature. The re-
sponse to other interfering gases is also reported for comparison

8.5.3.3 CdIn2O4

CdIn2O4 nanoparticles with crystallite sizes of about 10 nm were obtained by
reacting cadmium acetate and indium isopropoxide in benzyl alcohol without
the use of any additional stabilizing agents for controlling the crystal growth
[8]. The as-fabricated sensor showed high response as well as fast response and
recovery times when exposed to ethanol vapors. At an operating temperature
of 260◦C, the response and recovery times were 6 and 30 s, respectively, for an
ethanol concentration of 1000 ppm. The authors pointed out that their sensor
shows better performances than previously reported ethanol sensors based on
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SnO2 and V2O5 nanostructures [56, 12, 57, 99]. Furthermore, cross selectivity
tests were also performed and low responses to gasoline and butane was found.
This result indicates that CdIn2O4 is a promising new gas-sensing material
for detecting ethanol and has the prerequisites to be used for monitoring
alcohols in various applications.

8.5.4 Nanoparticles Made in Surfactant Systems

Other synthesis approaches, even though not totally nonaqueous, were re-
cently developed for the synthesis of metal oxide nanoparticles for gas sens-
ing applications. For example, Epifani et al. [27] (cf. Chapter 3.1) synthesized
nanoparticles using a two-step process involving a hydrolytic preparation of
metal oxide sols and their subsequent low-temperature injection into a mix-
ture of organic solvents and long chain amines as surfactants. The as fab-
ricated nanoparticles were then drop coated on sensor devices and the gas
sensing properties measured [27, 26]. SnO2 and In2O3 just few nanometers
in size possess good sensitivities to NO2 at sub-ppm concentrations even at
room temperature [27]. The same In2O3 nanoparticles with sizes from 4 to
10 nm exhibited enormous response to ozone gas, with a response of several
orders of magnitude, even for concentrations as low as 60 ppb [26].

8.5.5 Sensing Layers Synthesized by ALD

More recently, nonaqueous sol-gel routes applied to ALD (cf. Chapter 4.3)
were also used to deposit V2O4 layers onto carbon nanotubes (CNTs) [105].
CNTs coated with 4.5 nm of vanadium oxide are shown in Figure 8.13. The
scanning electron microscope (SEM) image recorded using back scattered
electrons (Figure 8.13a) shows brighter contours in the inside and outside
of the tube. These regions of enhanced intensity are due to the stronger
scattering of the heavier element (i.e. vanadium) thus, proving that the tubes
are indeed coated with a material of larger electronic density. In the TEM
image (Figure 8.13b) the darker regions on the outer and inner walls of the
CNTs correspond to the metal oxide layers deposited by the process. The
coating is uniform along the whole surface of the nanotubes and presents
approximately the same thickness on the inner and outer surface.

The hybrid material was drop coated onto gas sensor devices and its re-
sponse towards different gases was probed. It was observed that the exposi-
tion of uncoated CNTs to 6.5 ppm of NO2 causes a decrease of the resistance
which can be reversed upon exposure to dry air (Figure 8.14a). Thus, the
pure CNTs show a typical p-type semiconducting behavior. On the other
hand, V2O4-coated CNTs show an opposite sensing response. Indeed, their
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resistance increases upon exposure to NO2, (Figure 8.14b) clearly indicating
that V2O4-coated CNTs show n-type semiconducting character. The resis-

Fig. 8.13. a SEM and b TEM images of the CNTs coated by a 4.5 nm thick layer
of vanadium oxide
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Fig. 8.14. Transient response of sensors pre-treated in air at 150◦C. a) Uncoated
CNTs, b) CNTs coated by 4.5 nm (solid line) and 2 nm (dotted line) thick layer of
vanadium oxide

tance of sensors based on V2O4-CNTs remains very low, regardless of the
presence of a V2O4 layer (Figure 8.14), suggesting that the current mainly
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flows through the p-type nanotube structure. Therefore, it was concluded
that the heterostructure formed by the combination of the n-type film on top
of the p-type CNT (n-V2O4/p-CNTs) is responsible for the enhanced and
inverted response to NO2 [105].

8.6 Biomedical Applications

Nanometer-sized nanoparticles are promising for diverse biomedical applica-
tions as a result of their physical (especially optical and magnetic) properties.
As a typical example, semiconductor nanoparticles are currently used as flu-
orescence probes for labeling and optical imaging of biological tissues (cf. for
example Ref. [59]). Magnetic nanoparticles find their application in magnetic
resonance imaging (MRI) as contrast-enhancement agents. They can bring
advantages over currently used MRI contrast agents (e.g. gadolinium com-
plexes) such as better contrast and selectivity to a particular tissue or cell
type. Several reports making use of magnetic metal oxide nanoparticles, syn-
thesized in organic solvents, for MRI application have been published and
were recently reviewed [42].

MnO nanoparticles synthesized from the thermal decomposition of Mn-
oleate complex were subsequently made biocompatible by encapsulating them
in a polyethylene glycol (PEG)-phospholipid shell [61] in a similar way as it
was previously achieved for quantum dots [25]. They were highly crystalline,
stable in water and showed no degradation or agglomeration over several
months. It was shown that the nanoparticle size plays an important role
on the MRI contrast. The brightest signal in the T1-weighted MR images1

was observed for the smallest particles studied (7 nm). It was reported that
the MnO nanoparticles clearly decrease the longitudinal and the transverse
relaxation times (T1 and T2, respectively) showing to be potentially useful
as contrast agents in MRI.

Magnetite nanoparticles synthesized from a similar approach [71] were
incorporated into poly(D,L-lactic-co-glycolic acid) (PLGA) nanoparticles and
were used for magnetically guided delivery and T2 MRI contrast agent [46].

12 nm magnetite nanocrystals synthesized from Fe(CO)5 [11] were also
used as MRI contrast agents after functionalization with hydrophilic ligands
such as (3-carboxypropyl)trimethylammonium chloride and 2-carboxyethyl
phosphonate permitting their dispersion in aqueous media. They showed to
be noncytotoxic, and highly efficient magnetic nanocrystal probes for intracel-
lular labeling and in vivo MR tracking. By simple modulation of the nanocrys-
tal surface charge properties (i.e. cationic or anionic ligands), it was possible
to label a variety of cell types [97].
Magnetite and ferrite nanocrystals synthesized from Fe(acac)3, as described

1 T1 is the longitudinal relaxation time
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previously [100], were functionalized with 2,3-dimercaptosuccinic acid (DMSA)
and conjugated with the cancer-targeting antibody (Herceptin) for in-vivo
and in-vitro breast cancer diagnosis by MRI [41, 36, 51]. These DMSA coated
nanoparticles were also used to fabricate multifunctional probes comprised
of a dye-doped silica core and multiple satellites of magnetic nanoparticles.
Their utilization as simultaneous optical and MRI of neuroblastoma cells ex-
pressing polysialic acids was demonstrated [52]. The same particles were also
used to hybridize adenoviruses in order to probe their viral gene delivery [37].

Finally, TiO2 nanoparticles synthesized in a mixture of oleic acid, oley-
lamine and stabilized in water after functionalization with DMSA were re-
ported to be photocatalytically active in skin cancer cell treatment [90].

8.7 Other Applications

Other examples of applications of metal oxide nanoparticles synthesized in
organic solvents were also presented in the recent literature.

ZnO nanoparticles synthesized in diethylene glycol from zinc acetate di-
hydrate following the method of Jezequel et al. [40, 39] were used in dye-
sensitized solar cells [115, 116, 14]. In this system the primary nanoparticles
aggregate in spherical superstructures promoting light scattering. This leads
to the enhancement of the photon absorption and to the improvement of the
short-circuit current density and of the overall light conversion efficiencies.

ZrO2 nanoparticles synthesized in benzyl alcohol were used for the fabrica-
tion of organic-inorganic nanocomposites that can be selectively photopoly-
merized to inscribe extremely effective volume holographic gratings with the
highest refractive index contrast (n1 of up to 0.024) achieved so far [33].
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Chapter 9

Summary, Conclusion and Outlook

In the last few years, the number of synthesis approaches to metal oxide
nanoparticles and nanostructures reported in literature almost exploded.
They gave access to a large and rapidly growing collection of oxide-based
nanoparticles with a wide range of compositions, monodisperse or well-defined
crystallite sizes, sophisticated crystallite shapes, and with complex assembly
properties. In contrast to aqueous systems, in which smallest changes in the
experimental conditions result in alteration of the products, nonaqueous pro-
cedures are very robust within one system. Therefore, most of these processes
are highly reproducible, easy to scale-up to gram quantities (or more) and
applicable to a broad family of metal oxides. Consequently, the nonaqueous
routes summarized in this book, whether they do or do not involve the use
of surfactants, offer a unique opportunity not only to chemists, but also to
physicists, materials scientists, and engineers to find the appropriate synthesis
method for a targeted material with the desired properties.

In comparison to aqueous sol-gel chemistry, the synthesis of metal oxide
nanoparticles in organic solvents under exclusion of water provides some pe-
culiar features, which allow for better control over particle size, shape, crys-
tallinity, and surface properties. The main advantage of nonaqueous chem-
istry lies in the accessibility of highly crystalline products at moderate tem-
peratures. This feature is strongly related to the fact that switching from
aqueous sol-gel chemistry and its high reactivity of water to nonhydrolytic
processes, mainly based on the reactivity of the oxygen-carbon bond, dras-
tically decreases the reaction rates and leads to controlled crystallization.
At the same time, the chemistry of the oxygen-carbon bond is well-known
from organic chemistry and therefore, these routes open up the possibility to
adapt reaction principles from organic chemistry to the synthesis of inorganic
nanomaterials. The organic species play a manifold role during nanoparticle
formation, not only determining the crystal size, shape, and assembly prop-
erties, but also the composition, the crystallization pathway, and thus the
crystal structure, and, in some cases, providing a template-like matrix for
the growth of dimensionally reduced nanomaterials. Whereas the morpholog-
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ical properties of nanomaterials are controlled by the “surfactant” properties
of the organics, e.g., by their ability to cap specific crystal faces and pre-
vent them from further growth, control of composition or crystal structure is
mainly a consequence of the organics acting as oxygen source.

We explained the main chemical mechanisms so far known to lead to oxide
formation under nonaqueous conditions. It is interesting to note that in spite
of the large number of published methodologies, it is in principle possible to
summarize the formation of most of the metal oxide nanostructures in six dis-
tinct mechanisms: i) alkyl halide elimination, ii) ether elimination, iii) conden-
sation of carboxylate groups (ester and amide eliminations), iv) C-C coupling
of benzylic alcohols and alkoxide precursors, v) aldol/ketimine condensation,
and vi) oxidation of metal nanoparticles. Although these mechanisms provide
fundamental answers to questions like where does the oxygen for the oxide
formation come from, how the oxygen is transferred from the source to the
metal center, or which organic species are formed during nanoparticle growth
that potentially act as coordinating, size- and shape-controlling ligands, they
do not offer any solutions concerning the relationship between a particular
synthesis system and the particle morphology. As a matter of fact, the mor-
phology of the final product strongly depends on the precursor and solvent
used, i.e., metal oxides with the same composition and crystal structure,
however obtained from different precursors and/or solvents, are often char-
acterized by different particle sizes and shapes. Accordingly, the study of the
organic species, their reactivity and their interaction with the growing inor-
ganic crystals during the whole reaction pathway is a prerequisite on the way
to understanding a particular reaction system. As if the study of the organic-
inorganic interface at nanoscale wouldn’t be complicated enough, another
difficulty arises from the fact that also organic species that are not present
in the initial starting solution but are formed in situ during the reaction
course can influence the final characteristics of the sample. The consequence
of the (maybe a bit) underestimated complexity of nanoparticle formation,
including chemical mechanisms as well as crystallization processes, is that
the ultimate goal of a rational synthesis strategy is not in sight. It is still
impossible to prepare a certain compound on the nanoscale with a desired
composition, structure, size and shape, or even properties, intentionally and
in a predicted way.

However, research on metal oxide nanoparticles and oxide-based organic-
inorganic nanocomposites not only includes synthetic work, but also the char-
acterization of the structural, chemical and physical properties, assembly into
1-, 2- and 3-dimensional superstructures, and application in various fields of
technology. Although most of the research efforts are still dedicated to the
development of new synthesis routes, there is no doubt that the in-depth in-
vestigation of the physical and chemical properties represents a key step on
the way to a faster implementation of inorganic nanomaterials into techno-
logical applications, and thus has to be intensified.
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Figure 9.1 summarizes some of the current and future challenges in the re-
search field of metal oxide nanoparticles and nanostructures, divided into six
topics including synthesis, characterization, assembly/processing, chemical
formation mechanisms, crystallization mechanisms and applications. Whereas
some of these topics have already been in the focus of intense research for sev-
eral years, other problems and questions just recently moved into the center
of interest.

Fig. 9.1. Major challenges in the research area of metal oxide nanoparticles and
oxide-based organic-inorganic nanocomposites

In the synthesis development, questions regarding control over composi-
tion, size, size distribution, shape, and crystal structure have to be contin-
uously addressed, but the sophistication of the targeted nanoparticles has
to be extended to multi metal oxide and doped metal oxide nanoparticles,
nano-heterostructures containing sections of compositionally different inor-
ganic materials and organic-inorganic nanocomposites with unprecedented
combinations of organic-inorganic components with a similarly strong focus
on the functionality of the organic part. It will also be important to search
for “greener” synthesis procedures and to work on the industrial up-scale of
the laboratory methodologies. However, there is no doubt that the primary
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challenge lies in the development of synthesis concepts based on a rational
strategy. One has to be able to go beyond trial-and-error experiments to save
time and resources.

The characterization of the as-synthesized nanomaterials becomes increas-
ingly important, also with respect to establishing structure-property rela-
tionships. The structural characterization has to be extended beyond com-
mon laboratory techniques to e.g., synchrotron X-ray diffraction and neutron
scattering (for the study of poorly crystalline nanomaterials and local struc-
tural order, determination of magnetic structures and spin dynamics). Spe-
cial attention has to be directed towards the characterization of the organic-
inorganic interphase (on the surface of the nanoparticles as well as within the
organic-inorganic composites). In addition, there is a big backlog to study
the chemical and physical properties of metal oxide nanoparticles and nanos-
tructures obtained in organic solvents.

In the field of assembly and processing, major challenges include the sur-
face functionalization of metal oxide nanoparticles to control their agglomer-
ation and their assembly properties as well as to tailor their binding affinities
towards other surfaces/particles and molecules, use of metal oxide nanoparti-
cles as building blocks for the fabrication of 1-, 2-, and 3-dimensional, possibly
hierarchical, architectures over several length scales, controlled patterning or
deposition at specified locations, direct processing of metal oxide nanopar-
ticles into bulk materials (thin films, ceramics, coatings, electrodes, sensors,
catalysts, ...). For almost all these tasks, the first and fundamental step is
the production of nanoparticle dispersions with high solid content.

To gain new insights into the crystallization and formation mechanisms of
metal oxide nanoparticles it will be absolutely essential to strengthen the use
of in situ methods under experimental conditions (e.g., neutron scattering for
the study of dynamical phenomena), to determine and monitor all species in a
reaction batch, initially present and in situ formed during the synthesis, elu-
cidation of the chemical role of the different species in solution on a molecular
level at all stages of nanoparticle growth, and correlation between a synthesis
system, i.e., precursor(s) and solvent(s), and final morphological (size, shape,
size distribution) and structural (crystal structure) characteristics. Further-
more, the liquid-solid interphase during all stages of crystallization has to be
studied, crystallization processes have to be investigated using in situ tech-
niques like neutron diffraction in real time under genuine reaction conditions
or EXAFS (extended X-ray absorption fine structure) and EDXRD (energy-
dispersive X-ray diffraction) investigations for the study of crystallization
kinetics. An integral aspect on the way to understand nanoparticle formation
will be the use of computer modelling.

Last but not least, metal oxides have a huge potential for new and emerg-
ing applications. To fully exploit these possibilities, metal oxide nanoparti-
cles, like nanomaterials in general, have to be investigated regarding their
health, safety, and environmental aspects (including potential long-term ef-
fects). Other challenges include the combination of nanoparticle technology
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with current industrial top-down approaches, implementation of nanoparti-
cles into (nano)devices, finally leading to one-particle devices, combination
of metal oxide nanoparticles with other classes of nano- and bulk materials
(composites, hybrids, ...), and study of the stability of nanostructured ma-
terials during operation, e.g., thermal, chemical, and structural stability on
the long term. For large scale applications, scalability, reproducibility and
cost-effective production have to be improved.

As a summary of this long list, one can say that in spite of all the progress
achieved in the fascinating field of nanoparticle research on metal oxides, we
are still at the very beginning ...
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