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Abstract
Metal oxides are regarded as some of the most attractive functional inorganic materials, owing to
their wide applications in micro-electronics, information storage, sensing, catalyst, energy
storage and conversion, and biomedicine. Nanostructured metal oxides may offer new or
improved properties with respect to various applications due to the size effect and large surfaceto-volume ratio. Among all kinds of nanostructures, anisotropic nanoparticles with high aspect
ratios such as nanowires and nanosheets are particularly fascinating for fundamental research as
well as technological applications, because of their anisotropic properties in addition to the size
effect and large surface area. Significant advances have been made in the syntheses of metal
oxide nanowires and nanosheets and in investigations of their properties. Regarding practical
applications, it is highly desirable to assemble these anisotropic nanobuilding blocks into
macroscopic architectures. However, it remains a great challenge to assemble nanowires,
especially flexible nanowires with high aspect ratios, into continuous and highly oriented twodimensional (2D) thin films over a large scale for applications in macroscopic devices. In
addition, three-dimensional (3D) assembly of nanowires and nanosheets into highly porous
macroscopic architectures is also a rather challenging task. Therefore, 2D and 3D assembly of
metal oxide nanowires and nanosheets for various applications become the major concern of this
thesis (chapter 3-6).
In this thesis, a long-chain aliphatic amine assisted benzyl alcohol route is developed to
synthesize ultrathin tungsten oxide nanowires with diameters of 1-2 nm, aspect ratios larger than
100 and Y2O3 nanosheets with a thickness of 1.5-2.0 nm and a lateral size of 40 nm, which
provides us a unique opportunity to assemble these nanobuilding blocks into macroscopic 2D or
3D architectures for various applications.
In the case of ultrathin tungsten oxide nanowires, a post-treatment step makes them highly
dispersible in nonpolar solvent such as chloroform. Starting from this stable dispersion, the
nanowires are successfully assembled into compact, homogeneous and highly oriented thin films

with tunable thickness over a macroscopic scale on flat substrates as well as on patterned
substrates by Langmuir-Blodgett technique. A macroscopic sensor on the basis of the aligned
nanowires is fabricated, exhibiting excellent sensing capability to H2 at room temperature.
Moreover, it is found that the evaporation-induced self-assembly technique can also be utilized
for assembling these nanowires into highly homogenous and ordered thin films over a large area.
Through this technique, highly ordered nanowires are integrated into a macroscopic device for
detecting UV light. Another very interesting finding is that these nanowires can be processed
into macroscopic aerogel monoliths through a centrifugation-induced gelation process followed
by supercritical drying. The obtained aerogel shows a surface area of 157 m2/g which is
significantly higher than that of the nanowire powders (0.73 m2/g).
The ultrathin Y2O3 nanosheets are assembled into aerogel monoliths with different shapes
through the same approach used for producing tungsten oxide nanowire aerogels. Due to their
large surface area and high porosity, the nanosheet aerogels display outstanding adsorption
properties for organic dyes, indicating their potential for waste water treatment. By doping and
co-doping luminescent rare earth metal ions into the nanosheet building blocks,
photoluminescent aerogel monoliths with tunable luminescent colors have been achieved, which
may have potential applications in optoelectronic devices. Moreover, a facile method is
developed to incorporate gold nanoparticles into the Y2O3 nanosheet aerogel monolith. The
composite aerogels could be good candidates for catalysis of gas-phase reactions.
The other concern in this thesis is about design of high-performance electrode materials for
lithium ion batteries based on 1D and 2D nanostructured metal oxides. Three examples regarding
the systematical improvement of the electrochemical performance of the 1D or 2D
nanostructured metal oxides by engineering their compositions and microstructures are presented
in chapter 7, 8, and 9.
The aliphatic amine assisted benzyl alcohol route is extended to synthesize V2O3 nanoplatelets
with thickness of about 20 nm and diameters of about 400 nm which provide a platform to
synthesize V2O3 nanoplatelets@carbon with tunable thickness of carbon layer and V2O5
nanoplatelets@TiO2 core-shell composite. The electrochemical tests reveal that the carbon
coated V2O3 shows well-improved electrochemical performance in terms of specific capacity,
rate performance, and cycling stability in comparison to the pure V2O3 nanoplatelets, while the

V2O5 nanoplatelets@TiO2 core-shell structures show better cycling stability than pure V2O5
nanoplatelets.
Amorphous cobalt silicate nanobelts with lengths of 5-10 µm, widths of 150-250 nm and
thicknesses of 20-50 nm are successfully synthesized through hydrothermal treatment of cobaltbased organic-inorganic hybrid nanobelts as a template with alkaline solution in a glass tube.
The cobalt silicate nanobelts are homogeneously coated with phenol formaldehyde resin which
can be transformed into amorphous carbon by annealing under inert atmosphere. Tested as an
anode material in lithium ion batteries, cobalt silicate nanobelts@carbon composite can deliver a
high reversible capacity with a long term cycling life up to 1000 cycles, indicating that the
composite is a promising anode material for lithium ion batteries.
The cobalt silicate nanobelts can be well dispersed in ethanol or water, which makes it suitable
for templating synthesis. Through hydrolysis of Ti precursor on the nanobelts, hydrothermal
treatment, in-situ polydopamine deposition, annealing under N2, and template removal,
mesoporous fiber-like particles composed of large amount of 7.5 nm TiO2 nanocrystals coated
with nitrogen-doped carbon were successfully synthesized. Benefiting from four features of the
composite including nanosize of the primary particles, mesoporous structures, nitrogen-doped
carbon coating, and one-dimensional morphology, the composite exhibits high specific capacity,
outstanding rate performance up to 50 C, and excellent long term cycling stability, which makes
the composite a potential anode material for high power lithium ion batteries.

Zusammenfassung
Metalloxide gelten als eines der höchstattraktiven funktionalen anorganischen Materialien, auf
Grund ihres weitgefächerten Anwendungsbereichs in der Mikroelektronik, Datenspeicherung,
Gassensorik, Katalyse, Energiespeicherung und -umwandlung sowie im biomedizinischen
Bereich. Nanostrukturierte Metalloxide können neue oder verbesserte Eigenschaften in
verschiedenen Anwendungen durch Grösseneffekte oder ihrem grossen Oberfläche-zu-Volumen
Verhältnis anbieten. Unter all den Arten von Nanostrukturen sind die anisotropen Nanopartikel,
mit ihrem hohen Seitenverhältnis, wie Nanodrähte oder Nanoplättchen, besonders faszinierend
für die Grundlagenforschung und in technologischen Anwendungen, da ihre anisotropen
Eigenschaften, zusätzliche zu Grösseneffekten und der grossen Oberfläche, eine Rolle spielen.
Deutliche Fortschritte wurden in der Synthese von Metalloxid-Nanodrähten und Nanoplättchen
und in der Untersuchung ihrer Eigenschaften erzielt. In Bezug auf ihre praktischen
Anwendungen ist es höchst wünschenswert diese anisotropen Nanobausteine in einer
makroskopischen Struktur anzuordnen. Allerdings bleibt es eine grosse Herausforderung
Nanodrähte, insbesondere flexible Nanodrähte mit grossem Seitenverhältnis, in einen
kontinuierlichen, ausgerichteten zweidimensionalen (2D) Dünnfilm über eine grosse Fläche für
Anwendungen in makroskopischen Bauteilen anzuordnen. Zusätzlich ist die dreidimensionale
(3D) Anordnung von Nanodrähten und -plättchen in hochporöse makroskopische Strukturen eine
anspruchsvolle Aufgabe. Daher ist die 2D und 3D Anordnung von Metalloxid Nanodrähten und plättchen für vielfältige Anwendungen der Schwerpunkt dieser Arbeit.
In dieser Arbeit wird eine mit langkettigen alphatischen Aminen unterstütze BenzylakloholSyntheseroute für ultradünne Wolframoxid-Nanodrähte, mit einem Durchmesser von 1-2 nm und
einem Seitenverhältnis von über 100, und Y2O3 Nanoplättchen, mit einer Dicke von 1.5 nm und
einer lateralen Ausdehnung von 40-50 nm, entwickelt, welche uns eine einzigartige Möglichkeit
zur Anordnung dieser Nanobausteine in makroskopische 2D or 3D Strukturen für verschiedene
Anwendungen bietet.

Im Fall der ultradünnen Wolframoxide-Nanodrähte, macht ein Nachbehandlungsschritt diese in
einem unpolaren Lösungsmittel wie Chloroform hochgradig dispergierbar. Diese stabile
Dispersion dient als Ausgangspunkt um die Nanodrähte erfolgreich zu einem kompakten,
homogenen und hochgradigen orientierten dünnen Film mit einstellbarer Dicke über ein
makroskopisches Ausmass sowohl auf einem flachen als auch auf einem strukturierten Substrat
mittels der Langmuir-Blodgett Technik zusammenzufügen. Ein makroskopischer Sensor wird
mittels dieser angeordneten Nanodrähte gefertigt, welcher eine hervorragende Fähigkeit zur H2
Detektion bei Raumtemperatur aufweist.
Des Weiteren hat sich der Verdampfungs-bedingte Selbstanordnungsmethode als brauchbar für
die Anordnung dieser Nanodrähte zu sehr homogenen und geordneten Dünnfilmen auf grossen
Flächen erwiesen. Durch diese Technik werden die hochgradig geordneten Nanodrähte zu einem
Bauelement von makroskopischem Ausmass zur UV-Licht Detektion zusammengefügt. Ein
weiterer hoch interessanter Fund liegt in der Verarbeitung dieser Nanodrähte zu
makroskopischen Aerogel Monolithen durch einen zentrifugierungsbedingten Gelierprozess,
gefolgt von superkritischem Trocknen. Das so erhaltene Aerogel zeigt eine Oberfläche von 157
m2/g, welche deutlich höher ist als die Oberfläche des unbehandelten Nanodrahtpulvers (0.73
m2/g).
Die ultradünnen Y2O3 Nanoplättchen werden in Aerogel-Monolithen mit unterschiedlicher
Gestalt mittels des gleichen Ansatzes angeordnet, der auch für die Herstellung von Wolframoxid
Nanodraht-Aerogele angewendet wurde. Auf Grund ihrer grossen Oberfläche und Porosität
zeigen die Nanoplättchen-Aerogele herausragende Adsorptionseigenschaften für organische
Farbstoffe und deuten ihr Potential in der Abwasserbehandlung an. Durch Dotierung und KoDotierung der Nanoplättchen-Bausteine mit lumineszierenden Seltenen-Erdmetallionen, konnten
photolumineszierende Aerogel Monolithen mit einstellbaren Emissionsfarben verwirklicht
werden, welche mögliche Anwendung in der Optoelektronik haben. Eine einfache Methode zur
Einarbeitung von Goldnanopartikeln in die Y2O3 Nanoplättchen-Aerogele wurde entwickelt.
Dieses
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Ein anderes Anliegen dieser Arbeit liegt im Entwurf eines Hochleistungselektrodenmaterials für
Lithium-Ionen-Batterien auf Grundlage von 1D und 2D nanostrukturierten Metalloxiden. Drei

Beispiele bezüglich der systematischen Verbesserung der elektrochemischen Leistung dieser 1D
oder 2D nanostrukturierten Metalloxide durch spezifische Optimierung ihrer Zusammensetzung
und Mikrostruktur werden in Kapitel 7, 8 und 9 gezeigt.
Die Syntheseprozedur mittels Benzylalkohol unterstützt durch alphatische Amine wird
ausgeweitet zur Synthese von V2O3 Nanoplatten mit einer Dicke von 20 nm und einem
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synthetisieren, sowie V2O5 Nanoplatten@TiO2 Kern-Schale Komposite herzustellen. Die
elektrochemischen Tests zeigen, dass das kohlenstoffüberzogene V2O3 eine verbesserte
elektrochemische Leistungsfähigkeit aufweisen in Bezug auf die spezifische Kapazität, die
Ladungs-/Entladungsgeschwindigkeiten und Zyklusstabilität im Vergleich zu den reinen V2O3
Nanoplatten,
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die

V2O5

Nanoplatten@TiO2
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Strukturen

bessere

Zyklusstabilität aufweisen als reine V2O5 Nanoplatten.
Amorphe Kobaltsilikat-Nanobänder mit einer Länge von 5-10 μm, einer Breite von 150-200 nm
und einer Dicke von 20-50 nm wurden erfolgreich durch eine hydrothermale Behandlung von
kobaltbasierten organisch-anorganischen Hybridnanobändern, die als Schablone dienen, mit
einer alkalischen Lösung in einer Glasröhre synthetisiert. Die Kobaltsilikat-Bänder können
homogen mit einem Phenol-Formaldehyd-Harz beschichtet werden, welches durch Heizen in
inerter Atmosphäre in amorphen Kohlenstoff umgewandelt wird. Getestet als Anodenmaterial in
Lithium-Ionen-Batterien, kann das kobaltsilikat-Nanobänder@Kohlenstoff-Komposit hohe
reversible Kapazität mit einer Langzeitzyklusstabilität bis zu 1000 Zyklen liefern, was andeutet,
dass dieses Komposit ein vielversprechendes Anodenmaterial für Lithium-Ionen-Batterien
darstellt.
Die Kobaltsilikat-Nanobänder können gut in Ethanol oder Wasser dispergiert werden, sodass
diese geeignete Kandidaten für eine Templatsynthese sind. Durch Hydrolyse einer TiVorläuferverbindung an den Nanobändern, hydrothermischer Behandlung, in-situ Polydopamin
Ablagerung, heizen in N2 und Schablonenentfernung, konnten mesoporöse, faserähnliche
Partikel bestehend aus einem grossen Anteil von 7.5 nm grossen TiO2 Nanokristalliten
beschichtet mit N-dotiertem Kohlenstoff erfolgreich synthetisiert werden. Begünstigt durch vier
Eigenschaften des Kompositen - Nanogrösse der Ausgangsteilchen, mesoporöse Strukturen, Ndotierung der Kohlenstoff Beschichtung und die eindimensionale Morphologie – weist das

Komposit

eine

hohe

spezifische

Kapazität,

eine

hervorragende

Ladungs-

/Entladungsgeschwindigkeiten bis zu 50 C und exzellente Langzeitzyklusstabilität auf, all dies
macht das Komposit zu einem möglichen Anodenmaterial für Hochleistungs-Lithium-IonenBatterien.

Contents
1 Introduction .....................................................................................................................1
References .........................................................................................................................3
2 Literature Overview .......................................................................................................4
2.1 Synthesis of Metal Oxides Nanowires ........................................................................4
2.1.1Template Methods ..............................................................................................4
2.1.2 Ligand Control ...................................................................................................4
2.1.3 Oriented Attachment ..........................................................................................5
2.2 Assembly of Nanowires ..............................................................................................5
2.2.1 Alignment of Nanowires into Thin Films .........................................................6
2.2.1.1 Microfluidic Approach..........................................................................6
2.2.1.2 Langmuir Blodgett Technique ..............................................................6
2.2.1.3 Self-Assembly of Nanowires ................................................................8
2.2.2 Assembly of Nanowires into Macroscopic 3D Architectures ...........................9
2.3 Applications of One-Dimensional Nanostructured Metal Oxides ............................10
2.3.1 Gas sensing ......................................................................................................10
2.3.2 Photodetection..................................................................................................11
2.3.3 Lithium Ion Storage .........................................................................................11
2.4 Synthesis of Metal Oxide Nanosheets ......................................................................13
2.4.1 Liquid Exfoliation ...........................................................................................13
2.4.2 Template Method ............................................................................................14
2.4.3 Hydrothermal or Solvothermal Method ..........................................................14
2.4.4 Self-Assembly of Nanocrystals into 2D Nanosheets through Oriented
Attachment ......................................................................................................15
2.5 Assembly of Nanosheets into Macroscopic Structure ..............................................16
2.5.1 Assembly of Nanosheets into 2D Thin Films..................................................16
2.5.2 Assembly of Nanosheets into 3D Hierarchical Architectures .........................17
2.6 Applications of Metal Oxide Nanosheets .................................................................17
2.7 Benzyl Alcohol Route for Synthesis of Metal Oxide Nanoparticles ........................18
References .......................................................................................................................19
3 Large-Area Alignment of Tungsten Oxide Nanowires over Flat and Patterned
Substrates for Room-Temperature Gas Sensing .....................................................25

3.1 Introduction ...............................................................................................................25
3.2 Results and Discussion .............................................................................................27
3.3 Conclusions ...............................................................................................................42
3.2 Experimental Section ................................................................................................42
References .......................................................................................................................46
4 Evaporation-induced Self-assembly of Ultrathin Tungsten Oxide Nanowires over a
Large Scale for Ultraviolet Photodetector ..................................................................49
4.1 Introduction ...............................................................................................................49
4.2 Results and Discussion .............................................................................................52
4.3 Conclusions ...............................................................................................................66
4.4 Experimental Section ................................................................................................66
References .......................................................................................................................68
5 From 1D to 3D – Macroscopic Nanowire Aerogel Monoliths ...................................71
5.1 Introduction ...............................................................................................................71
5.2 Results and Discussion .............................................................................................73
5.3 Conclusions ...............................................................................................................79
5.4 Experimental Section ................................................................................................79
References .......................................................................................................................81
6 Three-Dimensional Assembly of Yttrium Oxide Nanosheets into Luminescent
Aerogel Monoliths with Outstanding Adsorption Properties ...................................84
6.1 Introduction ...............................................................................................................85
6.2 Results and Discussion .............................................................................................87
6.3 Conclusions .............................................................................................................110
6.4 Experimental Section ..............................................................................................110
References .....................................................................................................................113
7 Design of Vanadium Oxide Core-Shell Nanoplatelets for Lithium Ion Storage ...118
7.1 Introduction .............................................................................................................119
7.2 Results and Discussion ...........................................................................................122
7.3 Conclusions .............................................................................................................140
7.4 Experimental Section ..............................................................................................140
References ....................................................................................................................142
8 Amorphous Cobalt Silicate Nanobelts@Carbon Composites as Stable Anode
Material for Lithium Ion Batteries ...........................................................................145
8.1 Introduction .............................................................................................................146

8.2 Results and Discussion ...........................................................................................148
8.3 Conclusions .............................................................................................................167
8.4 Experimental Section ..............................................................................................167
References .....................................................................................................................170
9 Design of Fiber-Shaped Mesoporous TiO2@Nitrogen Doped Carbon Composite
for High Performance Anode Materials ...................................................................173
9.1 Introduction .............................................................................................................174
9.2 Results and Discussion ...........................................................................................176
9.3 Conclusions .............................................................................................................191
9.4 Experimental Section ..............................................................................................191
References .....................................................................................................................194
10 Conclusions ................................................................................................................197

1 Introduction

1 Introduction
Nanostructures referring to the structures that have at least one dimension in the range from 1 nm
to 100 nm have received extensive researching interest during past decades, because of their
unique properties originating from the size, shape effects, and high surface-to-volume ratio.1-5 A
typical example is that the bandgap of semiconductor quantum dots (<10 nm) can be tuned by
varying their sizes, which has opened up tremendous opportunities for fundamental physic
studies and electronic device applications.1 Another very important example is that the plasmon
resonance wavelength of metal nanoparticles is size and shape dependent, which has enabled the
applications of metal nanoparticles in various fields.2 Among all kinds of nanostructures,
anisotropic nanoparticles such as nanowires and nanosheets are especially of great scientific and
technological significance.3-5 In the case of nanowires, the diameter dimension at nanoscale may
lead to altered properties in comparison to their bulk counterparts. Additionally, the large
surface-to-volume ratio of nanowires provides great chemical activities. Most importantly, the
unconstrained dimension of nanowires can direct the transport of quantum particles such as
electrons, photons, and phonons, which favors device fabrication. With respect to nanosheets, the
confinement of electrons within the nanosheets may result in unprecedented physical phenomena.
The excellent optical transparence and mechanical flexibility make them appealing candidates
for transparent or flexible electronic devices. The exceptional large surface area of the
nanosheets renders them promising for surface active applications such as catalysis, gas sensing,
and energy storage and conversion.
Metal oxides are considered as most diverse classes of functional inorganic materials, due to
their broad range of properties such as insulating, semiconducting, conducting, superconducting
properties, and various magnetic and optical properties, which make them widely used in the
technological fields including electronic devices, optoelectronic devices, catalysis, sensing,
energy storage and conversion, and biomedicine.6 Preparing metal oxides into the form of
nanowire and nanosheet may generate new properties or improve the existing properties, owing
to the beneficial features granted by these anisotropic nanostructures elaborated in previous
1

1 Introduction
paragraph. Hence, tremendous effort has been dedicated to synthesizing metal oxides nanowires
and nanosheets and investigating their properties and applications.7-8 Up to now, significant
progress has been made in syntheses, characterizations, and property measurements of metal
oxide nanowires and nanosheets. However, for practical applications, in the case of nanowires,
the integration of nanowires into macroscopic devices remains a great challenge.9 More
specifically, in thin-film-based devices, the main challenge lies in the efficient alignment of the
nanowires into homogenous continuous thin films over a macroscopic scale. While in some
surface-dependent applications like catalysis and energy storage and conversion, the issue
becomes how to assemble the nanowires into highly porous macroscopic three-dimensional (3D)
networks. Regarding nanosheets, during the material processing, they usually suffer from the
problems of restacking and randomly dense aggregation, causing dramatic reduction of surface
area, which makes the 3D assembly of the nanosheets into porous macroscopic architectures
highly important. Therefore, the major goal of this thesis is to synthesize 1D and 2D
nanostructured metal oxides, assemble them into macroscopic architectures and investigate their
properties and applications (chapter 3-6).
Metal oxides have been extensively studied for applications as electrode materials in lithium
ion batteries, due to their advantages of high capacities, low cost, and safety.10 However, metal
oxides often suffer from low lithium ion diffusivity, low electronic conductivity, and structural
damages during the insertion and extraction of lithium ions, resulting in low cycling stability and
poor rate performance. Both 1D and 2D nanostructures are favorable morphologies for
improving electrochemical performance of the electrode materials, due to the fact that their short
dimensions can significantly reduce the diffusion time of lithium ions, their long dimensions
facilitate the transport of electrons from the electrode materials to current collector, and the large
surface area ensures the sufficient contacts between lithium ions and the electrode materials.11-12
Therefore, the second goal of this thesis is to design electrode materials with outstanding
electrochemical performance for lithium ion batteries on the basis of 1D and 2D nanostructured
metal oxides (Chapter 7-9).
This thesis contains 10 chapters. Each chapter can be read independently. Chapter 1 gives a general
introduction to the background and motivations of this thesis. In chapter 2, a review is given to the
recent development on synthesis, assembly and applications of metal oxide nanowires and
nanosheets. Afterwards, chapter 3 presents the synthesis and dispersion of ultrathin tungsten oxide
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nanowires, their assembly by Langmuir-Blodgett technique, and the application of the assembled
nanowires in gas sensing. Chapter 4 describes an evaporation-driven self-assembly method for
alignment of ultrathin tungsten oxide nanowires directly on solid substrates over a large scale.
Chapter 5 proposes a centrifugation-induced gelation method for gelling the ultrathin nanowires into
3D networks which can be easily transformed into aerogels. Chapter 6 presents the synthesis of
ultrathin yttrium oxide nanosheets, 3D assembly of these nanosheets into aerogels, the adsorption
properties of the aerogel, the luminescent properties of the doped yttrium oxide nanosheet aerogels,
and incorporation of gold nanoparticles into the nanosheet aerogel. Chapter 7 describes the design of
vanadium oxide core-shell nanoplatelets for lithium ion battery application. Chapter 8 demonstrates a
templating method for synthesis of amorphous cobalt silicate nanobelts, carbon coating on the
nanobelts, and the electrochemical properties of the nanobelts and nanobelts@carbon composite.
Chapter 9 focuses on the design and synthesis of mesoporous fiber-like TiO2@N-doped carbon
composites for lithium ion battery applications. Chapter 10 concludes the results of the thesis.
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2.1 Synthesis of Metal Oxide Nanowires
Various effective methods have been developed for producing metal oxide nanowires.1 Here, we
only focus on solution based synthesis techniques.
2.1.1 Template Methods
The template methodology represents the most straightforward route to fabricate one
dimensional nanostructures. This approach usually involves two steps: deposition of the target
materials on the one-dimensional templates and subsequent removal of the templates by
chemical etching, calcination or some other post-synthesis treatments. Although the templatedirected synthesis is a simple, rational, and cost-effective method for the synthesis of onedimensional nanostructures, it has drawbacks that the as-prepared one-dimensional structures are
polycrystalline and sometimes impurities can remain in the sample after the post-treatment. The
commonly used templates could be one-dimensional micelles, porous materials, and existing
nanowires.
It is well known that the surfactants can spontaneously organize into one-dimensional-shaped
micelles, when their concentrations exceed some critical values. The formed one-dimensional
micelles can be used as soft templates to prepare inorganic nanowires. For example, Xiong et al.
confined a Cu complex into one-dimensional sodium dodecyl sulfate micelles and then
successfully transformed them into CuO nanowires.2
Porous materials which have one-dimensional nanochannels can be used as hard templates to
fabricate metal oxide nanowires. Anodic aluminum oxide (AAO) membrane is one of the most
commonly used porous hard templates for generating nanowires. For instance, MnO2 nanowire
arrays have been synthesized by dipping the AAO into a sol–gel solution containing
Mn(CH3COO)2 and citric acid, followed by drying, heating, and template removing process.3
2.1.2 Ligand Control
4
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The ligand control method is a widely used strategy to prepare inorganic nanocrystals with
controlled shape and size. The principle is that the ligands can cap on specific facets of
nanocrystals, which can reduce the surface energy of the capped facets, thus decrease their
growth rate. When one ligand strongly caps on the sides of the nanocrystals, while another ligand
caps selectively and loosely on the tip, one-dimensional nanostructures will be formed.
Alivisatos’s group pioneered the use of mixed capping agents to synthesize CdSe nanorods with
controlled aspect ratios.4 By the same strategy, Hyeon’s group successfully synthesized
monodisperse metal oxide nanowires with ultrathin diameters.5, 6 They decomposed hydrated
samarium acetate in a mixture of oleylamine and decanoic acid at high temperatures, obtaining
Sm2O3 nanowires with rectangular cross-section of 1.1 nm×2.2 nm.5 The thermal decomposition
of cerium (III) nitrate hexahydrate in a mixture of oleylamine, oleic acid and diphenyl ether
resulted in ceria nanowires with a diameter about 1.2 nm.6 The length of the nanowires could be
controlled by using different amounts of oleic acid in the synthesis.
2.1.3 Oriented Attachment
The oriented attachment involves spontaneous self-organization of adjacent particles, so that they
share a common crystallographic orientation, followed by fusion of these particles at a planar
interface.7 It is a highly efficient method to fabricate inorganic nanorods and nanowires with
ultrathin diameters. A unique feature of this method is that the diameter of the nanowires keeps
constant during growth and is largely determined by the size of pre-formed nanocrystals. A
common driven force for the oriented attachment is the dipole-dipole interaction. Kotov’s group
found that CdTe nanocrystals could spontaneously organize into nanowires by just partial
removal of the organic stabilizer.8 The partial removal of stabilizer can increase the dipole-dipole
strength between the nanoparticles, which is responsible for the self-organization of individual
nanoparticles into nanowires. Niederberger et al. reported the assembly of trizma-functionized
TiO2 nanoparticles into one-dimensional nanostructures by refluxing in water.9 The diameter of
the one-dimensional nanowires is identical to the size of pre-synthesized TiO2 nanoparticles. The
oriented attachment is believed to be responsible for the formation of TiO2 nanowires.
2.2 Assembly of Nanowires
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After almost 2 decades of intensive research on 1D nanomaterials, great success has already been
achieved for chemical synthesis of inorganic nanowires with controllable diameters and aspect
ratios. However, there is still a large gap between the nanowire building blocks and macroscopic
devices. The integration of the 1D nanowires at a larger and manageable scale into devices with
high performance remains a grand challenge. Arrangement of the 1D nanowires into
macroscopic 2D thin films and 3D architectures represents one effective way to tackle this issue.
2.2.1 Alignment of Nanowires into Thin Films
Tremendous efforts have been put into the assembly of nanowires over large area and with high
density.10 Here, we briefly review the most representative and general methods including the
microfluidic approach, the Langmuir-Blodgett technique, and self-assembly.
2.2.1.1 Microfluidic Approach
The shear force created by the motion of fluid is parallel to the direction of the flow, which can
be used to align the nanowires. In the microfluidic approach, the nanowire dispersion is confined
to a microfluidic channel. When the solution flows in the channel, the shear force generated by
the flow will orient the nanowires in a direction parallel to the flow. In 2001, Lieber’s group
successfully aligned semiconductor nanowires by passing the nanowire suspension through a
fluidic channel formed between a poly (dimethylsiloxane) (PDMS) mold and a flat substrate.11
The orientation of the nanowires is parallel to the flow. With single or sequential cross-flow,
single and crossed parallel arrays of nanowires can be obtained. In 2010, Erik Freer and his
colleagues realized precise alignment of nanowires over a large area by a microfluidic method.12
They directed the colloidal suspension of nanowires through a channel over the array of
electrode pairs, across which a time varying voltage was applied. When the fluid flowed through
the electrode pairs, the dielectrophoretic forces generated by the applied voltages trapped
nanowires between the electrode pairs.
2.2.1.2 Langmuir-Blodgett Technique
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Figure 2.1. (a) Schematics of a water-filled Langmuir-Blodgett (LB) trough from the top and side views.
(b) Assembly of silver nanowires by LB technique. (Adapted with permission from A. R. Tao, J. X.
Huang and P. D. Yang, Acc. Chem. Res., 2008, 41, 1662-1673. Copyright 2008 American Chemical
Society)

Traditionally, the Langmuir-Blodgett (LB) technique is used for generating monolayer or
multilayer thin films of organic species such as long chain aliphatic compounds, aromatic
compounds, and large biological molecules. It involves the following procedures:
(1) Dissolution of the organic species in a volatile solvent which is immiscible with water.
(2) Spreading the solution onto the water surface. After the solvent has evaporated, a Langmuir
thin film consisting of a monolayer of molecules is achieved.
(3) Compressing the thin film by using the barriers, a thin film with high density is obtained.
By expanding the barriers, the density of the thin film is decreased.
(4) Transfer the water supported thin film to solid substrates by dip coating.
With the advent of nanoscience and nanotechnology, the LB technique has been extended to
assemble inorganic nanobuilding blocks.13 By this technique, a variety of nanomaterials have
been organized into two-dimensional monolayer.14-21 Figure 2.1a shows schematics of a LB
trough. Figure 2.1b is a photograph of a LB trough in which silver nanowires were assembled on
the water-air interface. The silver nanowires were first post-functionalized by 1-hexadecanethiol,
so that they can be dispersed in chloroform.20 The nanowires dispersion was then spread onto the
surface of the water sub-phase in the LB trough. After evaporation of chloroform, the silver
nanowire monolayer floated on the water-air interface. The compression force caused by the
movement of the barrier drove the randomly distributed nanowires into the direction parallel to
7
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the barrier. The aligned silver nanowires could be transferred to solid substrates (silicon, glass)
by dip coating.
For the LB assembly of nanowires, there are two critical points: The first one is that the
nanowires should have a hydrophobic surface so that they can float on water. The other one is
the determination of the optimum compression pressure at which optimal alignment is achieved.
The advantages of LB technique for alignment of the nanowires lie in the high density of aligned
nanowire monolayer due to the compression and the assembly over a large area, while the
limitation is that the dip coating step may reorganize the nanowires, leading to overlapped
features and gaps within the dense arrays of nanowires.
2.2.1.3 Self-Assembly of Nanowires
Without the assistance of external force or a template, self-assembly is usually driven by
depletion attraction, capillary forces or dipole-dipole interactions.22 Depletion attraction is an
entropic force which stems from the particles in solvent tend to move close enough to each other
so that more volume is available for smaller molecules or other additives. Capillary force comes
into effect as a particle suspension is dried. The force can draw the neighboring particles together
during the evaporation of the solvent between these particles. Dipole-dipole interaction is a force
originating from the interaction of the dipoles of neighboring particles. One of or some
combination of these forces could lead to the self-organization of the particles into ordered
structures. The self-assembly techniques based on these driving forces have already been
successfully used for assembly of a broad range of nanoparticles with various morphologies and
sizes.22 Here, we briefly survey the utilization of the self-assembly method for arranging
nanowires. The most widely used self-assembly approach for aligning nanowires is the
evaporation driven self-assembly. During evaporation, in order to compensate the solvent loss
caused by the evaporation, a capillary flow towards the solvent front is generated, which could
bring the particles to the solvent front as well as assemble the particles.23-25 By combining this
concept and dip coating technique, Yang’s group successfully patterned rigid Ag, Si and ZnO
nanowires into periodical nanowire arrays over a large scale on solid substrates such as glass and
Si/SiO2.26 The evaporation process has also been used to deposit aligned squaraine nanowire
arrays in the form of periodic rings or parallel stripes on silicon and glass substrates.27 Through
controlling the evaporation in a confined geometry, Wang et al. demonstrated the assembly of
8
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the organic semiconductor nanowires into regular concentric rings of ordered nanowires with
tunable density, length, and periodicity.28 In all the aforementioned examples, the self-assembly
takes place at the substrate-solution-air interface. The nanowires could also self-assemble at
liquid-liquid interface. For example, Chen et al. found that by adding non-polar solvent such as
toluene and hexane on Ag nanowires aqueous solution, the Ag nanowires would self-align at the
water-solvent interface.29 They ascribed the self-assembly to the different surface tension of PVP
coated Ag nanowires in water and the non-polar solvent. Yu’s group reported the self-assembly
of ultralong Ag nanowires at a chloroform-water-air interface.30 Their studies reveal that the oil
phase (chloroform), capillary force and PVP molecules are the major factors which drive the
self-assembly of nanowires at a tree-phase-interface.
2.2.2 Assembly of Nanowires into Macroscopic 3D Architectures
According to literature reports, there are generally three types of 3D architectures for the
nanowires: vertically nanowire arrays on substrates,31-36 ordered 3D networks,37-38 nanowire
aerogels.39-41 Vertically aligned nanowire arrays on substrates are the most favorable 3D
architectures for nanowires, due to the fact that the good connection between the nanowires and
the substrates facilitates the transport of electrons from the nanowires to the substrates, which is
critical for the performance of electronic devices. A variety of methods have been developed to
directly grow various nanowire arrays on different substrates such as silicon wafers, metal foils,
glass substrates, and transparent conducting oxide substrates. The most representative example is
the Si nanowire arrays with controllable diameter and length of the nanowires on various
substrates grown by the well-known vapour-liquid-solid method.31-32 These Si nanowire arrays
have been intensively investigated for their applications in electronic and energy-related devices.
Important semiconducting metal oxides such as ZnO, TiO2 and WO3 nanowire arrays have also
been synthesized on various substrates for a broad range of applications.33-36 Another type of 3D
architecture namely ordered 3D nanowire networks are also of great interest, due to the fact that
spatial distribution of nanomaterials could have a significant impact on the properties. For
examples, Rauber et al. developed a hard template for synthesis of ordered macroscopic metal
nanowire networks with controllable size, shape and orientation of the nanowires.37 The method
is based on the electrochemical deposition of materials within the 3D nanochannels existing in
the ion track-etched polymer membrane. They demonstrated that the Pt nanowire networks
9
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prepared by this method exhibit remarkably high electrocatalytic activity. Yu’s group reported
the assembly of 1D Ag nanowires into free-standing 3D macroscopic hierarchical architectures
with tunable ordered binary-network microstructures by an ice templating method.38 The 3D Ag
nanowire architectures show high electronic conductivity, which makes them promising for
electronic applications. The third architecture is nanowire aerogels which typically consist of
disordered 3D nanowire networks. The typical properties of aerogel including low density, high
surface area and high porosity combined with the one- dimensional nature and high crystallinity
of nanowires make nanowire aerogels intriguing materials. Several methods have been proposed
for preparing nanowire aerogels. For example, metal oxide nanotube aerogels have been
prepared by using atomic layer deposition to coat metal oxides on cellulose aerogels followed by
removal of the organic templates through calcination.39 The disadvantages of this method are the
complicated procedures and structural collapse during calcination. Sung et al. reported an
evaporation-induced gelation method for producing macroscopic nanowire wet-gels which can
be transformed into their aerogel counterparts by supercritical drying.40 In this method, the
gelation step is very time consuming. And, it is hard to achieve highly stable nanowire colloidal
suspension. Another method involves in-situ formation of hydrogels during the solution
synthesis of nanowires with extremely high aspect ratios.41 The hydrogels can be transformed
into aerogel by appropriate drying methods. This method is only suitable for very limited kinds
of materials. In addition, it is very difficult to wash the hydrogels appropriately without breaking
their integrity.
2.3 Applications of One-Dimensional Nanostructured Metal Oxides
Metal oxide nanowires have been widely used in a wide range of areas. We focus on their
applications in gas sensing, photodetection, and lithium ion storage.
2.3.1 Gas Sensing
Metal oxide nanowires are promising materials for gas sensing. The high surface to volume ratio
makes their electrical properties extremely sensitive to the absorbed species. For example,
Yang’s group has demonstrated that a individual single-crystalline SnO2 nanobelt could detect
ppm level NO2 at room temperature under the illumination of UV light near the energy band of
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the SnO2.42 Li and his coworkers reported that single-crystalline V2O5 nanobelts showed high
and stable sensitivity to ethanol exclusively.43
2.3.2 Photodetection
Generally, photoconductivity can be observed in almost any semiconductors, which enables their
application in photodetectors.45 Due to their wide band gaps, metal oxide nanowires have already
been widely investigated for their application in Ultraviolet (UV) photodetection.46 ZnO
nanowires are the most intensively studied metal oxide nanowires for photodetectors, because of
its ease of synthesis and prominent optical and mechanical properties. Yang’s group first
reported that the conductivity of individual ZnO nanowires is highly sensitive to UV light.47 The
resistivity can be reversibly changed by 4 to 6 orders of magnitude, depending on the power of
the UV light. By doping ZnO nanowires with other metal ions, they can show sensitivity to
visible light. For example, Nikolai Kouklin reported that Cu doped ZnO nanowires show a
remarkable electrical conductivity change when exposed to both UV light and visible light.48 In
addition to ZnO nanowires, SnO2 nanowires represent another very important type of wide
bandgap semiconducting material showing high sensitivity towards UV light. Mathur et al.
reported that SnO2 nanowires exhibited size dependent photoconductance.49 When the diameter
of the SnO2 was reduced from 1000 nm to 100 nm, the photoresponsive peak would shift from
3.95 eV to 4.25 eV. Many other metal oxide nanowires such as W18O49,50 In2O3,51 and
ZnGa2O452 have also been studied for detecting UV light.
2.3.3 Lithium Ion Storage
Lithium ion batteries operate based on the transportation of lithium ions between two electrodes.
The advantages of using Li+ to transport charges lie in the good mobility of the Li+ originating
from the low molecular weight and small radius of Li+ and the large negative reduction potential
of Li+ (E0= -3.05 V vs standard hydrogen electrode (SHE)) enabling high-voltage output.
Compared to conventional rechargeable batteries, lithium ion batteries show superior energy
density and better rate capability. These attractive properties combined with long cycling life
make the lithium ion batteries nowadays become the dominant power source for portable
electronic devices in the market. Moreover, lithium ion batteries have also been regarded as
highly promising candidates for powering hybrid electric vehicles, which is very crucial for the
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reduction of CO2 emissions from transportation. In order to meet the urgent demands of the
market, it is essential to improve the electrochemical performance of the existing electrode
materials or to develop new electrode materials.
In terms of developing new intercalation compounds for electrode materials, no matter how
creative we are, the limitation of the mobility of lithium ions is always there. Consequently, how
to maximumly push forward the performance of currently existing electrode materials became a
very important research topic for lithium ion batteries. Down-sizing the bulk materials to
nanoscale represents a promising strategy.53 The nano-size can offer following benefits to the
electrode materials: First, the diffusion length (l) is significantly reduced. The characteristic time
(t) needed for diffusion of lithium ions into the electrode materials obeys the following relation
t=l2/D (D diffusion coefficient). Hence, the reduction of diffusion length dramatically shortens
the diffusion time, leading to an improvement of the rate performance. Second, the large surface
area arising from the nanoparticles ensures the efficient contact between the electrode materials
and the electrolyte, allowing for a high lithium-ion flux across the interface. Furthermore, the
large surface to volume ratio may also increase the electrochemical reactivity of the electrode
materials. Some non-electrochemical active micron-sized materials may become active for their
nano-size counterparts. Finally, nanoparticles can accommodate the structural expansion and
contraction occurring during the charge and discharge, therefore improving the life span of the
electrode materials. For nanowire electrodes, in addition to the previously mentioned advantages,
the one-dimensional geometry of the nanowires offers a direct current pathway, favoring the
transport of electrons from the electrode materials to the current collector, therefore benefiting
the electrochemical performance of the electrode materials.54-55 It has been reported that the
nanowire electrodes show better electrochemical performance than their nanoparticle and bulk
counterparts. For examples, Bruce’s group reported that the TiO2-B nanowires show far better
rate capability than that of the TiO2-B nanoparticles with particle size comparable to the diameter
of the nanowires, indicating the value of the nanowire morphology.56 Recently, Tang et al.
successfully synthesized nanotubular TiO2 with tunable aspect ratios and found that the
nanotubular TiO2 with higher aspect ratios shows significantly improved battery performance.57
Their studies revealed that the rapid diffusion of lithium ions along the short dimension of the
nanotubulars and the efficient electronic conductivity along the axial direction of the
nanotubulars are responsible for the dramatic improvement of the electrochemical performance
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of the nanotubulars with higher aspect-ratios. Li et al. reported that the self-supported
mesoporous Co3O4 nanowires grown on a Ti foil can be used as anode materials, showing high
capacity, good cycling stability, and high rate capability.58 SnO2 nanowire anodes also show
well-improved electrochemical performance compared to commercial SnO2 powders.59 The
reason is associated with the fact that the 1D nanowire structures could offer more reaction sites
on the surface, and the smaller diameter of the nanowires provides a short pathway for the Li+
insertion.
2.4 Synthesis of Metal Oxide Nanosheets
2D nanomaterials include nanosheets, nanoplates, nanoflakes, and nanoplatelets. Here, our
attention is on nanosheets which are sheet-like structures with a thickness of a single or several
atomic layers (usually less than 5 nm), a lateral size up to tens or hundreds of nanometers or even
tens of micrometers. The most representative and intensively studied 2D nanomaterial is
graphene which was first isolated by scotch-tape micromechanical cleavage of graphite.60 The
successful exfoliation and identification of graphene have led to the discovery of its remarkable
electronic, mechanical, and optical properties.61 Inspired by the research on graphene, a variety
of other 2D inorganic nanosheets have been explored, including transition metal
dichalcogenides, boron nitride, metal oxides, layered double hydroxides, and metals.62 We give a
brief overview of the progress on metal oxide nanosheets: their synthesis, assembly, and
applications.
2.4.1 Liquid Exfoliation
Liquid exfoliation is a general and efficient method for producing nanosheets of metal oxides
with layered crystal structures. Layered metal oxides offer unique structural characteristics: the
layered structure unit are strongly chemical bonded, while the layers interact with each other
through relatively weak forces such as van de Waals force or electrostatic attractive force. The
liquid exfoliation method is based on breaking the weak inter layer interaction. An easy and
effective method to break the inter-layer interaction is to sonicate the layered metal oxides in a
proper solvent.63 During the sonication process, cavitation bubbles generated by sonication
waves can collapse into high energy jets which disintegrate the layered compound into
nansheets.63 The solvent molecules can intercalate into the space between the layers to expand
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the bulk crystal. They can also play a role in preventing the restacking of the nanosheets by
binding to the sheets. This method is suitable for those layered metal oxides with neutral layered
structure units such as V2O5, MnO2, and MoO3. For examples, V2O5 nanosheets can be
exfoliated by sonication of V2O5 bulk powders in formamide.64 Coleman’s group reported that
the exfoliation of MoO3 could be achieved by sonication of MoO3 powders in a range of
solvents65 and MnO2 could be exfoliated by ultrasonication of MnO2 powders in aqueous
surfactant solutions.66
In the case of layered metal oxides such as KCa2Nb3O10, K4Nb6O17, and KTiNbO5, the layered
structure units are negatively charged.67 To delaminate these layered compounds into nanosheets,
the following steps are typically required: Modification of interlayer via ion exchange followed
by osmotic swelling and exfoliation.67 Taking KCa2Nb3O10 as an example,68 KCa2Nb3O10 was
firstly converted to HCa2Nb3O10·1.5H2O by treating KCa2Nb3O10 in acidic solution. Then, the
proton can be exchanged with bulky organic ions such as tetrabutylammonium (TBA+) cations in
aqueous solution. The intercalation of large organic ions can expand the interlayer gallery, which
weaken the electrostatic force between the layers, facilitating the final exfoliation by a shearing
force such as sonication agitation or mechanical shaking. The liquid exfoliation method is
considered as a facile, low-cost, efficient, and scalable approach for preparing nanosheets.
However, it is only applicable for layered inorganic compounds. With respect to non-layered
metal oxides such as TiO2, ZnO, CeO2, WO3, In2O3, SnO2, Fe2O3, and so on, different methods
are needed to produce their nanosheets.
2.4.2 Template Method
As mentioned before, the template method involves the deposition of target materials on a
template, followed by template removal. Then a target material with similar morphology as the
template is obtained. It has been proven to be a straightforward and general method for synthesis
of one-dimensional metal oxide nanostructures. Starting with a 2D template, 2D nanomaterials
could also be synthesized. This method is suitable for the synthesis of 2D nanostructures of nonlayered metal oxides. For example, Weiren Cheng et al. reported a “template-assisted oriented
growth” strategy to synthesize free-standing half-unit-cell α-Fe2O3 nanosheets.69 In the synthesis,
layered iron hydroxide was deposited on the template-CuO nanoplates through slow hydrolysis
of Fe3+. After etching out the CuO nanoplates, freestanding iron hydroxide is obtained. A
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subsequent heat treatment of the hydroxide nanosheet suspension leads to the formation of αFe2O3 nanosheets.
2.4.3 Hydrothermal/Solvothermal Method
Hydrothermal/sovothermal method is another popular method for synthesis of non-layered metal
oxide nanosheets. This method is a low-temperature soft-chemistry synthetic method involving
heat treatment of reaction precursors in various solvents, which have been widely used to
produce a myriad of nanostructured materials. Recently, it has been proven to be an efficient
method for synthesis of non-layered structured metal oxide nanosheets. A typical example is that
Sun et al. successfully synthesized nanosheets of transition metal oxides including TiO2, ZnO,
Co3O4, WO3, Fe3O4, and MnO2 by heat treatment of the mixture of polyethylene oxide–
polypropylene oxide–polyethylene oxide (Pluronic P123), ethanol, ethylene glycol and inorganic
metal salts or metal alkoxides.70 In this synthesis, Pluronic P123 plays a role as surfactant which
confines the growth of metal oxides along a specific direction. These as-synthesized metal oxide
nanosheets show thicknesses in the range of 1.6 nm to 5.2 nm, corresponding to 2-7 stacking
layers of the monolayer, with lateral sizes up to hundreds of nm or even several micrometers.
Xie’s group reported the synthesis of ultrathin CeCO3OH nanosheets by hydrothermal treatment
of cerium chloride in alkaline condition in the presence of sodium oleate as a surfactant.71 The
freestanding CeCO3OH nanosheets are transformed to CeO2 nanosheet by a thermal annealing
treatment. The same synthesis concept has been applied to synthesize porous In2O3 ultrathin
nanosheets and atomically-thin cuprous oxide sheets.72 The same group also reported the
synthesis of CoO ultrathin nanosheets by solvothermal treatment of Co(acac)3 in mixtures of
water and ethylene glycol.73 The resulting CoO ultrathin nanosheets are transformed into Co3O4
porous nanosheets by annealing in air.
2.4.4 Self-Assembly of Nanocrystals into 2D Nanosheets through Oriented Attachment
As mentioned in section 2.1.3, oriented attachment can lead to the fusion of nanocrystals. This
mechanism has been used for assembly of metal oxide nanocrystals into single crystalline metal
oxide nanowires. It turns out this method can also be utilized to synthesize two-dimensional
metal oxide nanosheets with nanocrystals as precursors. Zou’s group reported that by aging
aqueous dispersions of WO3 nanocrystals with sizes of 4-5 nm, single crystalline WO3
nanosheets with thicknesses of 4-5 nm and lateral sizes up to micrometers are achieved.74 Their
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studies reveal that the 2D oriented-attachment is responsible for the coalescence of primary
nanoparticles into nanosheets. In addition to nanoparticles, it is found that 1D nanowires can
also be assembled into single-crystalline 2D nanosheets by the oriented attachment mechanism.
For instance, Yeteng and his co-workers reported that by soaking the pre-synthesized Eu2O3
nanowire bundles in water for enough time, the nanowires could fuse into each other, forming
single-crystalline nanosheets.75
2.5 Assembly of Nanosheets into Macroscopic Structure
2.5.1. Assembly of Nanosheets into 2D Thin Films
Nanosheets tend to align parallel to the substrate during drying of stable nanosheet dispersion.67,
76

Hence, traditional solution-based thin film preparation techniques such as drop casting, dip

coating, and spin coating can be used for preparing thin films of highly oriented nanosheets. In
order to control the assembly in a more precise way, special techniques such as LangmuirBlodgett (LB) technique and layer-by-layer assembly are required.67, 76 The operation principle
of LB technique has already been described in section 2.2.1.2. With the LB technique, it is
possible to achieve highly homogeneous and dense monolayer nanosheet thin films. By repeated
deposition, the thickness of nanosheet thin films can be tuned at a nanoscale level. This
technique has been widely used for assembly of charge-bearing nanosheets prepared by liquid
exfoliation method mentioned in section 2.4.1. For example, through LB procedures, exfoliated
molecularly thin titania nanosheets with lateral size of 10-30 µm can be processed into highly
ordered lamellar thin films with tunable thickness.77 The same technique was successfully used
for depositing highly oriented multilayer nanofilms of Ca2Nb3O10 nanosheets exfoliated from
KCa2Nb3O10 on SrRuO3 or Pt substrates.78 Another important method to process the nanosheets
is the layer-by-layer assembly technique which is based on the sequential deposition of
nanosheets and other materials with opposite charges on the substrates. It is a simple but
effective method for preparing multilayer composite thin films. It has been used for preparation
of polymer and nanosheet composite thin films. For example, multilayer thin films composed of
MnO2 nanosheets and poly-(diallyldimethylammonium) (PDDA) were prepared by sequentially
and repeatedly dipping the silicon wafer with cationic surface into MnO2 nanosheet suspension
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and PDDA solution.79 It also has been shown that heterostructured thin films composed of TiO2
and MnO2 nanosheets could be prepared through the layer-by-layer self-assembly technique.80
2.5.2 Assembly of Nanosheets into 3D Hierarchical Architectures
In contrast to 2D assembly of metal oxide nanosheet into macroscopic thin films, there are less
reports about assembly of these nanosheets into 3D architectures. While, for the surface active
applications such as catalysis, lithium ion batteries, and supercapacitors, 3D assembly of
nanosheets is highly important, because it avoids the significant reduction of the surface area
caused by restacking or dense aggregation of the nanosheets during materials processing. It has
been reported that freeze drying of metal oxide nanosheet colloidal suspension could give access
to porous 3D networks of the nanosheets with large surface area. For example, porous TiO2
aggregates were achieved by freeze-drying of liquid exfoliated TiO2 nanosheet colloidal
suspension and a subsequent heating step.81 With great progress already made on the synthesis of
metal oxide nanosheets, there should be large amount of opportunities in assembly of these
nanosheets into hierarchical structures for surface active applications.
2.6 Applications of Metal Oxide Nanosheets
The molecularly thin thickness and large lateral size of nanosheets make them exhibit extremely
high surface-to-volume ratio which is highly beneficial for surface active applications like
catalysis, lithium ion batteries and supercapacitors. Recent developments in studying the
catalytic properties of metal oxide nanosheets clearly demonstrated that ultrathin nanosheets
display significantly enhanced performance when compared with their bulk counterpart. Xie’s
group found that 0.6 nm thick SnO2 nanosheets show dramatically enhanced performance for
catalyzing the oxidation of CO, comparing to SnO2 nanoparticles and bulk SnO2.82 The fullconversion (100% oxidation of CO) temperatures of the SnO2 nanosheets is 250 °C, which is
much lower than that of SnO2 nanoparticles (390 °C) and bulk SnO2 (475 °C). The excellent
catalytic performance of the nanosheets could be ascribed to their large surface area. The same
group also reported that three atomic layer thick CeO2 nanosheets show much better catalytic
performance for CO oxidation than the bulk CeO2, and the catalytic performance can be further
improved by generating large amount of pits in the nanosheets.71 They also studied the
photocatalytic properties of In2O3 nanosheets72 and Cu2O nanosheets.83 The photocurrents of the
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nanosheet photoelectrodes are several times higher than that of the photoelectrodes prepared with
bulk materials.
Metal oxide nanosheets also show outstanding performance when they are used as electrode
materials in lithium ion batteries. Lou’s group synthesized hierarchical microspheres constructed
of ultrathin anatase TiO2 nanosheets with thickness of 3 nm and lateral size up to hundreds nm
and nearly 100% exposed (001) facets, which manifest high capacity retention and superior rate
performance as an anode material in lithium ion batteries.84 The large surface area and full
exposure of active (001) facets are accounted for the outstanding electrochemical performance.
The same group also reported that the carbon supported stacked TiO2 nanosheets exhibits
extremely high rate performance (109 mA h g-1 at 50 C).85 The carbon favors the electron
transport, while the large surface area of the nanosheets enables the large surface storage of the
lithium ions. Wang et al. reported a facile hydrothermal method for large-scale synthesis of SnO2
nanosheets with thickness of 1.5-3.0 nm, showing excellent lithium storage capacity and cycling
performance.86 In addition to being used as high performance electrode material, metal oxide
nanosheets also show outstanding supercapacitor performance. Zhu et al. reported a microwaveassisted liquid chemical method for scalable synthesis of ultrathin 2D nanosheets of NiOH and
NiO which exhibit high specific capacities, excellent cycling stability, and good rate capability,
when used as electrode materials in supercapacitors.87
2.7 Benzyl Alcohol Route for Synthesis of Metal Oxide Nanoparticles
The benzyl alcohol route is a powerful and versatile method for the synthesis of highly
crystalline metal oxide nanoparticles.88-90 This method relies on the reaction of benzyl alcohol
with metal oxide precursor such as metal chlorides and metal alkoxides. In this method, the
benzyl alcohol serves not only as a solvent, but also as a ligand and a reactant. The origin of this
route dates back to 2002 when Niederberger et al. found that the reaction between transition
metal chlorides (Titanium, Tungsten and Vanadium) and benzyl alcohol at low temperature
range (40-120 °C) leads to crystalline nanostructured

titanium oxide, tungsten oxide and

vanadium oxide.91 Later on, Niederberger and his co-workers reported that the reactions of
various metal alkoxides in benzyl alcohol could yield various binary and multicomponent metal
oxides.92-93 The development in this method has enabled the synthesis of more than 50 types of
metal oxides, which make the benzyl alcohol method a very popular approach for the synthesis
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of metal oxides nanoparticles. Generally, the formation of metal-oxygen-metal bonds during the
reaction between metal oxide precursor and benzyl alcohol undergoes following four
mechanisms: alkylhalide elimination, ether elimination, condensation of carboxylate groups and
C-C bond formation between benzyl alcohol and alkoxides.89 This synthetic route offers the
following advantages: low temperature, simple procedure (one-pot synthesis), surfactant-free
(good accessibility of the nanoparticle surface), high crystallinity of the nanoparticles, versatility,
widely applicable method for various binary metal oxides and even for multicomponent metal
oxides. However, this method has less control over the particle size and morphology. Also the
synthesized nanoparticles usually suffer from broad size distribution, aggregation and restricted
redispersibility. Addition of surfactants is the typical strategy to solve these problems. It should
be quite interesting to see what will happen if surfactants are added into this benzyl alcohol
route. It is possible that the addition of surfactants in the benzyl alcohol route may result in
anisotropic growth of the nanoparticles.
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Abstract
Alignment of nanowires over a large area of flat and patterned substrates is a prerequisite to use
their collective properties in devices such as gas sensors. In this work, uniform single-crystalline
ultrathin W18O49 nanowires with diameters less than 2 nm and aspect ratios larger than 100 have
been synthesized, and, despite their flexibility, assembled into thin films with high orientational
order over a macroscopic area by the Langmuir–Blodgett technique. Alignment of the tungsten
oxide nanowires was also possible on top of sensor substrates equipped with electrodes. Such
sensor devices were found to exhibit outstanding sensitivity to H2 at room temperature.
3.1 Introduction
Metal oxide nanowires have been intensively studied in gas-sensing applications during the past
decade because of their high surface to volume ratio, well-defined, one-dimensional geometry,
and high crystallinity.1–3 The sensors are based either on single nanowires4 or on nanowire thin
films.5 Single nanowire sensors offer advantages such as superior sensing performance,
miniaturization of the sensor device and low power consumption. But they are difficult to
fabricate and suffer from problems such as low reproducibility and low mechanical stability.
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Compared to single nanowire sensors, nanowire thin films offer a higher potential for practical
applications, because they can easily and reproducibly be prepared by wet chemical processes,
such as drop casting, spin coating, or doctor blading. However, with these preparation
approaches, the nanowires on the substrate are always randomly oriented with respect to each
other, and hence, the geometrical advantage of the one dimensional morphology is not fully
utilized. Therefore, it would be very attractive to fabricate thin-film sensors composed of
oriented metal oxide nanowires aligned over the whole sensor substrate.
The Langmuir–Blodgett (LB) technique is particularly promising for the assembly of nanowires
over a large area.6 For example, it was shown that ultrathin Au nanowires could be assembled at
the water–air interface over large areas allowing the study of bulk conductivity.7 Liu et al.
reported the LB assembly of flexible, ultralong Te nanowires for photoelectrical applications.8 In
those studies, the substrates for transferring the LB nanowire thin films were flat. However, in
our case, the sensor substrates are not completely flat, because they have electrodes deposited on
the surface, which are required for measuring the sensing properties. Such patterned surfaces
represent an additional challenge for transferring the aligned nanowire thin film from the air–
water interface to the sensor substrate without deterioration of the long-range order.
Being n-type semiconductors, tungsten oxides (WO3-x) have promising applications as gas
sensors, in electrochromic devices, or as photocatalysts.9 Ultrathin (diameter less than 10 nm)
tungsten oxide nanorods and nanowires have already been synthesized10 and assembled for
electrochromic applications.11 However, to date, no successful attempts to align them for gassensing applications have been reported.
Herein, we report the synthesis of colloidally stable, ultrathin W18O49 nanowires, their
alignment with high directional order over a macroscopic area and their H2-sensing properties at
room temperature. The nanowires are prepared by a facile solution method. They are single
crystalline, with diameters of about 1.7 nm and aspect ratios larger than 100. Most importantly,
they are highly dispersible in chloroform and chlorobenzene, enabling the use of these
dispersions for alignment experiments by the LB technique. The flexible ultrathin nanowires can
be successfully oriented over a large scale and transferred to Si/SiO2 substrates patterned with Pt
interdigitated electrodes. The aligned W18O49 nanowire thin films exhibit excellent sensing
performance towards hydrogen in humid air, at room temperature, indicating their high potential
for gas sensors.
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3.2 Results and Discussion
The tungsten oxide nanowires were synthesized by heating a mixture of WCl6, benzyl alcohol,
and oleylamine at 180 °C for 24 h (see experimental section). The phase purity of the sample was
analyzed by X-ray diffraction (XRD). As shown in Figure 3.1a, it is difficult to unambiguously
assign the pattern to a specific crystal phase among the many stoichiometric and
nonstoichiometric tungsten oxides. Their structures and thus their patterns are quite similar and
our experimental diffractogram mainly consist of broad humps. Nevertheless, the pattern
resembles those reported for W18O49 nanorods and nanowires bundles,10a–d matching best with
monoclinicW18O49 (JCPDS 05-0392). There are two intensive peaks at 2θ=23.48° and 47.58°,
which can be indexed to the (010) and (020) planes of the monoclinic W18O49, indicating that the
nanowires grow along [010].
The freshly synthesized W18O49 nanowires suffered from severe aggregation. They were not
dispersible in chloroform or other nonpolar solvents in spite of the oleylamine present in the
reaction solution (Figure 3.2). To separate the agglomerates into well-dispersed nanowires, a
mixture of chloroform and oleylamine was added to the as-synthesized sample (no matter
whether the product was wet or dry). The dispersion was sonicated for about 2 h until transparent.
The nanowires were precipitated, washed, and finally redispersed in chloroform or
chlorobenzene (for details see experimental section), forming transparent, colorless dispersions
which were stable for months (Figure 3.1e). Figure 3.1b shows an overview TEM image of the
dispersed nanowires at low magnification. The sample consists of a large number of highly
uniform, ultrathin nanowires, which can be better seen in the image at higher magnification
(Figure 3.1c). The nanowires are frequently bent and looped on the TEM grid, indicating their
high flexibility. The HRTEM image (Figure 3.1d) shows that the nanowires are single crystalline
with diameters of about 1.7 nm. The lattice spacing along the direction of the nanowires is about
0.36 nm, corresponding to the (010) lattice plane of W18O49, which suggests that the preferential
growth direction of the nanowire is [010], consistent with the XRD analysis. The length of the
nanowires reaches up to several hundred nanometers which means that the aspect ratio is more
than 100.
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Figure 3.1. (a) Representative XRD pattern of a tungsten oxide nanowire powder; (b–d) TEM
images of the tungsten oxides nanowires: (b) low magnification, (c) high magnification, (d)
HRTEM image, (e) photograph of the tungsten oxide nanowires dispersed in chloroform (2 mg
mL-1).
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Figure 3.2. (a) Photograph of freshly synthesized tungsten oxide nanowires dispersed in
chloroform, (b) SEM image of the sample without post-treatment.

Figure 3.3. (a) TEM image and (b) XRD pattern of the product synthesized without addition of
any amine. All other conditions were kept the same. The XRD pattern corresponds to monoclinic
WO3 (JCPDS Card No. 05-0363).
Addition of oleylamine to the initial reaction mixture had a tremendous effect on the
composition and on the morphology of the product. Without oleylamine, the reaction between
WCl6 and benzyl alcohol yielded a yellow powder consisting of WO3 nanoplatelets (Figure 3.3).
When oleylamine was added, the color of the product changed to dark blue, indicating a reduced
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tungsten oxide (W18O49) and the morphology changed from platelets to nanowires (Figure 3.4a).
With an increasing amount of oleylamine, nanowires with higher aspect ratio were obtained
(Figure 3.4b, c). Infrared spectroscopy confirmed the presence of oleylamine on the surface of
the W18O49 nanowires (Figure 3.5). Using other long-chain alkyl amines, such as dodecylamine
or octylamine, also resulted in ultrathin nanowires without any obvious changes in diameters and
lengths (Figure 3.6a–d). Based on these observations we assume that the long-chain aliphatic
amines serve as reducing and as capping agent, guiding the growth of the tungsten oxide in [010]
direction.
Langmuir–Blodgett assembly of inorganic nanoparticles requires that the nanoparticles have
hydrophobic surfaces so that they can float at the water–air interface.6a The oleylamine-capped
W18O49 nanowires are hydrophobic and well dispersed in nonpolar solvents, which renders them
suitable for the LB assembly. It turns out that the LB technique is an efficient way to organize
the W18O49 nanowires into ordered patterns in spite of their structural flexibility. However, it is
critically important to carefully elaborate the optimum experimental conditions to achieve a
compact monolayer (for details, see Experimental Section). Figure 3.7a shows the surface
pressure versus area isotherms of the nanowires floating on the water surface during the
compression of the two barriers. At the initial stage, the decrease of the area barely influences the
surface pressure. In stage II, the surface pressure rises slowly during the reduction of the surface
area, indicating the formation of a LB monolayer. But the TEM image of this LB film reveals
only loosely packed nanowires without specific orientation (Figure 3.7b). With further decrease
of the surface area, the surface pressure rises steeply from 4 mN m-1 to about 26 mN m-1. In this
stage III, the loosely arranged nanowire arrays become more densely packed (Figure 3.7c), and
the compression force generated by the barriers orients the nanowires parallel to the barriers.
Finally, a compact, well-aligned nanowire monolayer film formed (Figure 3.7d). If the surface
area is further decreased, the surface pressure continues to increase, but with a noticeably smaller
gradient. In this case, overlaps and folds start to form and the thin film was no longer a
monolayer (Figure 3.7e). These results indicate that the optimum condition to produce a wellaligned nanowire monolayer can be found in stage III at about 25 mN m-1.
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Figure 3.4. TEM images of the sample synthesized with different amounts of oleylamine: (a)
0.25 ml, (b) 0.5 ml, (c) 0.75 ml. All other synthesis parameters were the same.

Figure 3.5. Infrared spectra of the tungsten oxide nanowires and the pure oleylamine.
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Figure 3.6. (a-b) Low and high magnification TEM images of tungsten oxide nanowires
synthesized with octylamine as capping agent. (c-d) Low and high magnification TEM images of
W18O49 nanowires synthesized with dodecylamine as capping agent.
So far, we have demonstrated that our W18O49 nanowires can be aligned on the water–air
interface. But to apply the aligned nanowire thin film in a device, it is necessary to find a suitable
way to transfer it to a solid substrate. A flat silicon substrate (silicon wafer with thermally grown
400 nm SiO2) was vertically dipped into the water (see Experimental Section). After the surface
pressure reached 25 mN m-1, the substrate was pulled up with a constant speed and the aligned
nanowire thin film on the water surface was taken up by the substrate. As shown in Figure 3.8a,
the front side of the substrate is perpendicular to the barriers. After compression, the nanowires
on the water surface are oriented parallel to the barriers, thus, after transferring, the nanowires
are expected to lie on the substrate as illustrated in Figure 3.8e. The SEM images show that the
nanowire monolayer thin film homogeneously covers the substrate (Figure 3.8b). Owing to the
oleylamine coating, it is impossible to reveal any details of the nanowires by SEM. But AFM
images at different magnifications clearly reveal that they are well aligned over a large area,
although some defects are still visible (Figure 3.8c, d). Most importantly, the nanowire thin films
are very uniform and dense. Turning the substrate by 90°, so that the front side of the substrate is
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Figure 3.7. (a) π-A isotherm of W18O49 nanowire monolayer during the compression; TEM
images of W18O49 nanowire LB film obtained at different surface pressures: (b) 1 mN/m, (c) 5
mN/m, (d) 25 mN/m, (e) 29 mN/m.
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Figure 3.8. (a) Photograph of the Langmuir–Blodgett trough with the silicon substrate oriented
vertical to the barriers. (b) SEM image of the transferred W18O49 nanowire thin film on the
substrate. (c, d) AFM images at different magnifications of the tungsten oxide nanowire thin film
(phase image). (e) Illustration of the ideal arrangement of the nanowires on the substrate.

Figure 3.9. (a) Photograph of Langmuir-Blodgett deposition (substrate parallel to the barriers).
(b) SEM images of the transferred W18O49 nanowire thin film. (c, d) AFM image of the nanowire
thin film (phase image). (e) Illustration of the ideal arrangement of the nanowires on the
substrate.
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Figure 3.10. Temperature dependent XRD measurements of W18O49 nanowires.
parallel to the barriers (Figure 3.9a), also yields homogeneous and well aligned nanowire films
(Figure 3.9b–d), but with a different orientation (Figure 3.9e). These experiments show that the
aligned tungsten oxide nanowire thin films can be transferred to solid substrates and their
orientation on the substrate can easily be controlled.
The oleylamine capping on the surface of the nanowires is critical for the successful LB
assembly, but at the same time it might have a detrimental effect on the application of these
nanowires in electronic devices. Therefore, we developed a heat-treatment procedure that
removed the oleylamine from the surface of the nanowires, but preserved the morphology of the
assembled structures. Study of the dependence of the crystal structure of the nanowires on the
annealing temperature (Figure 3.10) showed that 400 °C is the threshold temperature for the
transformation of W18O49 to WO3. Thus, 350 °C was selected as the calcination temperature, and
indeed the compact, uniform, and well-aligned nanowire thin films are fully preserved after such
heat treatment (Figure 3.11). According to IR spectroscopy data, the oleylamine was successfully
removed from the surface of the nanowires (Figure 3.12). To test the compatibility of our method
with the use of the aligned nanowire films in electronic devices, we investigated the influence of
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Figure 3.11. (a-b) SEM and (c-d) AFM images (phase image) of a monolayer W18O49 nanowire
thin film annealed at 350 °C in air for 2 h.

Figure 3.12. Infrared spectra of the tungsten oxide nanowires before and after annealing at
350 °C in air for 2 h.
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Figure 3.13. SEM images of a monolayer W18O49 nanowire thin film on top of a substrate
patterned with electrodes (annealed at 350 °C in air for 2 h): (a) overview image of the
monolayer nanowire thin film (dark area) interconnecting two electrodes (bright area); (b)
magnified SEM image of a region marked with rectangle 1 at the edge of the Pt electrode; (c)
SEM image of the monolayer nanowire thin film with low magnification in the region marked
with rectangle 2; (d, e) SEM images of the monolayer W18O49 nanowire thin film with high
magnification taken from rectangle 3.
patterned substrates on the morphology of the assemblies. The nanowires were assembled at the
water–air interface by LB technique as described above, but then transferred to a silicon
substrate equipped with 30 nm thick Pt interdigitated electrodes and annealed in air (see
Experimental Section). The area with the Pt electrodes, extending over 7 mm×4 mm, can be
completely covered by a monolayer of aligned nanowires as shown in Figure 3.13. By repeating
the LB deposition process, high quality multilayer thin films were produced as shown in Figure
3.14 and Figure 3.15. The local height differences on the substrate clearly do not affect the
quality of the aligned nanowire thin film. The morphology of the layers on the patterned
substrates is similar to that on the flat substrates. We anticipate that this is due to the
aforementioned high bendability of the ultrathin nanowires and the high structural flexibility of
the nanowire assemblies. They are stabilized by van der Waals interactions between the long
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Figure 3.14. SEM images of W18O49 nanowire thin films with two layers on top of the substrate
patterned with electrodes: from the cracks, the first layer as well as the second layer of the thin
film is visible.

Figure 3.15. (a) Digital photograph of the device coated with a film of 10 layers of aligned
W18O49 nanowires on top of the interdigitated Pt electrodes. (b) SEM image of the region
highlighted with a rectangle in (a). The bright areas are the Pt interdigitated electrodes, dark
areas the aligned nanowire thin film. (c) SEM image of a region at the edge of one Pt electrode.
(d) SEM image of the nanowire thin film between the electrodes; (e, f, g) SEM images of the
nanowire thin film at higher magnifications (because the oleylamine was removed by calcination,
it is possible to resolve the nanowires by SEM).
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Figure 3.16. Resistance change of aligned W18O49 nanowires (3 layers) with respect to different
concentrations of H2 (synthetic air with 50% relative humidity as carrier gas).
alkyl chains of the oleylamine molecules adsorbed at the surface, which become increasingly
interdigitated, and thus more attractive, with increasing compression.
Based on all these findings, our fabrication procedure seems to be suitable for the incorporation
of the aligned nanowire layers into electronic devices. As a proof-of-concept, we utilized the
assembled nanowire thin films in chemoresistive gas sensors. Tungsten oxide is known to
respond to reducing gases, such as H2, H2S, or to oxidation gases, such as NOx, at elevated
temperatures ranging from 150 to 400 °C.12 Examples reporting the application of tungsten oxide
as a H2 sensor operating at temperatures below 60 °C are rare and limited to sensing of relatively
high concentrations of over 500 ppm.13 Because the performance of nanowire-based devices,
fabricated by the LB technique, is often dependent on the number of layers,8,11b, 14 we measured
the resistance changes of sensor films composed of one, three, and ten layers of aligned W18O49
nanowires upon exposure to different concentrations of H2 at room temperature. We found that a
three-layers-thick film was the minimum to detect H2 (Figure 3.16). However, the highest sensor
signal and the best baseline stability were measured with the sensors composed of ten layers as
shown in Figure 3.17. Additionally, the positive cross-sensitivity to humidity below 75% relative
humidity (RH) is observed (Figure 3.18). At 50% RH, the 10-layers sensor exhibits the optimum
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performance in terms of sensing signal, response, and recovery time, with a linear response and
sensitivity of 0.145 ppm-1 (Figure 3.17b) in the range 2–100 ppm H2. The sensor also exhibits
good repeatability as shown in Figure 3.17. This high sensor performance reflects the unique
properties of our aligned W18O49 nanowire layers. We assume that the performance of the
assemblies of ultrathin W18O49 nanowires as a sensitive layer results from: a) a high conductivity
along the aligned nanowires necessary for efficient operation of the sensors, b) a high surface
area necessary for the reliable detection of low H2 concentrations, and c) a high concentration of
oxygen vacancies that provide adsorption sites for H2 in the lattice of the ultrathin
nonstoichiometric tungsten oxide nanowires.
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Figure 3.17. (a) Resistance change, (b) response signal and (c) repeatable sensing measurement
of aligned W18O49 nanowire thin films (10 layers) with respect to various concentrations of H2 at
room temperature in synthetic air with 50% relative humidity as carrier gas.
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Figure 3.18. Resistance change of aligned W18O49 nanowires (10 layers) to 40 ppm H2 in
synthetic air with different humidity.
3.3 Conclusions
In conclusion, we successfully synthesized single-crystalline ultrathin W18O49 nanowires with
high aspect ratio by an aliphatic amine assisted benzyl alcohol route. The nanowires can be
processed into stable, colorless, and transparent dispersions in nonpolar solvents, such as
chloroform or chlorobenzene. The high colloidal stability of the nanowires makes it possible to
assemble them by the Langmuir–Blodgett technique into homogeneous, compact films oriented
over a large area and with varying thickness. Despite the patterned surface of the sensor substrate,
the aligned nanowire thin films can be successfully transferred onto it. The sensor, composed of
10 layers of aligned nanowires, shows excellent room-temperature sensitivity to H2 in humid air.
The strategy developed herein is one of the few examples in which nanoscale building blocks are
successfully integrated into a macroscopic device.6d, 8,11b It shows how important the arrangement
of metal oxide nanoparticles over all length scales is.15
3.4 Experimental Section
Chemicals
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All of the following chemicals were used without further purifications: anhydrous benzyl
alcohol (anhydrous 99.8%, Aldrich), oleylamine (70%, Aldrich), dodecylamine (Alfa Aesar
98%), octylamine (Alfa Aesar, 99%), WCl6 (99.9%, Aldrich), chloroform (99.8%, Aldrich),
hexane (96%, Scharlau), toluene (Fluka, 99.7%), and chlorobenzene (Fluka 99.5%).
Synthesis
In a typical synthesis, 200 mg (about 0.5 mmol) WCl6 was added to 15 mL benzyl alcohol under
magnetic stirring. After the solution became blue, 1 mL oleylamine (other long chain aliphatic
amines such as octylamine (0.5 mL, 3 mmol) or dodecylamine (0.5560 g, 3 mmol) are also
possible) was added. After stirring for another 30 min, the solution was transferred to a 45 mL
Teflon container (to avoid possible contamination from the Teflon wall, a glass tube was put into
the Teflon container) which was then sealed in a stainless-steel autoclave (Parr Acid Digestion
Bombs).The autoclave was heated in a furnace at 180 °C for 24 h. When the oven was cooled
down to room temperature, the blue precipitation was collected by centrifugation. The sample
was washed with acetone (two times), chloroform (two times), and ethanol (two times).
Dispersion
To obtain well dispersed nanowires, the following post-treatment procedures were performed: 16
ml chloroform and 4 mL oleylamine were added to the freshly wet sample or to the dry sample
(the amount corresponds to the yield of one synthesis). Then, the dispersion was ultrasonically
treated until it became transparent (usually it takes about 2 h). The nanowires can be precipitated
by adding some ethanol into the dispersion. To remove excess oleylamine, the precipitation was
6 times washed with chloroform and with ethanol as precipitating agent. Finally, this postfunctionalized nanowires can be redispersed in common nonpolar solvents such as chloroform,
chlorobenzene, hexane, and toluene. The colloidal nanowire solutions in chloroform and
chorobenzene were highly stable. No precipitation or flocculation was found after several
months. In hexane and toluene, the colloidal solution can only be stable for several hours, i.e.,
flocculation appears after several hours. The dispersion in chloroform was used for the
preparation of the TEM samples and also for the assembly experiments.
Assembly of W18O49 nanowires at the water-air interface
The stock dispersion of W18O49 nanowires with a concentration of about 1 mg/mL was prepared
through the procedures described above. The Langmuir Blodgett trough (KSV 2000 system 2,
NIMA, Finland) was filled with Millipore Milli-Q water (resistivity 18.2 MΩ cm). The W18O49
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nanowire dispersion (250 µL) was spread drop-wise at the water-air interface by a 50 µL syringe
(5 times). After 30 min, when the chloroform had evaporated, the nanowire layer was
compressed by barriers with a speed of 3 mm/min. During the compression, the surface pressure
was detected by Wilhelmy plate. The nanowire monolayer can be transferred to normal
substrates such as glass and silicon by dip coating with a speed of 1 mm/min. In order to
characterize the thin film with TEM, it was transferred to a TEM grid. The grids were directly
deposited on the monolayer thin film floating on the water subphase. Then, a paper was placed
on the grids. The paper was removed with the attached grids. The LB nanowire thin film was
transferred to the TEM grids at different surface pressures. At each pressure, before transferring,
the barriers were hold for 30 min to give the nanowires time to align. Before and after each
assembly experiment, the Langmuir Blodgett trough was cleaned with absolute ethanol and
chloroform, finally rinsed with Millipore Milli-Q water. The barriers were cleaned with ethanol,
rinsed with Millipore Milli-Q water before they were ready for use.
Transferring the aligned W18O49 nanowire thin films to a solid substrate (LangmuirBlodgett deposition)
The flat silicon substrate (silicon wafer with thermally grown 400 nm SiO2) was vertically
mounted to the dipper, dipped into the water subphase, and, after compression, (when the surface
pressure reached 25 Nm/m), the barriers were kept at this pressure for 30 min, and then the
substrate was pulled up with a speed of 1 mm/min. The whole process was controlled by a
computer.
Characterizations
X-ray powder diffraction (XRD) patterns were taken on a X’Pert Pro (PANalytical B.V.,
Netherlands) powder diffractometer operating in reflection mode equipped with Cu Kα radiation
(45 kV, 40 mA). Transmission Electron Microscopy (TEM) images were recorded on CM12
(100 kV). High resolution transmission electron microscopy (HRTEM) analysis was performed
at a field-emission electron-source transmission electron microscope (JEOL 2010F) operating at
200 kV. Scanning Electron Microscopy (SEM) images were obtained on a LEO1530 (Carl Zeiss
AG, Germany). Attenuated total reflectance-infrared (ATR-IR) spectra were measured on a
Bruker Alpha FT-IR Spectrometer with a diamond ATR optics. The tapping mode atomic force
microscopy (AFM) images were taken using a multimode microscope with a NanoScope IIIa
Controller (Nanoscope IIIa, Veeco, USA).
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Device fabrication
The electrodes were fabricated on a silicon wafer (silicon wafer with thermally grown 400 nm
SiO2 on top). The metal layer including adhesive (Cr) and functional layer (Pt) was patterned on
the wafer by the following three steps: photolithography, sputtering, lift-off. Afterwards, the
wafer was cut into rectangular pieces (4 mm22 mm) to separate each electrode by dicing tool.
Then, the aligned W18O49 nanowires were transferred to the rectangular substrate by LangmuirBlodgett deposition. In order to obtain multilayers, the whole deposition process was repeated.
After each dipping, the thin films were annealed in a furnace at 150 °C for 10 min to dry them
and to improve the adhesion between the thin film and the substrate. After the deposition, the
substrate with the aligned nanowire thin film was annealed in air at 350 °C for 2 h to remove the
oleylamine and to improve the contact between the nanowires and the electrodes. Scheme S1
shows an illustration of the rectangular silicon substrate patterned with interdigitated Pt
electrodes (Scheme 3.1a) and also the final gas sensor (Scheme 3.1b).

a
Pt

b
1) LangmuirBlodgett
deposition

Nanowires

2) Annealed in air
at 350 °C

Scheme 3.1 Illustration of (a) the substrate patterned with interdigitated Pt electrodes and (b) the
final gas sensor.
Gas sensing measurement
The gas sensing measurements were performed with sensors placed in a Teflon chamber, which
was connected to a gas mixing system. The desired concentration of H2 was achieved by diluting
H2 in synthetic air. Before exposing to H2, a flow of dry (or humid) synthetic air was passed
through the Teflon chamber for several hours until a stable resistance baseline was established.
Then, the sensors were exposed to the H2 flow with different concentrations in dry or humid air.
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The sensor resistance was recorded with a Keithley Model EMM 617 system. The sensing signal
is defined as resistance ratio of Rair/ RH2. Rair and RH2 indicate the resistance of the sensor in the
absence or presence of H2 in synthetic air, respectively.
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The contents shown in this chapter are published in Langmuir and reprinted by permission of
American Chemical Society: W. Cheng, M. Niederberger, Evaporation-induced self-assembly of
ultrathin tungsten oxide nanowires over a large scale for ultraviolet photodetector. Langmuir
2016, DOI: 10.1021/acs.langmuir.5b04.
Abstract
Self-assembly of inorganic nanowires on a large scale directly on a substrate represents a great
challenge. Starting from colloidally stable dispersions of ultrathin tungsten oxide nanowires, we
successfully assemble the nanowires on a centimeter-scale on flat or patterned substrates by a
simple evaporation-induced self-assembly method. The capillary flow generated during the
evaporation is responsible for the assembly of the nanowires. The concentration of the nanowire
dispersion has a significant influence on the self-assembly behavior. Well-aligned tungsten oxide
nanowire thin films are achieved when the concentration of the dispersion is in the range from
0.5-3.0 mg/mL. While at higher concentrations disordered nanowire thin films with cracks are
formed. Lower concentrations do not result in the formation of a continuous thin film. A
macroscopic device based on the self-assembled tungsten oxide nanowires is fabricated,
exhibiting good performance for UV light detection. Our results may pave the road for
integrating aligned ultrathin semiconductor nanowires into macroscopic devices for
optoelectronic applications.
4.1 Introduction
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Inorganic nanowires have been intensively investigated for almost two decades due to their
unique physical and chemical properties, which made them widely used in various devices.1-3 In
general, there are two types of nanowire devices, namely single-nanowire-based devices4-7 and
nanowire-thin-film-based devices.8-11 The single-nanowire devices possess the advantages of
enabling miniaturization of the devices, superior performance, or low power consumption.
However, they usually suffer from low reproducibility, low mechanical stability, and difficulty
of fabrication. In contrast, nanowire-thin-film–based devices are macroscopic, which makes
them easy to fabricate with very good reproducibility, and thus preferential for practical
applications. Unfortunately, nanowire thin films prepared by traditional methods like dip coating,
drop casting, or spin coating result in randomly oriented nanowires on the substrate, which
prevents the use of the highly anisotropic properties of the nanowires in the device. As a matter
of fact, Duan et al. reported that the alignment of semiconductor nanowires in thin films led to
significant improvements in the device performance.12 Consequently, tremendous attention has
been directed toward the assembly of nanowires into highly ordered thin films for a broad range
of applications such as in transistors, sensors, and photodetectors.13-15 To date, a variety of
methods have been developed for the alignment of nanowires on a large scale, including
microfluidic approaches, Langmuir-Blodgett (LB) technique, and magnetic or electrical fieldassisted assembly.16-17 However, all of these assembly techniques are complicated and require
special equipment or specialized operation skills. Accordingly, the development of easy, lowcost, and effective methods for the assembly of nanowires on a macroscopic scale is still of great
scientific and technological significance.
Self-assembly driven by solvent evaporation represents a facile and efficient strategy for
arranging nanoparticles into ordered micro- or macroscopic structures.18 It has been successfully
utilized for the assembly of monodisperse spherical nanocrystals into superlattices,19-20 nanorods
into ordered patterns,21-25 and carbon nanotubes into oriented hierarchical structures.26 Combined
with dip-coating, self-assembly techniques have been used for patterning periodic nanowire
arrays on solid substrates.27 However, to the best of our knowledge, there have not been any
successful attempts on organizing flexible nanowires with high aspect ratios into continuous
uniform thin films, with good alignment over a large scale directly on a solid substrate by a
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simple self-assembly method. The reason might be found in the very limited access to colloidally
highly stable nanowire dispersions.
Tungsten oxide, as a semiconducting material, has wide applications as a gas sensor, in
photocatalysis, in electrochromic devices, and as a photodetector.28 Several methods have been
proposed for the synthesis of ultrathin (<10 nm) tungsten oxide nanowires with high aspect
ratios.29-32 The rich properties as well as the easy access of tungsten oxide nanowires make them
perfect candidates for studying the alignment of nanowires over large areas for optoelectronic
device applications. Previous works demonstrated the assembly of ultrathin tungsten oxide
nanowires into ordered thin films by LB technique for sensing and electrochromic
applications.32-33 However, there is no study of alignment of tungsten oxide nanowires over a
large area for application in photodetectors, although single tungsten oxide nanowire-based
photodetectors have been reported.34-35
In this work, we present the arrangement of ultrathin tungsten oxide nanowires in an oriented
fashion over a large area by a simple evaporation-induced self-assembly process and their
application in UV photodetection. The assembly process was realized by immersing the substrate
into a dispersion of the nanowires in chloroform, followed by solvent evaporation under ambient
conditions. This facile approach gives access to uniform and highly oriented nanowire thin films
on flat substrates as well as on prepatterned substrates. As a proof-of-concept for a working
device, the self-assembled tungsten oxide nanowires deposited on a substrate with interdigitated
electrodes were tested as a potential UV photodetector, showing good sensitivity to UV light.
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4.2 Results and Discussion
The high-quality single crystalline ultrathin W18O49 nanowires were synthesized by a previously
reported aliphatic amine-assisted benzyl alcohol route (for details see Experimental Section).32
The as-obtained nanowires suffer from severe aggregation. After a post-synthesis step

Figure 4.1. (a) Digital photograph of a chloroform dispersion of ultrathin tungsten oxide
nanowires. (b) TEM and (c-d) HRTEM images of the tungsten oxide nanowires.
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Figure 4.2. ATR-IR spectra of (a) pure oleylamine and (b) post-functionalized tungsten oxide
nanowires.
involving long-time sonication of the aggregated nanowires in chloroform and oleylamine, the
nanowires can be well dispersed in chloroform, forming a transparent dispersion (Figure 4.1a)
stable for several months. An overview TEM image (Figure 4.1b) shows the hairy tungsten oxide
nanowires with extremely thin diameters. The nanowires are single crystalline, growing along
the [010] direction, with lattice spacing of 0.36 nm, diameters in the range of 1 to 2 nm, and
aspect ratios larger than 100 (4.1b-d). The high colloidal stability of the nanowires in nonpolar
solvents like chloroform is due to the fact that the oleylamine molecules are tightly attached to
the surface of the nanowires, as confirmed by infrared spectroscopy (Figure 4.2). In fact, the
colloidal stability is the major limiting factor for the preparation of crack-free oriented nanowire
thin films by the evaporation method. Most of the literature reports, especially those dealing with
nanowires of large diameters or high aspect-ratios, are very difficult to be dispersed in volatile
solvents with high enough concentration and stable enough to avoid agglomeration during the
assembly process. In our case, the high colloidal stability of the tungsten oxide nanowires in
chloroform offers a unique opportunity to study the self-assembly of nanowires into uniform
ordered thin films by a simple evaporation approach.
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Scheme 4.1. (a) Schematic illustration of self-assembly of nanowires upon drying a droplet of
nanowire dispersion on a solid substrate. (b) Schematic illustration of the procedure for the
preparation of aligned nanowire thin film on a solid substrate by evaporation-induced selfassembly.
We began our study with the observation of the self-assembly behavior of the tungsten oxide
nanowires upon drying a droplet of a dispersion in chloroform on a glass substrate. As illustrated
in Scheme 1a, during evaporation the liquid moves to the edge of the droplet to compensate the
solvent loss caused by evaporation. Therefore, a liquid flow toward the solvent-substrate-air
contact line is generated, which has been confirmed by many previous studies.27,

36-38

The

capillary flow transports the nanowires to the evaporation front and aligns them along the
direction of the flow (Scheme 4.1a). Ideally, after complete evaporation of the solvent the
nanowires are expected to align along the radial direction of a circle. When we place a droplet of
the nanowire dispersion on a glass substrate, the droplet beads up due to the hydrophilicity of the
substrate (Figure 4.3a and b). A well-defined circular solid-liquid-air contact line formed, which
is crucial for the assembly, because pinning of the contact line is the prerequisite to induce the
outward capillary flow.36-38 If the solvent spreads well on the substrate, no assembly behavior
will happen, as demonstrated in the literature.27 During evaporation many concentric rings
appear (Figure 4.3b), which is due to the pinning and receding of the contact line. After complete
solvent evaporation a circular nanowire thin film remained on the substrate. We characterized the
film with polarizing optical microscopy (POM). As shown in Figure 4.3c and d, a bright image
appears under the cross-polarizers, while most of the image becomes dark after rotating the
sample by 45°. This birefringence over most of the image suggests that the nanowires are
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Figure 4.3. (a) Digital photograph and (b) optical microscopy image of a nanowire dispersion
droplet (2 mg/mL) on a glass substrate. (c) Polarized optical microscopy (POM) image of the
nanowire thin film left on the substrate upon drying. (d) POM image obtained by 45° rotation of
the sample. (e-f) SEM images of the nanowire thin film.
ordered over a large area. The alignment of the nanowires can be further confirmed by scanning
electron microscopy (SEM) characterization (Figure 4.3e and f). To resolve the features of the
nanowires in the thin film with SEM, it is essential to anneal the sample at 350 °C in air (above
this temperature, a phase change of the W18O49 nanowires happens32) to remove the oleylamine
coating. In the following discussion, unless otherwise specified, all samples were annealed
before SEM characterizations. While the evaporation of droplets indicated that in principle it was
possible to use this approach for the assembly of structurally flexible ultrathin nanowires, the
alignment is only along the radial direction of a circle, not along one specific direction,
preventing the integration of these films into devices.
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Figure 4.4. Photograph of the NIMA dip-coater with the substrate (Si/SiO2) immersed vertically
and stationary in the nanowire dispersion.
To ensure that the nanowires align in one specific direction, it is essential to form a straight
contact line between the substrate and the dispersion. Our strategy was to use a dip coater to
vertically immerse the substrate into the nanowire dispersion and hold the substrate stationary
until the solvent was evaporated, as illustrated in Scheme 4.1b (for the real setup see Figure 4.4).
By vertically immersing the substrate into the nanowire dispersion, a straight horizontal contact
line forms. Upon evaporation of the solvent, the contact line moves downward and the nanowires
aligned along the direction perpendicular to the contact line are deposited onto the substrate
(Scheme 1b), forming a dense uniform thin film.
First, we performed the self-assembly experiment by using a glass substrate and then
characterized the obtained nanowire thin film with POM and SEM. As shown in Figure 4.5a,
under crossing polarizers we clearly see a highly uniform and bright image, which changes
completely to uniform darkness (Figure 4.5b) by rotating the sample by 45°. Such strong
birefringence over the whole image proves the long-range orientational ordering of the
nanowires on a macroscopic (i.e., centimeter) scale. The alignment on such a large scale has
never been achieved before for any kinds of nanowires or nanorods by evaporation-induced selfassembly. We ascribe the successful alignment to the perfect colloidal stability of the nanowires
in the dispersion as well as to the well-defined straight contact line formed during the
evaporation experiment. The SEM images (Figure 4.5c-e) at low magnifications confirm the
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Figure 4.5. (a) POM image of the self-assembled nanowire thin film on a glass substrate. (b)
POM image obtained by 45° rotation of the sample. (c-h) SEM images of the nanowire thin films
at different magnifications.
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Figure 4.6. (a) Digital photograph of the self-assembled nanowire thin film on a Si/SiO2
substrate. (b-f) SEM images of the film shown in panel a at different magnifications. The
concentration of the nanowire dispersion in chloroform was 2 mg/mL.
uniformity of the nanowire thin film. At this low magnification, it is hard to see the small
features of the nanowires within the thin film. While at higher magnifications (Figure 4.5f-h), we
can clearly observe that the nanowires are oriented parallel to each other, all in the same
direction. In comparison with the evaporation-induced self-assembly starting from droplets, these
results prove that vertical immersion and evaporation enables the controlled alignment of
ultrathin flexible tungsten oxide nanowires on a scale in centimeters range onto a solid substrate
such that the films can directly be integrated into devices.
Si/SiO2 substrates are commonly used for the fabrication of electronic devices. Therefore, we
tested the evaporation-induced self-assembly method for preparing ordered nanowire thin films
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Figure 4.7. SEM images of the self-assembled nanowires on a Si/SiO2 substrate at different
magnifications. The concentration of the nanowire dispersion was 0.5 mg/mL.
on Si/SiO2 substrates. Figure 4.6a shows that after the evaporation experiment the area immersed
into the dispersion is fully covered by the nanowire thin film. SEM analysis (Figure 4.6b and c)
suggests that the film is homogeneous and dense. The nanowires show orientational ordering
over a long-range but no translational ordering (Figure 4.6d-f). It seems that the quality of the
alignment is comparable to that obtained with glass substrates. The particle concentration in the
dispersion is normally a critical factor affecting the assembly result.23-25 Therefore we studied the
effect of different nanowire concentrations in the range from 0.5 to 5 mg/mL on Si/SiO2
substrate. The SEM images in Figure 4.7, 4.8, and 4.9 show that the morphologies of the films
are nearly the same, when the concentration of the nanowire dispersion is 0.5, 1, and 3 mg/ml.
The nanowires are well aligned on the substrates, and the films are homogeneous and dense.
However, by raising the concentration to 5 mg/mL, cracks appear in the thin film (Figure 4.10a).
The degree of alignment is also lower in comparison with the nanowire thin films prepared with
lower concentrations (Figure 4.10b-f). Although some ordering of the nanowires is visible,
most of them are just randomly oriented (Figure 4.10e-f). The increased viscosity of the
dispersion at high concentrations presumably leads to slower evaporation speed and thus to
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weaker capillary flow not strong enough to align all nanowires into the same direction. It is
necessary to point out that the concentration of the nanowire dispersion increases during the
evaporation of the solvent. Hence, the nanowire thin film at the bottom part of the substrate is
expected to be thicker than in the upper part of the substrate. However, all the films prepared
from dispersions with concentrations  3 mg/mL exhibit similar quality, pointing to a negligible
effect of the concentration changes during the evaporation process. Compared with the tungsten
oxide nanowire thin films produced by LB techniques,32-33 the self-assembled nanowire thin
films here show the same alignment quality, but the process is much simpler. In addition, their
thicknesses are much larger than the thin films prepared by LB techniques, leading to a much
lower electrical resistance in the device.
There are generally two types of configurations for nanowire-based devices. The first one
involves the deposition of the nanowires on the substrate, followed by patterning the metal

Figure 4.8. SEM images of the self-assembled nanowires on a Si/SiO2 substrate at different
magnifications. The concentration of the nanowire dispersion was 1 mg/mL.
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Figure 4.9. SEM images of the self-assembled nanowires on a Si/SiO2 substrate at different
magnifications. The concentration of the nanowire dispersion was 3 mg/mL.
electrodes on top of the nanowires. In the other one, the electrodes are prepatterned on the
substrate with the nanowires deposited subsequently on top of the electrodes. In the first case, the
compatibility between the nanowires and the photolithography techniques used for the patterning
of the electrode is usually a serious issue. For the second configuration the issue is that the
patterned substrate is not flat anymore and the height differences could cause difficulties during
the transfer of the oriented nanowire thin films to the substrate or during direct assembly of the
nanowires on top of the patterned substrate. Here we demonstrate that the evaporation-induced
self-assembly process can easily be applied to deposit uniform and dense aligned nanowire thin
films on top of patterned substrate. As observed in Figure 4.11a, the nanowires are covering the
whole region with interdigitated electrodes. The neighboring electrodes with a distance of 300
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Figure 4.10. SEM images of the self-assembled nanowires on a Si/SiO2 substrate at different
magnifications. The concentration of the nanowire dispersion was 5 mg/mL.
µm well-connected by the nanowire thin film (Figure 4.11a and b). The film is dense, uniform
and without any cracking (Figure 4.11b, c, d, f and g). The nanowires at the edge of the electrode
and in-between the electrodes show a high degree of alignment as observed in Figure 4.11e and h.
Such a device was tested for application in UV light detection. On the basis of the UV-vis
reflectance spectrum of the tungsten oxide nanowire powders (Figure 4.12a), the bandgap of the
nanowires is determined to be 2.6 eV (Figure 4.12b). Hence, the photon energy of UV light with
wavelength of 254 (4.9 eV) or 365 nm (3.4 eV) is large enough to produce the electron-hole
pairs in the tungsten oxide nanowires. We measured the UV response of the device under
excitation of UV light with both wavelengths of 254 and 365 nm. As shown in Figure 4i, upon
UV light (λ=254 nm) illumination the resistance is reduced significantly from 122.5 to 1.2 MΩ
in about one minute, giving an on/off resistance ratio of 102.1. The resistance fall time (tf) and
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rise time (tr) are determined to be 1.3 and 166.4 min, respectively. In comparison, upon exposure
to the 365 nm UV light, the device also exhibits dramatic resistance drop when the light is turned
on and off (Figure 4.13), with an on/off resistance ratio of 17.6, tf and tr of 11.7 and 161.6 min,
respectively. Obviously, the device shows much better sensing performance to the 254 nm UV
light, perhaps due to the better light adsorption of the nanowires at wavelength of 254 nm, which
is in agreement with the observation made in single tungsten oxide nanowire-based UV
photodetector.35
Photoconduction in semiconducting metal oxides is typically governed by the oxygen-related
hole-trapping mechanism.34, 35, 39-41 Specifically, in our case, because of the nonstoichiometric
nature of W18O49 and the large surface-to-volume ratio of the ultrathin nanowires, there are
abundant oxygen deficiencies on the surface, which can serve as adsorption sites for oxygen
molecules from ambient air. The adsorbed oxygen molecules capture free electrons from the
conduction band of the nanowires, forming negatively charged ions O2- [O2(g) + e-

O2-(ad)],

thereby generating a low-conductivity depletion layer near the nanowire surface. Upon UV light
illumination, electron-hole pairs will be generated. The photogenerated holes will mitigate to the
depletion region due to the potential gradient arising from the band bending, and discharge the
adsorbed O2- [h+ + O2-(ad)

O2(g)]. As a result, the O2 is desorbed from the surface, meanwhile,

the unpaired photogenerated electrons contribute to the conductivity of the device, leading to
significant drop of the resistance. It is essential to mention that the resistance fall time is much
shorter than the rise time. This observation is a common effect for tungsten oxide as well as
some other metal oxide-based photodetectors, which indicates that traps and other defects are
involved in the photoresponse process, resulting in the very slow regeneration of the depletion
layer.34,

35, 40

Nevertheless, the reversibility and stability of our nanowire thin film based

photodetector are outstanding under ambient conditions. As displayed in Figure 4.11i and Figure
4.13, the resistance change is reversible under repeated on/off cycles of the UV light.
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Figure 4.11. (a) Digital photograph of a self-assembled nanowire thin film on top of patterned
interdigitated Cr/Au electrodes on a Si/SiO2 substrate. (b) SEM image of the region highlighted
with a rectangle in panel a. The bright areas represent the electrodes. (c-e) SEM images of the
region at the edge of one Cr/Au electrode at different magnifications. (f-h) SEM images of the
nanowire thin film between the electrodes at different magnifications. The concentration of the
nanowire dispersion in chloroform was 2 mg/mL. (i) Resistance change of a nanowire thin film
under on/off illumination with UV light (λ=254 nm).
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Figure 4.12. (a) Optical reflection spectrum of the tungsten oxide nanowire powders and (b) its
Tauc plot. The bandgap was determined on the basis of the Kubelka-Munk function F(R)=(1R)2/2R and the Tauc plot [F(R)hν]1/n versus hν (for indirect band gap materials such as tungsten
oxide, n=2). The extrapolation of the linear region of the Tauc plot leads to the axis interception
which gives the band gap of the materials. Accordingly, the band gap of the nanowires is
determined to be 2.6 eV.

Figure 4.13. Resistance change of the self-assembled nanowire thin film under on/off
illumination with UV light (λ=365 nm).
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4.3 Conclusions
Starting from colloidally stable ultrathin tungsten oxide nanowire dispersions in chloroform, we
demonstrate a simple evaporation-induced self-assembly method for depositing continuous and
uniform thin films comprised of well-aligned nanowires on a solid substrate over a macroscopic
scale. The alignment of the nanowires originates from the capillary flow caused by solvent
evaporation. This simple assembly technique can be successfully applied to flat glass substrates,
flat Si/SiO2 substrates, and even to patterned Si/SiO2 substrates. Based on this technique, wellaligned nanowire thin films were deposited onto interdigitated electrodes, forming a device
suitable for detecting UV light.
Our results here prove that evaporation-induced self-assembly represents an efficient approach
for the incorporation of well-aligned, ultrathin, and flexible nanowires into optoelectronic
devices, which may open up new opportunities for the utilization of such nanowires in highperformance optoelectronic devices.
4.4 Experimental Section
Chemicals
All the following chemicals were used without further purifications: benzyl alcohol (anhydrous
99.8%, Aldrich), oleylamine (70%, Aldrich), WCl6 (99.9%, Aldrich), and chloroform (99.8%,
Aldrich).
Synthesis and dispersion of ultrathin tungsten oxide nanowires
Ultrathin tungsten oxide nanowires were synthesized according to a literature procedure.32
Typically, 200 mg WCl6 was added to 15 mL benzyl alcohol under magnetic stirring. After the
solution became blue, 1 mL oleylamine was added. After stirring for another 30 min, the solution
was transferred to a 45 mL Teflon container with a glass tube inside, which was then sealed in a
stainless steel autoclave (Parr, acid digestion vessel 4744). The autoclave was heated in an oven
at 180 °C for 24 h. When the oven was cooled down to room temperature, the blue precipitate
was collected by centrifugation. The sample was washed with acetone, chloroform and ethanol
for several times.
To achieve well dispersed nanowires, the following post-synthesis procedures were performed:
16 mL chloroform and 4 mL oleylamine were added to the freshly synthesized wet sample or to
66

4 Evaporation-induced Self-assembly of Ultrathin Tungsten Oxide Nanowires over a Large Scale
for Ultraviolet Photodetector
the dry powder (the amount corresponds to the yield of one synthesis). Then, the suspension was
ultrasonically treated until it became transparent (usually it takes about 2 h). The nanowires can
be precipitated by adding some ethanol into the dispersion. To remove excess oleylamine, the
precipitation was 6 times washed with chloroform and with ethanol as precipitating agent.
Finally, these post-functionalized nanowires were re-dispersed in chloroform, forming colorless
transparent stable dispersions. These dispersions were used for the assembly experiments.
Self-assembly of ultrathin tungsten oxide nanowires on a solid substrate
The substrate (glass or Si/SiO2) was vertically immersed into the chloroform dispersion of the
nanowires and kept stationary by a NIMA dip-coater under ambient conditions (Figure 4.4). The
evaporation of chloroform led to the deposition of nanowires onto the substrate. When the level
of chloroform is below the bottom of the substrate, the substrate was withdrawn. The duration in
the range of hours for the evaporation is dependent on how much of the substrate needs to be
covered by the aligned nanowire thin film.
Fabrication of devices
The electrodes were fabricated on a Si/SiO2 wafer (silicon wafer with thermally grown 400 nm
SiO2 on top). The metal layer including adhesive (Cr) and functional layer (Au) was patterned on
the wafer by the following three steps: Photolithography, sputtering, and lift-off. Afterwards, the
wafer was cut into rectangular pieces (4×22 mm) to separate each electrode by dicing tool. The
obtained substrate was immersed into the nanowire dispersion by a NIMA dip-coater until the
whole region with the interdigitated electrodes was soaked. When the region with the electrodes
was completely covered by the nanowire thin film, the substrate was withdrawn. The thin film
was then annealed in a Nabertherm P 330 furnace in air at 350 °C for 2 hours with a ramping rate
of 3 °C/min to remove the oleylamine and to improve the contact between the nanowires and the
electrodes.
Characterization
Optical microscopy images were taken on a LEICA DM4000 M. Transmission electron
microscopy (TEM) images were recorded on a Philips CM12 (100 kV). High resolution
transmission electron microscopy (HRTEM) analysis was performed on a field-emission
electron-source transmission electron microscope (JEOL 2010F) operating at 200 kV. Scanning
electron microscopy (SEM) images were obtained on a LEO1530 (Carl Zeiss AG, Germany).
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Attenuated total reflectance-infrared spectra (ATR-IR) were achieved on a Bruker Alpha FT-IR
spectrometer with diamond ATR optics. UV-vis reflectance spectra were measured on a JASCO
V-660 spectrophotometer at room temperature.
Electrical measurement
The resistance of the photodetector was recorded with a Keithley Model EMM 617 system under
ambient conditions. A UV lamp (Fisher Bioblock Scientific) with excitation wavelength of 365
and 254 nm was used as UV light source.
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5 From 1D to 3D – Macroscopic Nanowire Aerogel
Monoliths

The results presented in this chapter are written into a paper “From 1D to 3D – macroscopic
nanowire aerogel monoliths” by W. Cheng, F. Rechberger, M. Niederberger. This paper is about
to be submitted.
Abstract
Here we present a strategy to assemble one-dimensional nanostructures into a three-dimensional
architecture with macroscopic size. With the assistance of centrifugation, we successfully gel
ultrathin W18O49 nanowires with diameters of 1 to 2 nm, aspect ratios larger than 100 into 3D
networks, which are transformed into monolithic aerogels by supercritical drying. The tungsten
oxide nanowire aerogels show high surface areas of up to 157 m2/g. In comparison to the
nanowire powders with surface areas of 0.73 m2/g, this value is very high and underlines that the
proposed procedure is a powerful tool to fabricate macroscopic materials without losing the
nanoscopic morphological characteristics of the highly anisotropic building blocks.
5.1 Introduction
Inorganic nanowires have been intensively studied for their applications in the fields of
electronics, optoelectronics, sensing, catalysis, and energy storage and conversion, owing to their
distinctive physical and chemical properties arising from their anisotropic nature as well as their
small size.1-4 In the early stage of the research on nanowires, the attention was mainly focused on
the synthesis and characterization.1 Later on, with the desire to integrate the nanowires into
macroscopic devices, much attention was directed toward the question how to assemble the
nanowires into macroscopic 2D or 3D architectures.5-6 Aerogels represent one of the most
important types of nanostructured 3D architectures with large surface areas, low densities, and
high porosity, all of which are beneficial for many kinds of applications.7-8 The preparation of an
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aerogel made up of nanowires would combine the benefits of both worlds: The unique structural
features of aerogels with the highly anisotropic properties of nanowires. As a matter of fact,
assembly of metal oxide nanoparticles over several length scales is an important aspect on the
way to prepare macroscopic materials with nanoscale characteristics.9
Up to now, there are only few reports about the successful assembly of preformed nanowires
into aerogels. For example, Sung et al. reported that nanowires can cross-link with each other,
forming 3D networks, when the colloidal nanowire suspension reaches a certain concentration
during the slow evaporation of the solvent.10 The main limitation of this method is the
preparation of homogenous and colloidally stable nanowire dispersions, and the strong
ultrasonication used during the dispersion step breaks the nanowires, limiting the porosity of the
final nanowire aerogel. It has been reported that nanowire hydrogels can form in-situ during the
synthesis, if specific synthesis conditions are met.11-14 The hydrogels can then be transformed to
aerogels by supercritical or freeze drying.11-14 Recently, we reported an example of a threecomponents-aerogel, where it was possible to incorporate a small fraction of tungsten oxide
nanowires into a titania framework with gold nanoparticles.15 However, it was not yet possible to
use a similar approach to prepare aerogels exclusively consisting of tungsten oxide nanowires.
We chose ultrathin tungsten oxide nanowires as primary nanobuilding blocks, because tungsten
oxide has been widely used in gas sensors, photodetectors, electrochromic devices, and in
photocatalysis.16 In addition, recent advances in the synthesis have made it possible to produce
ultrathin (<10 nm) tungsten oxide nanowires with high aspect ratios.17-20 It was shown that
ultrathin tungsten oxide nanowires could be assembled into 2D thin films with tunable thickness
over a very large area, exhibiting outstanding performance in gas sensing and electrochromic
devices.20-21 However, the assembly of these 1D nanostructures into 3D remains an open task.
Herein we report the assembly of ultrathin tungsten oxide nanowires into macroscopic 3D
networks, which can be readily transformed into aerogels by supercritical drying. The 3D
assembly was realized by a simple centrifugation-induced gelation approach. The resulting
tungsten oxide nanowire aerogel shows a high surface area of 157 m2/g and low density of 0.22
g/cm3. In strong contrast, the xerogel obtained by drying the nanowires in an oven shows an
extremely low surface area of just 0.60 m2/g (the nanowire powder obtained by grinding the
xerogel shows a surface area of 0.73 m2/g) without any porosity at all. The immense difference
in surface area underlines the importance of a 3D assembly under retention of the nanoscale
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structural features to take full advantage of the unique morphology and properties provided by
the ultrathin nanowire building blocks.
5.2 Results and Discussion
The ultrathin tungsten oxide nanowires were prepared by slight modification of a previously
reported method (for details, see experimental section).20 TEM analysis shows that the assynthesized sample is consisted exclusively of uniform hire-like nanowires with ultrathin
diameters in the range from 1 to 2 nm, and aspect ratios larger than 100 (Figure 5.1).
Interestingly, we can frequently find concentric loops composed of a bunch of nanowires lying
on the TEM grid (Figure 5.1b-f). The XRD pattern of the nanowire powders (Figure 5.2)
matches best with monoclinic W18O49 (JCPDS 05-0392). In this pattern, the only two pronounced
reflection locating at 23.5° and 47.5° are corresponded to (010) and (020) facets of monoclinic
W18O49 respectively, suggesting the preferential growth of the nanowire along [010]. The assynthesized nanowires cannot be stably dispersed in ethanol. Normally, flocculation quickly
occurred, after we stopped mechanically agitating the mixture of the nanowires and ethanol.
Independent of the dispersity of the tungsten oxide nanowires in ethanol (Figure 5.3a), after
centrifugation of the nanowire suspension, gel-like blue precipitate would always accumulate at
the bottom of the centrifuge tube (Figure 5.3b). This gel-like sample is very stable. Even if we
turn the centrifuge tube upside down, the sample is still attached to the bottom and no fluidity of
the sample is observed (Figure 5.3c). Surprisingly, upon addition of chloroform, the wet gel can
easily get detached from the centrifuge tube, floating on the chloroform (Figure 5.3d), which
allows us easily to collect the entire wet gel. Here, the gelation induced by centrifugation could
be due to following reasons: The entanglement of flexible tungsten oxide nanowires facilitates
the trapping of solvent during centrifugation. The centrifugal force brings together all of the
nanowires and enables efficient connection of the nanowires through the van der Waals
interaction between the long chain alkyl group of oleylamine molecules capping on the
nanowires, leading to the formation of final 3D networks with trapped solvent, namely wet gel.
In principle, our centrifugation-induced gelation method should be suitable for gelling those
nanowires which can easily trap solvent when they are interwined with each other. In addition,
different from most of the previously reported gelation of preformed nanoparticles always
starting from the colloidally stable nanoparticle suspensions which commonly involve
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Figure 5.1. TEM images at different magnifications of the as-synthesized ultrathin tungsten
oxide nanowires.

Figure 5.2. XRD patterns of (a) W18O49 nanowire powders and (b) W18O49 nanowire aerogels.
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Figure 5.3. Illustration of steps for producing W18O49 nanowire wet gel. (a) suspension of
W18O49 nanowires in ethanol; (b-c) gel-like precipitate achieved after centrifugation; (d) integral
wet gel floating on the solvent after addition of chloroform.

Figure 5.4. Digital photograph of the representative W18O49 nanowire aerogel (left) and xerogel
(right).
complicated, time-consuming post-surface functionalization processes,10, 22-24 our centrifugationinduced gelation method do not have any specific requirement for the colloidal stability of the
nanobuilding blocks, which makes the gelation process here very convenient, efficient, low-cost,
and scalable. After supercritically drying of the wet gel with CO2, we obtain a centimeter-scale
aerogel monolith with perfect integrity without obvious volume loss (Figure 5.4, left). However,
directly drying the wet gel in an oven results in a xerogel with significant volume contraction
(Figure 5.4, right). XRD analysis (Figure 1a and b) shows that the crystallinity of the nanowire
aerogel is almost as the same as that of the nanowire powders obtained by grinding the xerogel.
We studied the microstructures of the nanowire aerogel and xerogel by scanning electron
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Figure 5.5. (a-f) SEM and (g-n) TEM images of the representative W18O49 nanowire aerogel.
microscopy (SEM) and transmission electron microscopy (TEM). In an overview SEM image
(Figure 5.5a), fluffy continuous networks with the presence of some large open pores are
observed. At this low magnification, it is not so easy to see the one-dimensional nature of the
primary nanobuilding blocks. With higher magnified SEM images, nanofiber-like building
blocks are clearly visible (Figure 5.5b-f). The nanofibers have an average width of about 5 to 20
nm, length more than 100 nm. These nanofibers are highly flexible, entangled with each other,
forming highly porous networks (Figure 5.5b-n). Interestingly, the loops observed in the freshly
synthesized sample remain in the aerogel, which can be clearly seen in the TEM images (Figure
5.5g-n). These loops may play an important role during the gelation step. For example, they can
trap solvent during the centrifugation. Obviously, they can also contribute to the surface area of
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Figure 5.6. (a-d) SEM images and (e-j) TEM images of tungsten oxide nanowire xerogel
obtained by drying the wet gel in an oven at 60 °C.

Figure 5.7. (a) Complete adsorption-desorption isotherms and BET surface area (inset) and (b)
pore size distribution of tungsten oxide nanowire aerogel.
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the final aerogel. Another important observation in the TEM images is that the nanofibers are
actually constructed of a bundle of much thinner nanowires with diameters of about 1-2 nm
(Figure 5.5l-n), consistent with the TEM analysis of the freshly synthesized nanowires (Figure
5.1), which make the aerogel an extremely hierarchical architecture. The average distance
between the ultrathin nanowires is about 1.8 nm which is very close to the length of the
oleylamine molecules. On the contrary, the structure of the xerogel is quite dense (Figure 5.6).
No porosity can be found. It is impossible to discern the one dimensional features of the primary
nanowire building blocks with the SEM analysis (Figure 5.6a-d). Surprisingly, even with TEM
analysis (Figure 5.6e-j), we are still not able to distinguish the nanowires. It appears that these
ultrathin nanowires severely aggregate with each other, leading to the formation of extremely
dense agglomeration upon drying in oven, which will cause dramatic reduction of the surface
area.
To probe the surface area and porosity of the tungsten oxide nanowire aerogel, N2 sorption
analysis was carried out. As shown in Figure 5.7a, the obvious hysteresis present in the
adsorption-desorption isotherm of the tungsten oxide aerogel indicates the existence of
mesopores in the aerogel. The sizes of mesopores are mainly distributed from 20 nm to 50 nm, as
revealed in the pore size distribution curve calculated by density function theory (DFT)25(Figure
5.7b). The sharp rise and absence of saturation in the high relative pressure region of the
isotherm point to the presence of macropores in the aerogel, which is in agreement with the
observation of pores with sizes beyond 50 nm as displayed in the pore size distribution curve
(Figure 5.7b). The Brunnauer-Emmet-Teller (BET) surface area of the nanowire aerogel was
determined to be 157 m2/g, which is 3 times larger than that of the reported nanostructured
tungsten oxide aerogel.14 This value is also higher than that of most of the reported macro- or
mesoporous tungsten oxides.26-29 In comparison, we performed the Kr sorption analysis for the
xerogels and the powders. The results show that the xerogel and powders have very low surface
and no porosity at all. The surface area of the xerogel was determined to be 0.6 m2/g. Such an
extremely low surface area of xerogel is in consistence with the very dense nature of the xerogel
observed in the SEM and TEM analysis (Figure 5.6). By grinding the xerogel to powders, the
surface area slightly increases to 0.73 m2/g. These values are only 0.38% and 0.46% of the
accessible surface area corresponding to the nanowire aerogel, which means that the surface area
of the nanowire aerogel is 215 times higher than that of the nanowire powders and 261 times
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higher than that of the xerogel. These results clearly manifest the importance of assembling the
ultrathin nanowires into 3D architectures over a macroscale. The gravimetric density of WOx
aerogel is evaluated to be 0.22 g/cm3, only 3% of the density of bulk tungsten oxide (7.16
g/cm3). While the density of WOx xerogel is calculated to be 3.46 g/cm3, about 48% of the bulk
density of tungsten oxide. The high surface area, highly porous structure and low density of the
nanowire aerogel coupled with the highly crystalline one dimensional nature of primary
nanobuilding blocks may render it a great candidate for applications in photocatalysis or gas
sensing.
5.3 Conclusions
In conclusion, tungsten oxide nanowire aerogel monolith in centimeter scale is successfully
prepared through gelling the ultrathin tungsten oxide nanowires with diameters from 1 to 2 nm,
aspect ratios more than 100 into 3D networks by a centrifugation-induced gelation process,
followed by a supercritical drying step. The tungsten oxide nanowire aerogel shows a surface
area more than 200 times higher than that of tungsten oxide nanowires xerogel and powders.
This enormous difference of the surface area strongly underlines the significance of processing
the tungsten oxide nanowires into highly porous aerogel. Considering that the tungsten oxide is a
popular material utilized in photocatalysis and gas sensing in which surface area could play an
important role in the performance improvement,14, 25-27 the successful assembly of these ultrathin
tungsten oxide nanowires into macroscopic architectures represents a significant step toward the
practical application of these nanowires in those areas. Moreover, the centrifugation induced
gelation method proposed here is rather simple, rapid, effective, and scalable, which makes it
possible be extended for assembly of other one-dimensional nanostructured materials into 3D
architectures.
5.4 Experimental Section
Chemicals
All the following chemicals were used without further purifications: benzyl alcohol (anhydrous
99.8%, Aldrich), oleylamine (70%, Aldrich), WCl6 (99.9%, Aldrich), chloroform (99.8%,
Aldrich), ethanol (absolute, 99.8%, Fluka), liquid carbon dioxide (99.9%, PanGas AG,

79

5 From 1D to 3D – Macroscopic Nanowire Aerogel Monoliths
Switzerland), nitrogen (99.999%, PanGas AG, Switzerland), and krypton (99.999%, PanGas AG,
Switzerland).
Synthesis of ultrathin tungsten oxide nanowires
Ultrathin tungsten oxide nanowires was synthesized by modifying a previously reported
approach.20 In a typical synthesis, 200 mg WCl6 was added to 15 mL benzyl alcohol under
magnetic stirring. After the solution became blue, 0.25 mL oleylamine was added. After stirring
for another 30 min, the solution was transferred to a 45 mL Teflon container with a glass tube
inside, which was then sealed in a stainless steel autoclave (Parr, Acid Digestion Vessel 4744).
The autoclave was heated in an oven at 180 °C for 24 h. When the oven was cooled down to
room temperature, the blue precipitate was collected by centrifugation. The sample was washed
with chloroform, acetone, and ethanol for several times.
Assembly of ultrathin tungsten oxide nanowires into aerogel monolith
The freshly synthesized ultrathin tungsten oxide nanowires from the previous step were
dispersed in 20 mL absolute ethanol (Figure 5.3a). Then, the nanowire suspension was
centrifuged with a speed of 4000 rpm for 5 min. After centrifugation, a blue gel-like sample
formed at the bottom of the centrifuge tube (Figure 5.3b and c). After decanting the ethanol, 10
mL chloroform was slowly added to the centrifuge tube, upon which the gel with the shape of the
bottom of the centrifuge tube floated on the chloroform (Figure 5.3d). The wet gel was then
carefully transferred to a glass bottle filled with absolute ethanol and left there overnight to
completely fill the pores with ethanol. The wet gel was supercritically dried with CO2 in a Leica
030 critical point dryer.
Preparation of the tungsten oxide nanowire xerogel
After centrifugation of the nanowire suspension, the ethanol was decanted off. The blue gel-like
sample together with the centrifuge tube was placed in an oven for drying at 60 °C for 12 h.
Characterization
X-ray powder diffraction (XRD) patterns were recorded on a X’Pert Pro (PANalytical B.V.,
Netherlands) powder diffractometer operating in reflection mode and equipped with Cu Kα
radiation (45 kV, 40 mA). Transmission electron microscopy (TEM) images were obtained on a
Philips CM12 (100 kV). Scanning electron microscopy (SEM) images were acquired on a
Hitachi SU-70 (5 kV). Nitrogen gas sorption analysis was carried out on a Quantachrome
Autosorb iQ at 77 K. Prior to the measurements, the samples were outgassed at 120 °C for 24 h.
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The surface area was determined via Brunauer-Emmett-Teller (BET) method and the pore size
distribution and total pore volume were calculated by a density functional theory (DFT) analysis
using a Non Local DFT (NLDFT) calculation model for nitrogen at 77 K based on cylindrical
pores in silica.
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The contents shown in this chapter are published in ACS Nano and reprinted by permission of
American Chemical Society: W. Cheng, F. Rechberger, M. Niederberger, Three-dimensional
assembly of yttrium oxide nanosheets into luminescent aerogel monoliths with outstanding
adsorption properties. ACS Nano 2016, 10, 2467-2475.
Abstract
The preparation of macroscopic materials from two-dimensional nanostructures represents a
great challenge. Restacking and random aggregation to dense structures during processing
prevents the preservation of the two-dimensional morphology of the nanobuilding blocks in the
final body. Here we present a facile solution route to ultrathin, crystalline Y2O3 nanosheets,
which can be assembled into a 3D network by a simple centrifugation-induced gelation method.
The wet gels are converted into aerogel monoliths of macroscopic dimensions via supercritical
drying. The as-prepared, fully crystalline Y2O3 aerogels show high surface areas of up to 445
m2/g and a very low density of 0.15 g/cm3, which is only 3% of the bulk density of Y2O3. By
doping and co-doping the Y2O3 nanosheets with Eu3+ and Tb3+, we successfully fabricated
luminescent aerogel monoliths with tunable color emissions from red to green under UV
excitation. Moreover, the as-prepared gels and aerogels exhibit excellent adsorption capacities
for organic dyes in water without losing their structural integrity. For methyl blue we measured
an unmatched adsorption capacity of 8080 mg/g. Finally, the deposition of gold nanoparticles on
the nanosheets gave access to Y2O3-Au nanocomposite aerogels, proving that this approach may
be used for the synthesis of catalytically active materials. The broad range of properties
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including low density, high porosity, and large surface area in combination with tunable
photoluminescence makes these Y2O3 aerogels a truly multifunctional material with potential
applications in optoelectronics, wastewater treatment, and catalysis.
6.1 Introduction
Two-dimensional (2D) inorganic nanostructured materials beyond graphene have attracted
tremendous research attention in recent years owing to their fascinating physical and chemical
properties and high surface area, which made them interesting for a wide range of applications in
electronics, catalysis, energy storage and conversion, and the biomedical area.1-4 A variety of
methods have been developed for the synthesis of ultrathin 2D inorganic nanomaterials such as
mechanical cleavage, liquid exfoliation, chemical vapor deposition, and wet-chemical
synthesis.5-6 However, a general issue commonly encountered during the materials processing is
that the 2D nanosheets tend to restack or randomly and densely aggregate, leading to a
significant reduction of the accessible surface area, and this is detrimental to applications in
catalysis or energy conversion and storage.7-9 Therefore, it is of paramount importance to find
ways to efficiently process nanosheets into macroscopic materials without restacking or
uncontrolled aggregation. In this regard, assembly of 2D nanostructures into 3D architectures
such as aerogels represents a viable strategy to tackle this issue. However, while there are many
reports on graphene and graphene oxide aerogels,10-12 only very limited success has been
achieved on the assembly of non-carbon-based, 2D inorganic nanomaterials into aerogel
monoliths.
Aerogels are constructed of 3D solid networks whose pores are filled with air.13-15 The specific
structures of aerogels endow them with characteristics of extremely low density, large open pores
and high surface areas, which popularizes their applications in thermal insulation, catalysis and
energy storage and conversion.13-17 The traditional method for the preparation of aerogels is
based on sol-gel chemistry involving hydrolysis and condensation of the precursors.13-15
However, the aerogels prepared by this method are typically amorphous, which limits their
practical applications.13-17 An effective methodology to prepare crystalline aerogels is to use
preformed crystalline nanoparticles as building blocks and assemble them into three85
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dimensionally cross-linking networks.18-19 For spherical, quasi zero-dimensional nanoparticles,
which are usually surface-functionalized with ligands, crosslinking chemical reaction between
the capping ligands, partial removal of the ligands, and an oriented attachment mechanism have
been introduced to connect the primary nanobuilding blocks into branched 3D networks.20-26
With respect to anisotropic, 1D and 2D nanobuilding blocks such as nanowires and nanosheets,
gelation can happen due to the cross-linking of the particles themselves through van der Waals
interactions.27 For example, Jung et al. reported that nanowires or nanosheets assembled into 3D
networks when the concentration of the colloidal suspension of the anisotropic nanobuilding
blocks reached a specific threshold.27 However, that method required the preparation of a stable
homogeneous colloidal suspension of the nanobuilding blocks, which is generally rather
challenging. Additionally, the evaporation process to induce gelation had to be very slow to
prevent uncontrolled aggregation, rendering the whole procedure very time-consuming. Hence,
there is still much room for developing simple and fast methods for the assembly of anisotropic
nanobuilding blocks into 3D networks.
Y2O3 is a well-known host material for luminescent rare earth elements. Eu3+-doped Y2O3 has
been widely used as a red phosphor for fluorescent light, cathode ray tube (CRT) screens, and
field emission displays.28-29 Mesoporous Y2O3 has been proposed as a support for metal
nanoparticle catalysts for specific gas phase reactions.30-31 Both applications would greatly
benefit from the specific features of aerogels such as large surface area, highly porous structure,
low density, low refractive indices and excellent thermal stability. In fact, Y2O3 aerogel
monoliths have already been synthesized by the conventional sol-gel chemistry method.32-33
However, due to the amorphous nature of the as-synthesized aerogels, they lack functionality.
For example, the Eu3+-doped Y2O3 aerogel is not luminescent at all.32 Although heat treatments
typically induce the crystallization of amorphous aerogels, they can also destroy their integrity
and their porous structures. In this particular case, a high-temperature annealing was required to
obtain a weak photoluminescence, but at the same time the monolithic body was destroyed.
Accordingly, the use of presynthesized, crystalline Eu3+ or Tb3+-doped Y2O3 nanostructures as
building blocks represents a promising approach for the preparation of luminescent aerogel
monoliths. However, to the best of our knowledge, there are no reports on the assembly of pure
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or doped crystalline Y2O3 nanobuilding blocks into 3D networks, although various Y2O3-based
nanostructures have successfully been synthesized.34-38 Furthermore, we did not find any
literature on the incorporation of metal nanoparticles into Y2O3 aerogels, which could be of great
importance for catalytic applications.
In this work, we report the synthesis of ultrathin Y2O3 nanosheets by a facile wet-chemistry
method and their assembly into 3D networks by a simple centrifugation-induced gelation
process. The as-synthesized wet gel can be transformed into an aerogel monolith with a high
surface area of 445 m2/g and a low density of 0.15 g/cm3. We studied the annealing effect on the
aerogel, and we found that the monolith sustained the high-temperature treatment without
deterioration of the structural integrity and the porosity. Moreover, by doping or co-doping the
Y2O3 nanosheets with Eu3+ and Tb3+, we managed to prepare photoluminescent aerogel
monoliths with tunable color emissions from red to green. Thanks to the high surface area, the
as-prepared Y2O3 aerogel showed outstanding adsorption capacities for organic dyes such as
methyl blue. As a proof-of-concept that the proposed approach is suitable to produce materials
interesting for catalytic applications, we embedded gold nanoparticles in the Y2O3 aerogel. As a
matter of fact, we found that the aerogel matrix was able to prevent the sintering of gold
nanoparticles during high-temperature calcination. This observation, together with the remaining
high surface area and the highly porous structure of the annealed composite aerogel, renders
them to be promising candidates for applications in gas phase catalysis.
6.2 Results and Discussion
The Y2O3 nanosheets were synthesized by an aliphatic amine-assisted benzyl alcohol route in
which YCl3 was mixed with benzyl alcohol and octylamine, then heated at 180 °C for 24 h (for
full details, see Experimental Section). YCl3 served as a yttrium oxide precursor, benzyl alcohol
as oxygen provider and solvent, and octylamine as structure-directing agent controlling the
anisotropic growth of the nanoparticles. From the transmission electron microscopy (TEM)
images of the product (Figure 6.1a and b), we can clearly see that the sample consists exclusively
of layered nanosheets, which are curved and to some extent interconnected, with a lateral size of
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Figure 6.1. (a-b) TEM images and (c) XRD pattern of the Y2O3 nanosheets obtained in a typical
synthesis. (d-f) AFM images of the Y2O3 nanosheets. (g-i) Height profiles corresponding to the
lines drawn in d, e, and f, respectively.
about 40 nm. According to atomic force microscopy (AFM) analysis, the thickness of the
nanosheets is about 1.5-2.0 nm (Figure 6.1d-i). The X-ray diffraction (XRD) pattern (Figure
6.1c) of the nanosheets can be indexed to cubic phase Y2O3 (JCPDS 65-3178). However, the
reflections show a slight shift compared to the standard pattern. This can be attributed to the fact
that the yttrium oxide is essentially just present as a two-dimensional layer of octahedra with
reduced periodicity outside the plane direction.38 The well-developed lattice fringes in the highresolution transmission electron microscopy (HRTEM) images (Figure 6.2) clearly underline the
crystalline nature of the nanosheets. The lattice spacing of 0.30 and 0.18 nm (Figure 6.2b and d)
corresponds to the (222) and (440) planes of cubic Y2O3.
The Y2O3 nanosheets tend to form gel-like products (Figure 6.3b and c) during centrifugation,
which inspired us to produce macroscopic aerogel monoliths from these Y2O3 nanosheets. As
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Figure 6.2. (a-b) HRTEM images taken from the central area of a nanosheet. (c-d) HRTEM
images taken from the edge of a nanosheet.

Figure 6.3. (a) Suspension of Y2O3 nanosheets in ethanol. (b-c) Gel-like precipitate obtained
after centrifugation. (d) Cone-shaped wet gel floating on the solvent after addition of water or
chloroform.
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illustrated in Figure 6.3, our strategy was to simply use centrifugation to induce gelation of the
nanosheets. The process of gelation during centrifugation can be ascribed to the crumbled nature
of the nanosheets, which favors the formation of a porous 3D network. The centrifugal force
moves all the crumbled nanosheets to the bottom of the centrifuge tube and enables at the same
time an efficient contact between the nanosheets. Through van der Waals interactions between
the alkyl group of the octylamine on the surface of the nanosheets, a 3D network forms. During
this process the solvent is trapped in the pores between the interlinked curved nanosheets. After
detachment from the centrifuge tube, the free-standing wet gel monolith was transformed into an
aerogel by supercritical drying with CO2. It is essential to point out that the detaching step is
critical for the formation of unbroken monoliths. A simple, but highly effective method is
developed here, which involves the addition of water or chloroform to the wet and ethanolsoaked gel stuck to the bottom of the centrifuge tube. The entire gel immediately gets detached
from the tube wall and floats to the air-solvent interface (Figure 6.3d), where it can easily be
collected (Figure 6.4a). After supercritical drying with CO2 we obtained a fully integral aerogel
monolith (Figure 6.4b). Drying of the wet gel in an oven resulted in a xerogel (Figure 6.4c). In
comparison to the wet gel (Figure 6.4a), the aerogel (Figure 6.4b) shows only a marginal volume
loss, while the xerogel exhibits significant shrinkage (Figure 6.4c). It is worth mentioning that
the macroscopic shape of the nanosheet aerogels can be varied by using differently shaped
containers during centrifugation, as shown in Figure 6.5.
The microstructure of the aerogel was studied by scanning electron microscopy (SEM) and
TEM. The low magnified SEM image (Figure 6.4d) shows a continuous network with large open
pores. The sheet-like morphology of the nanobuilding blocks becomes visible in SEM images at
higher magnifications (Figure 6.4e, f). Here we can see the wrinkled nanosheets, entangled with
each other and forming a continuous network with slit shaped macropores. The layered structures
and interlinking of the nanosheets can be better observed in TEM images (Figure 6.4g, h, i and j).
The interlocking of the nanosheets leads to the formation of a great number of meso- and
macropores, which are clearly visible in the TEM images, especially in those at higher
magnifications (Figure 6.4i and j). The Y2O3 nanosheet aerogel is morphologically analogous to
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Figure 6.4. Digital photographs of (a) Y2O3 wet gel, (b) aerogel, and (c) xerogel (dried in an
oven). (d-f) SEM and (g-j) TEM images of the aerogel shown in (b) at different magnifications.
The wet gel and aerogel preserve the shape of the bottom part of the centrifuge tube.
the graphene aerogel,10-12 however with the difference that our nanosheet building blocks have
lateral sizes of tens of nanometers, while the lateral size of the graphene is in the range of tens of
micrometers. The crystallinity of the nanosheets in the initial powder and in the final aerogel is
basically the same as revealed by XRD analysis (Figure 6.6).
To assess the surface area, pore size distribution, and porosity of the xero- and aerogel,
nitrogen sorption analysis was performed. The hysteresis in the adsorption-desorption isotherm
of the Y2O3 aerogel (Figure 6.7a, black circles) points to the presence of mesoporosity (pore size
ranging from 2 to 50 nm). The sharp upturn and the absence of a saturation plateau in the high
relative pressure region of the isotherm suggest the existence of macropores (pore sizes larger
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Figure 6.5. (a, c, e) Containers with different bottom shapes. (b, d, f) Y2O3 aerogels fabricated
by using the containers shown in a, c and e, respectively. The aerogels can be prepared in
different shapes by using different kinds of containers during centrifugation.
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Figure 6.6. XRD patterns of the Y2O3 nanosheet aerogel and powders.

Figure 6.7. (a) Complete adsorption-desorption isotherms and BET surface area (inset) and (b)
pore size distribution of the aerogel (black circles) and the xerogel (red triangles).
than 50 nm) in the 3D network. The isotherm shows a combination of H1- and H3-type
hysteresis loops, corresponding to cylindrical and slit shape pore geometries,39-40 which is
consistent with the SEM and TEM observations (Figure 6.4d-j). The pore size distribution curve
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(Figure 6.7b, black circles) calculated by density functional theory (DFT) analysis41 reveals a
broad range of meso- and macropores in the aerogel, consistent with the isotherm analysis. The
Brunauer-Emmet-Teller (BET) surface area of the aerogel is determined to be 445 m2/g (Figure
6.7a, inset, black circles), higher than that of amorphous Y2O3 aerogels prepared by the
conventional sol-gel chemistry method32-33 and also higher than that of mesoporous Y2O3.30-31
This value is also higher than that of most reported crystalline metal oxide aerogels.42-45 It is
noteworthy that the gravimetric density of the Y2O3 aerogel is calculated to be 0.15 g/cm3, which
is only about 3% of the bulk density of Y2O3 (5.01 g/cm3). In comparison, the isotherm of the
xerogel (Figure 6.7a, red triangles) exhibits a typical type IV curve with an H2-type hysteresis
loop, indicating the irregularly shaped mesopores in a dense network.40 The pore size distribution
curve (Figure 6.7b, red triangles) implies that the size of the mesopores is mainly concentrated in
the region from 20 to 30 nm. There are no macropores present in agreement with the dense
nature of the xerogel structure. With a BET surface area of 218 m2/g (Figure 6.7a, inset, red
triangles), the xerogel reaches only 49% of the accessible surface area of the aerogel, while the
density is estimated to be 2.14 g/cm3, about 14 times that of the aerogel and 43% of the density
of bulk Y2O3.
High-temperature annealing enables the removal of organic residues from the aerogel and
enhances its crystallinity, both of which are important for possible applications. Due to the fact
that the aerogels are composed of crystalline nanosheets, they easily survive such temperature
treatments. For instance, after annealing at 500 °C for 2 h the integrity of the gel body is well
maintained, although some volume contraction is observed in comparison to the as-prepared
aerogels (Figure 6.8a and b). TEM studies reveal that the interconnection of the particles and the
highly porous structure are still observable (Figure 6.8c-f). However, the fine sheet-like
structural units are not so well-defined anymore compared with the as-prepared aerogel,
indicating that the annealing partially damages the very small features of the building blocks.
Additionally, the networks become denser after annealing. Upon raising the temperature to
600 °C or even 700 °C, the integrity of the gel body is still retained, although much more volume
shrinkage occurs (Figures 6.9 and 6.10). Nevertheless, the 3D particle networks and the porous
structures are still clearly discerned in the TEM images (Figure 6.9c-f and 6.10c-f). The XRD
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Figure 6.8. Digital photographs of (a) as-prepared Y2O3 aerogel before annealing and (b) after
annealing in air at 500 °C for 2 h. (c-f) TEM images of the annealed aerogel shown in (b). (g)
XRD patterns of the Y2O3 aerogels annealed at different temperatures.

Figure 6.9. (a) As-prepared Y2O3 aerogel before annealing. (b) Y2O3 aerogel annealed at 600 °C
for 2 h. (c-f) TEM images of the annealed aerogel shown in (b).
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Figure 6.10. (a) As-prepared Y2O3 aerogel before annealing. (b) Y2O3 aerogel annealed at 700
°C for 2 h. (c-f) TEM images of the annealed aerogel shown in (b).

Figure 6.11. (a) Complete adsorption-desorption isotherms and BET surface area (inset) and (b)
pore size distribution of the Y2O3 aerogels annealed at different temperatures.
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patterns of the annealed aerogels perfectly fit the cubic Y2O3 phase (JCPDS 65-3178) (Figure
6.8g). With an increase of the annealing temperature, the reflections in the patterns become
sharper (Figure 6.8g), indicating enhanced crystallinity at higher annealing temperature. The
isotherms of the annealed and unheated aerogels are quite similar (Figure 6.11a), while the
surface area drops to 293, 214, and 155 m2/g with an annealing temperature of 500, 600, and
700 °C, respectively (Figure 6.11a, inset). Such high values of BET surface areas have never
been achieved for annealed yttrium oxide in any kind of form30-33. According to Figure 6.11b, a
broad range of pore sizes is still present in the annealed aerogels, although it seems that the
volume of macropores in the aerogel annealed at 700 °C is significantly reduced in comparison
to the aerogels annealed at 500 or 600 °C (Figure 6.11b).
Photoluminescent aerogels may have applications in optoelectronic devices.18-23,46-48 Up to
now, luminescent aerogel monoliths were prepared by two methods: by embedding luminescent

Figure 6.12. XRD patterns of the doped and undoped Y2O3 aerogels. In all XRD patterns the
same reflections appear without any impurity peaks. The reflections in the XRD patterns of the
doped samples shift slightly to smaller angles compared with the undoped sample, indicating
expansion of the crystal lattice possibly caused by the successful doping of Eu3+ or Tb3+ into the
Y2O3 lattice.
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compounds such as lanthanide complexes or metal chalcogenide quantum dots into a silica
aerogel matrix47-48 and by direct assembly of metal chalcogenide quantum dots into 3D
networks.20-23 The first method suffers from the problem of leaching of the luminescent
compounds from the silica aerogel matrix during solvent exchange and supercritical drying, two
unavoidable steps during aerogel processing. Additionally, the concentration of the luminescent
compounds that can be incorporated into the silica aerogel is limited. The main issue in the
second method is that the gelation step is time consuming, and the addition of gelation-inducing
agents such as H2O2 often leads to quenching of the luminescence.20-21,23 To overcome these
problems, we present here the very first example of free-standing and photoluminescent metal
oxide-based aerogel monoliths, which are directly prepared from preformed, crystalline rare
earth element doped Y2O3 nanosheets (Figure 6.12). By doping or co-doping Y2O3 nanosheets
with Eu3+ and Tb3+ we are able to create aerogel monoliths with intense photoluminescence (PL)
with tunable color emissions (Figure 6.13).
Upon doping with Eu3+, the aerogel monolith emits red light (Figure 6.13a) under UV

Figure 6.13. Digital photographs of Eu3+ -, Tb3+ - and co-doped Y2O3 aerogels under UV
illumination (λ=254 nm): (a) 3 mol% Eu3+, (b) 2.5 mol% Eu3+ and 0.5 mol% Tb3+, (c) 2 mol%
Eu3+ and 1 mol% Tb3+, (d) 3 mol% Tb3+. (e) Emission spectra of the doped and co-doped
aerogels shown in (a)-(d) excited at λ=254 nm.
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Figure 6.14. (a) Photograph of the 3 mol% Eu3+ -doped Y2O3 aerogel annealed at 500 °C under
UV illumination (λ=254 nm). (b) PL emission spectra of the 3 mol% Eu3+ -doped Y2O3 aerogel
before and after annealing at 500 °C (excitation λ=254 nm).
illumination. If we dope the Y2O3 nanosheets with Tb3+, we obtain a green aerogel monolith
(Figure 6.13d) under UV excitation. Through varying the Eu3+-to-Tb3+ ratio in the co-doped
nanosheets, the light emitted by the aerogel monoliths is yellow and light green, respectively
(Figure 6.13b and c), due to the different densities of green and red emission. In principle, the
emitted colors of the Eu3+ -, Tb3+ - and co-doped Y2O3 aerogel monoliths are tunable from red to
green. Figure 6.13e shows the PL emission spectra of these aerogels under UV illumination with
an excitation wavelength of 254 nm. The PL emission spectrum of the Tb3+ -doped Y2O3 aerogel
shows quite similar features to that of Tb3+ -doped Y2O3 nanocrystals reported previously, with
the major green emission lines at 543 and 550 nm, corresponding to the typical 5D4-7D5 transition
of Tb3+.49-50 The Tb3+ -doped Y2O3 aerogel shows the most intensive luminescence and the codoping of Eu3+ turns out to reduce the luminescent intensity, in agreement with the observation in
the images shown in Figure 6.13a-d. The emission spectrum of the Eu3+ -doped Y2O3 is quite
typical of the well-known Y2O3:Eu3+ red phosphor.28-29,36 All the emission lines have been
assigned to respective Eu3+ transitions as shown in Figure 6.13e. After annealing at 500 °C, the
PL intensity of the Eu3+ -doped aerogel is significantly enhanced (Figure 6.14), which could be
attributed to the higher crystallinity (Figure 6.15). Interestingly, the density of the gel has almost
no influence on the luminescent properties. As demonstrated in Figure 6.16, the PL spectra of the
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Figure 6.15. XRD pattern of the 3 mol% Eu3+ -doped Y2O3 aerogel annealed at 500 °C.

Figure 6.16. PL emission spectra of (a) 3 mol% Eu3+ -doped Y2O3 aerogel and xerogel and (b) 3
mol% Tb3+ -doped Y2O3 aerogel and xerogel.
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Figure 6.17. (a) Complete adsorption-desorption isotherms and BET surface area (inset) and (b)
pore size distribution of the Eu3+ - and Tb3+ -doped Y2O3 aerogels.
Eu3+ - or Tb3+ -doped Y2O3 aerogels and xerogels show negligible differences. The BET surface
areas of the Eu3+ -doped and Tb3+ -doped aerogels are 356 and 290 m2/g, respectively, less than
that of the undoped aerogel (Figure 6.17a). This might be due to the fact that the lateral size of
the Eu3+ - and Tb3+-doped Y2O3 nanosheets is smaller than that of the undoped nanosheets as
shown in the TEM images of Eu3+ - and Tb3+ -doped Y2O3 aerogels (Figures 6.18 and 6.19).
However, like the undoped aerogel, also the doped aerogels exhibit a broad pore size distribution
in the meso and macro range (Figure 6.17b).
Organic dyes, widely used in paper, plastic, cosmetic and textile industries, have been
recognized as one of the major pollutants in wastewater due to their toxicity and
nonbiodegradability.51-56 Porous materials with large surface areas are successfully utilized for
dye removal from contaminated water.51-56 We tested our Y2O3 gels for the removal of organic
dyes such as methyl blue (MB), methyl orange (MO), and congo red (CR) from water. It turns
out that the aerogels show remarkable adsorption capabilities for these dyes, especially for
methyl blue, which is a commonly used dye in rubbers, pharmaceuticals, pesticides, varnishes
and dyestuffs.56 Figure 5a displays the absorption capacity of the aerogel as a function of the
concentration of MB. The inset photographs in Figure 6.20a demonstrate that the MB with an
initial concentration of 200 mg/L in water is completely removed from the water by the aerogel.
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Figure 6.18. (a) Digital photograph of as-prepared aerogel monolith constructed of 3 mol% Eu3+
-doped Y2O3 nanosheets. (b-f) TEM images of the aerogel shown in (a).

Figure 6.19. (a) Digital photograph of as-prepared aerogel monolith constructed of 3 mol% Tb3+
-doped Y2O3 nanosheets. (b-f) TEM images of the aerogel shown in (a).
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Figure 6.20. (a) Adsorption isotherm of methyl blue (MB) by Y2O3 aerogels. The inset
photographs show the MB water solution (200 mg/L) before and after adsorption. (b) Maximum
adsorption capacities of MB, methyl orange (MO), and congo red (CR) by Y2O3 aerogels. The
concentration of the Y2O3 aerogels remained constant at 0.5 g/L. Photographs of (c) a 15 mL MB
water solution with a concentration of 4000 mg/L, (d) a wet gel monolith placed in the MB
solution for 24 h, (e) isolated wet gel monolith after adsorption, and (f) the transparent solution
after adsorption.
The adsorption capacity increases with increasing concentration of MB. At a concentration of
6000 g/L, the adsorption capacity reaches a plateau with a value of 8080 mg/g as the maximum
adsorption capacity. We compared this adsorption capacity to that of previously reported MB
adsorbents (Table 6.1). Obviously, our value is among the highest ever reported for the
adsorption of MB from water for metal oxide-based as well as for carbon-based adsorbents. In
addition, the maximum adsorption capacities of our Y2O3 aerogels for MO and CR are
determined to be 1166 and 380 mg/g (Figure 6.20b), respectively, which are significantly higher
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Adsorbents

Qm (mg/g)

Reference

Y2O3 aerogel

8080

This study

Barium phosphate nano-flakes

1500

57

Hierarchically porous MnO2 microspheres

260

56

MnFe2O4 nanoparticles

148

58

Graphene

1520

59

Magnetic chitosan and graphene oxide

95

60

Layered double hydroxide−carbon dot composite

185

61

Hierarchically porous Si-C-N hybrid materials

1328

51

Table 6.1. Comparison of the maximum adsorption capacity (Qm) of methyl blue on our Y2O3
aerogel with other adsorbents reported previously.
Adsorbents

Qm (mg/g)

Reference

Y2O3 aerogel

1166

This study

Mesoporous TiO2

454

55

Iron terephthalate (MOF-235)

477

62

γ-Fe2O3/SiO2 nanocomposites

476

63

Multiwalled carbon nanotubes

149

64

MgNiAl layered double hydroxides

375

65

Graphene oxides/Fe3O4/polyaniline

585

66

Table 6.2. Comparison of the maximum adsorption capacity (Qm) of methyl orange on our Y2O3
aerogel with other adsorbents reported previously.
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Adsorbents

Qm (mg/g)

Reference

Y2O3 aerogel

380

MnO2 hierarchical hollow nanostructures

80

52

Mesoporous Fe2O3

53

67

Urchin-like α-FeOOH hollow spheres

275

53

Hierarchical NiO Spheres

440

68

Hierarchical hollow structure ZnO

97

69

2383

54

Ultrathin CeO2 nanowires

This study

Table 6.3. Comparison of the maximum adsorption capacity (Qm) of congo red on our Y2O3
aerogel with other adsorbents reported previously.
than that of most other MO and CR adsorbents reported so far, as seen in Tables 6.2 and 6.3. The
outstanding adsorption performance could be attributed to the high porosity and large surface
area of the aerogels. Dye molecules are typically bound to the adsorbents through electrostatic
forces, hydrogen bonding and/or van der Waals attraction.51,54,57,61,68,70 The Y2O3 nanosheet
aerogels exhibited an extremely low zeta potential value of 0.252 mV in water, indicating that
the surface of the nanosheets is barely charged. Therefore, electrostatic interactions between the
anionic dyes such as MB, MO, and CR and the nanosheets are expected to be rather weak.
Infrared (IR) analysis (Figure 6.21) shows that there are abundant hydroxyl groups and some
octylamine molecules present on the surface of the Y2O3 nanosheets. MB, MO, and CR have 3, 1
and 2 -SO3- group in their molecular structures, respectively, which could bind to could bind to
the hydrogen atom of a free hydroxyl group, forming hydrogen bond.61,70 Therefore, we assume
that hydrogen bonding is the main driving force for the adsorption of these dye molecules on the
nanosheets, explaining the good adsorption of MB with its three sulfonate groups. The
differences in the case of MO and CR might be due to stronger van der Waals forces in the case
of MO between the two methyl groups and the alkyl chains of octylamine. The detailed
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Figure 6.21. Infrared (IR) spectrum of the as-synthesized Y2O3 nanosheets. The presence of the
broad band around 3400 cm-1corresponding to stretching vibration of –OH is due to surfaceadsorbed H2O. The two bands located at 2927 and 2860 cm-1 can be assigned to stretching
vibration mode of –CH, originating from the octylamine coating on the Y2O3 nanosheets. The
bands at 1513, 1391, 1061, and 856 cm-1 are due to the stretching vibration and bending of C-O
bond, suggesting the presence of surface carbonate, which may stem from organic residues from
the synthesis or from adsorption of CO2 from the ambient atmosphere. The pronounced band at
577 cm-1 can be identified as Y-O stretching vibration.
mechanism of adsorption is still under investigation. When immersed into water, the aerogel
monolith disintegrates into powder particles due to capillary forces generated by filling the pores
with water. Therefore, after adsorption of the organic dyes, the aerogels have to be collected by
centrifugation. However, if a wet gel monolith is used for dye adsorption, then the monolith
remains intact. As demonstrated in Figure 6.20c-f, a wet gel was placed in a highly concentrated
MB solution of 4000 mg/L. One day later, almost all of the MB molecules were adsorbed on the
surface of the wet gel monolith (6.20d). In this case, the whole gel body can easily be removed
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Figure 6.22. (a) Digital photograph and (b-d) TEM images of the Y2O3-Au nanocomposite
aerogel monolith without annealing. (e) Digital photograph and (f-h) TEM images of the Y2O3Au nanocomposite aerogel monolith annealed in air at 500 °C. (i) Digital photograph and (j-l)
TEM images of the Y2O3-Au nanocomposite aerogel monolith annealed in air at 600 °C.
from the solution (Figure 6.20e, f). It should be pointed out that the major advantage of using the
wet gel monolith is the easy separation of the gel body from the solution, but the disadvantage is
that the adsorption kinetics are very slow, and stirring cannot be performed to enhance the
contact between the adsorbent and the organic dye. Nevertheless, this is the first successful
demonstration of using a monolithic metal oxide gel for applications in dye adsorption, which
may trigger further research on the use of metal oxide gel monoliths in wastewater treatment.
Mesoporous Y2O3 -supported gold and platinum nanoparticles have been reported for
applications in catalyzing gas reactions such as oxidation of CO and reduction of NOx.30-31 Our
Y2O3 aerogels, which combine large surface areas with extensive meso- and macroporosity,
should be perfect candidates for catalyst supports. Typically, it is not easy to embed metal
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nanoparticles in an aerogel matrix. Here, we demonstrate a simple route to incorporate gold
nanoparticles into our Y2O3 aerogel matrix. Due to the existence of organic residues on the Y2O3
nanosheets, as confirmed by IR analysis (Figure 6.21), we are able to directly grow gold
nanoparticles on the nanosheets by reacting gold chloride with the organic residues. The Y2O3Au nanostructures can later be processed to the aerogel monolith following the same procedure
as for the pure Y2O3 aerogels. As displayed in Figure 6.22a, the Y2O3-Au nanocomposite aerogel
shows the typical red color of gold nanoparticles due to their surface plasmon resonance. TEM
images prove that the gold nanoparticles with a size of about 22 nm are well embedded into the
porous Y2O3 matrix (Figure 6.22b-d).

Figure 6.23. XRD patterns of the Y2O3-Au nanocomposite aerogels (a) without annealing, (b)
annealed in air at 500 °C, and (c) annealed in air at 600 °C.
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Figure 6.24. (a) Complete adsorption-desorption isotherms and BET surface area (inset) and (b)
pore size distribution of the Y2O3-Au nanoparticle (NP) composite aerogels.
The nanocomposite aerogel also sustains high-temperature calcination without severe
structural collapse or damage. When the aerogel is annealed at 500 or 600 °C, the integrity of the
gel body remains intact, despite the obvious volume shrinkage in comparison to the aerogel
without annealing (Figure 6.22e and 6i), and no cracking is observed. In the TEM images (Figure
6.22f-h and 6.22j-l), we can still clearly discriminate the interlinking of the nanobuilding blocks,
the porous structure, and even the sheet-like framework. The gold nanoparticles are well
embedded and distributed inside the aerogel matrix. After annealing, they seem to be closer to
each other, which can be attributed to the volume shrinkage of the gel body. An interesting
observation in this context is the fact that the gold nanoparticles seem to have the same size
before and after annealing, which is further confirmed by the XRD analysis of those composite
aerogels (Figure 6.23). On the basis of the reflection at 31.8°, corresponding to the (111) facet of
gold, the crystal size of 22 nm remains the same for all samples, indicating that the Y2O3 support
prevents the sintering of the gold nanoparticles during high-temperature annealing. The XRD
patterns (Figure 6.23) also indicate that the crystallinity of the Y2O3 aerogel improves evidently
upon annealing. Moreover, the presence of the gold nanoparticles in the aerogel has only a very
limited effect on the surface area and porosity. The nanocomposite aerogel exhibits a surface area
of 410 m2/g (Figure 6.24a), slightly lower than that of the pure Y2O3 aerogel. Although annealing
reduces the surface area, the composite aerogels still show a high surface area of 258 and 177
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m2/g (Figure 6.24a) after the heat treatment at 500 and 600 °C, respectively. Resembling the pure
Y2O3 aerogel, the composites also exhibit a broad pore size distribution extending from the meso
to the macro range (Figure 6.24b). The large surface area, the presence of meso- and
macroporosity and the ability to prevent the sintering of the gold nanoparticles during annealing
render these composite aerogels highly promising as catalysts for gas phase reaction, especially
for reactions occurring at high temperatures.
6.3 Conclusions
Starting from crystalline Y2O3 nanosheets just about 1.5-2.0 nm thick and prepared by an amineassisted benzyl alcohol route, we assemble them by a centrifugation-induced gelation process
into monolithic gels with tunable shape. After supercritically drying, macroscopically sized, fully
crystalline aerogels were obtained, composed of yttria lamellae, which give rise to a large surface
area, high porosity and low density. Accordingly, these aerogels are hierarchically structured and
contain structural features from the nanometer range to the macroscopic scale.71
By doping or co-doping the Y2O3 nanosheets with Eu3+ and Tb3+, we successfully fabricated
luminescent aerogel monoliths with tunable color emissions under UV illumination, which
represents the first example of a luminescent free-standing aerogel monolith based on yttrium
oxide. Moreover, we found that the aerogels showed an exceptionally high capability of
removing organic dyes from water. Finally, we were able to directly grow gold nanoparticles on
the Y2O3 nanosheets, which we then assembled into Y2O3-Au nanocomposite aerogels.
Overall, we present in this work the synthesis of macroscopic yttrium oxide aerogel monoliths
from preformed, nanocrystalline, and two-dimensional building blocks. The aerogels are truly
multifunctional, offering unique properties that make them promising for a broad range of
applications in optoelectronic devices, in wastewater treatment, and in catalysis. We expect that
our work will stimulate research efforts on the assembly of non-carbon-based 2D inorganic
nanomaterials into 3D architectures for various applications.
6.4 Experimental Section
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Chemicals. All the following chemicals were used without further purification: benzyl
alcohol (anhydrous, 99.8%, Aldrich), octylamine (99%, Alfa Aesar), yttrium(III) chloride
(anhydrous powder, 99.99%, Aldrich), europium(III) chloride (anhydrous, 99.99%, Aldrich),
terbium(III) chloride (anhydrous powder, 99.99%, Aldrich), hydrogen tetrachloroaurate(III)
trihydrate (99.99%, ABCR-Chemicals), ethanol (absolute, 99.8%, Fluka), Millipore Milli-Q
water (resistivity 18.2 MΩ cm), methyl blue (Fluka), methyl orange (Fluka), congo red (Alfa
Aesar), and liquid carbon dioxide (PanGas AG, Switzerland).
Synthesis of Y2O3 nanosheets. In a typical synthesis, 0.5 mmol (97.6 mg) of YCl3 was mixed
with 12 mL of benzyl alcohol, followed by adding 3 mL of octylamine under continuous
magnetic stirring. After stirring for 30 min, the solution was transferred to a 45 mL Teflon
container, which was then sealed in a stainless-steel autoclave (Parr, acid digestion vessel 4744).
The autoclave was heated in an oven at 180 °C for 24 h. Finally, the product was collected by
centrifugation and washed several times with chloroform, acetone and ethanol.
For the synthesis of Eu3+ - or Tb3+ -doped Y2O3 nanosheets, 0.5 mmol of YCl3 and the desired
amount of EuCl3 or TbCl3 were mixed with 12 mL of benzyl alcohol and 3 ml of octylamine. All
other steps were the same as for undoped Y2O3.
Fabrication of Y2O3 nanosheet aerogels. The freshly synthesized Y2O3 nanosheets from the
previous step were dispersed in 20 mL of absolute ethanol (Figure 6.3a). Then, the nanosheet
suspension was centrifuged with a speed of 4000 rpm for 5 min. After centrifugation, a white
gel-like sample formed at the bottom of the centrifuge tube (Figure 6.3b, c). After decanting the
ethanol, 10 mL of H2O (it could also be chloroform) was slowly added to the centrifuge tube,
upon which the gel with the shape of the cone of the centrifuge tube floats on the water (Figure
6.3d). The wet gel was then carefully transferred to a glass bottle filled with absolute ethanol and
left there overnight to completely fill the pores with ethanol. The wet gel was supercritically
dried with CO2 in a Leica 030 critical point dryer. For the preparation of luminescent aerogels,
Eu3+ -, Tb3+ -doped or co-doped Y2O3 nanosheets were dispersed in ethanol, while the rest of the
procedures remained the same.
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Annealing of the Y2O3 nanosheet aerogels. The aerogels were annealed in a Nabertherm P
330 furnace in air at different temperatures (500 °, 600 and 700 °C) for 2 h with a ramping rate
of 2 °C/min.
Fabrication of Y2O3-Au nanocomposite aerogels. The freshly synthesized Y2O3 nanosheets
were mixed with 10 mL of aqueous HAuCl4·3H2O (1 mg/mL) solution in a glass container under
continuous magnetic stirring and subsequently heated at 80 °C for 6 h in an oil bath. Afterward,
the red product was harvested by centrifugation and washed with water and ethanol. The rest of
the procedure was the same as for the preparation of the pure Y2O3 nanosheet aerogels.
Annealing of the Y2O3-Au nanocomposite aerogels. The composite aerogels were annealed
in a Nabertherm P 330 furnace in air at different temperatures (500 and 600 °C) for 2 h with a
ramping rate of 2 °C/min.
Characterization. X-ray powder diffraction (XRD) patterns were recorded on a X’Pert Pro
(PANalytical B.V., Netherlands) powder diffractometer operating in reflection mode and
equipped with Cu Kα radiation (45 kV, 40 mA). Transmission electron microscopy (TEM)
images were obtained on a Philips CM12 (100 kV). Scanning electron microscopy (SEM)
images were acquired on a Hitachi SU-70 (5 kV). High resolution transmission electron
microscopy (HRTEM) analyses were performed on a Philips CM30 (300 kV). The atomic force
microscopy (AFM) images were acquired on an Asylum Research Cypher S (Oxford
Instruments) in ac mode. Nitrogen gas sorption analysis was carried out on a Quantachrome
Autosorb iQ at 77 K. Prior to the measurements, the samples were outgassed at 100 °C for 24 h.
The surface area was determined via Brunauer-Emmett-Teller (BET) method, and the pore size
distribution and total pore volume were calculated by a density functional theory (DFT) analysis
using a Non Local DFT (NLDFT) calculation model for nitrogen at 77 K based on cylindrical
pores in silica. Photoluminescence (PL) emission spectra were recorded at room temperature on
a JASCO FP-8500 spectrofluorometer. UV-vis spectra were measured on a JASCO V-660
spectrophotometer at room temperature. Attenuated total reflectance-infrared (ATR-IR) spectrum
was achieved on a Bruker Alpha FT-IR spectrometer with diamond ATR optics. The zeta
potential was measured on a Zetasizer Nano instrument (Malvern, UK).
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Adsorption of organic dyes. In a typical experiment, 5 mg of Y2O3 aerogels was mixed with
10 mL of aqueous organic dye solution with the desired concentration. After stirring for 2 h, the
Y2O3 aerogels were separated by centrifugation (4000 rpm, 1 min). The supernatant solutions
were analyzed with a UV-vis spectrometer to determine the residual concentration of organic
dyes. The concentrations of organic dyes in solution were obtained using a linear calibration
curve over 5-60 mg L-1, based on the intensities of the absorbance bands. To estimate the
absorption capacity, the initial concentrations of organic dyes were varied in a certain range
(methyl blue 100-7000 mg L-1, methyl orange 100-1500 mg L-1, congo red 100-1000 mg L-1),
and the dosage of Y2O3 aerogel was kept at 0.5 g L-1.
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The results presented in this chapter are published in Journal of Materials Chemistry A and
reprinted by permission of the Royal Society of Chemistry: W. Cheng, G. Zeng, M.
Niederberger, Design of vanadium oxide core-shell nanoplatelets for lithium ion storage, Journal
of Materials Chemistry A, 2015, 3, 2861-2868.

Abstract
Vanadium oxides are promising electrode materials for lithium ion batteries, V2O5 as cathode and
V2O3 as anode. However, both of them suffer from poor cycling stability and low rate
performance. Reducing their particle size to the nanometer range and fabricating core-shell
structures represent two versatile strategies to improve their electrochemical performance. In this
work, we developed a solution route to round V2O3 nanoplatelets with diameters of about 400
nm and thicknesses of about 20 nm. They can be successfully transformed into hierarchical
V2O5, into V2O3@amorphous carbon core-shell structures with tunable carbon layer thickness
and into hierarchical V2O5@TiO2 core-shell structures under full preservation of the 2dimensional morphology. As an anode material, the carbon composite exhibits higher specific
capacity and better cycling stability and rate performance in comparison to the pure V2O3
nanoplatelets. They can deliver a highly reversible capacity of 261 mA h g-1, 200 mA h g-1,165
mA h g-1and 122 mA h g-1 at a current density of 100 mA g-1, 400 mA g-1, 800 mA g-1, and 1600
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mA g-1, respectively. As a cathode material, the V2O5 nanoplatelets@TiO2 cycled at 0.5 C (1
C=300 mA g-1) for 100 times deliver a high initial discharge capacity of 211 mA h g-1 with a high
Coulombic efficiency of 99.1%. The fading rate of 0.24% per cycle is less than half of the
decaying rate of pure V2O5 nanoplatelets, indicating better cycling stability for the composite
structures.

7.1 Introduction
There exists a rich variety of vanadium oxides due to a wide range of possible valence states for
vanadium. Of all the vanadium oxides, V2O3 is well investigated for its metal-insulator transition
behavior at a critical temperature.1 It is seldom studied as an electrode material in lithium ion
batteries owing to its low valence state and metastability. Recently, some attention has been
drawn to investigate the electrochemical properties of V2O3.2-5 However, as an electrode material
V2O3 has the issues of low cycling stability and poor rate performance. To improve its
electrochemical performance, carbon coated V2O3 nanoparticles6 or nanorods7 have been
produced, because, on the one hand, the nano size facilities Li+ transport by shortening the
diffusion distance, and on the other hand, the carbon coating improves the electroconductivity
and also protects the structural integrity of the material during insertion and extraction of lithium
ions. Nanoplatelets with their 2-dimensional shape offer short diffusion paths for the lithium ions
in the short direction, but additionally the large lateral size is beneficial for the current
collection.8 These morphological features should both contribute to the improvement of the
electrochemical performance of V2O3. Therefore, it is desirable to develop a way to synthesize
V2O3 nanoplatelets and V2O3 nanoplatelets@carbon core-shell structures and investigate their
electrochemical properties.
Another important type of vanadium oxide is V2O5. It is one of the first materials studied for
lithium ion storage, because of its layered crystal structure, allowing the insertion and extraction
of lithium ions.9-11 As a cathode material, V2O5 is able to deliver a theoretic specific capacity of
294 mA h g-1 (two Li+ reversibly react with V2O5), which is much higher than that of
commercialized LiCoO2 (140 mA h g-1) and LiFePO4 (170 mA h g-1). In addition to the high
capacity, V2O5 offers some other advantages such as low cost and good availability. However,
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V2O5 also suffers from poor cycling stability, preventing it from practical applications in lithium
ion batteries. The poor cycling stability may arise from the slow electrochemical kinetics, the
poor structure stability and the dissolution of vanadium oxide during the intercalation and release
of the lithium ions.9 The issue of slow electrochemical kinetics can be partially solved by
nanostructuring V2O5. Hence, a great variety of V2O5 nanostructures have been fabricated.12
Dissolution problems can be addressed by designing core-shell structures, which protect and
stabilize the materials.13 Recently, Cui’s group reported that a TiO2 shell deposited on sulfur
particles can protect them from collapsing and dissolution during lithiation and delithiation,
consequently, improving the cycling stability of sulfur as an electrode material in lithium ion
batteries.14 Inspired by their work, we studied the effect of a TiO2 coating on nanostructured
V2O5 as a possible means to improve its electrochemical performance.

VCl3+Benzyl alcohol+Octylamine
180 °C, 24 h
V2O3 nanoplatelets
Hydrothermal
treatment

Annealing
in air
V2O5 nanoplatelets
Glucose

V2O3 nanoplatelets@polysaccharide
Annealing
under N2

Hydrolysis of Ti
precursor
V2O3 nanoplatelets@
polysaccharide
@amorphous TiO2

V2O3
nanoplatelets@carbon

Annealing
in air
V2O5 nanoplatelets@TiO2
Scheme 7.1. Flow chart of the different synthesis steps to the vanadium oxide nanoplatelets and
their core-shell structures.
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Herein, we report the synthesis of V2O3 nanoplatelets, V2O3 nanoplatelets@amorphous carbon
core-shell structures, V2O5 nanoplatelets and V2O5 nanoplatelets@TiO2 core-shell structures
(Scheme 1) to systematically improve the electrochemical properties. The V2O3 nanoplatelets
were synthesized by an aliphatic amine-assisted benzyl alcohol route. Their well-defined 2dimensional morphology was the basis for the synthesis of all the core-shell structures under
preservation of the platelet-like shape. Electrochemical characterizations suggest that the V2O3
nanoplatelets@carbon and V2O5 nanoplatelets@TiO2 core-shell structures display superior
electrochemical performance than the non-coated V2O3 and V2O5 nanoplatelets.
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7.2 Results and Discussion
V2O3 nanoplatelets

Figure 7.1. (a) Digital photograph and (b) SEM image of the V2O3 sample. (c) TEM image of a
single nanoplatelet. (d) XRD pattern of the V2O3 powder with reference pattern.
As reported in our previous work, the surfactant-free synthesis of vanadium oxides in benzyl
alcohol starting from VOCl3 and VO(OiPr)3 led to Hollandite-type vanadium oxyhydroxide
nanorods15 and V2O3 nanoparticles with a broad size distribution in the range of 20-50 nm,16
respectively. Platelet-like morphologies were never obtained in these solvent-controlled
approaches.17 Here, the black vanadium oxide nanoplatelets (Figure 7.1a) were synthesized by an
aliphatic amine-assisted benzyl alcohol route. In the synthesis, VCl3 was used as the vanadium
oxide precursor, benzyl alcohol as solvent and oxygen donor, and octylamine as surfactant. The
XRD pattern (Figure 7.1d) of the black powder can be identified as rhombohedral phase V2O3
(JCPDS 34-0187). The SEM overview image (Figure 7.1b) shows that the sample consists of a
large number of nanoplatelets with diameters of about 400 nm and thicknesses of about 20 nm. It
seems that the nanoplatelets have a rough surface and that every individual nanoplatelet (Figure
7.1c) is composed of smaller nanoparticles as subunits. In the reference pattern of V2O3 (JCPDS
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Figure 7.2. SEM images of the samples produced with different amounts of octylamine (a) 0, (b)
0.5 mmol, (c) 1 mmol, (d) 6 mmol. All other parameters were kept constant.

Figure 7.3. XRD patterns of the samples synthesized with different amounts of octylamine: (a)
0, (b) 0.5 mmol, (c) 1.0 mmol. The reflection indicated with a black triangle is an impurity peak
which possibly is from the nanorods shown in Figure 7.2 (a).
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Figure 7.4. SEM images of samples synthesized at different temperatures: (a) 200 °C, (b)
220 °C. All other parameters were kept constant.
34-0187), the intensity ratio of the (104) and (110) reflection is 100%:80%, while in the
experimental XRD pattern (Figure 7.1d) it is 20%:100%. The dominant (110) peak suggests that
the primary nanoparticles show preferred orientation along the (110) plane.
We did a systematical investigation of the influence of the reaction parameters on the product.
The amount of octylamine has an impact on the morphology and phase purity of the sample.
Without octylamine, the sample is a mixture of nanoplatelets and nanorods (Figure 7.2a).
According to the XRD pattern (Figure 7.3a), some impurities might be present (marked with a
black triangle). With the addition of 0.5 mmol octylamine, the impurity peak is still visible, but
with lower intensity (Figure 7.3b). We could also observe that the surface of the nanoplatelets
became rougher (Figure 7.2b). Further increasing the amount of octylamine to 1.0 mmol resulted
in the disappearance of this reflection (Figure 7.3c) and no nanorods were found in the sample
anymore (Figure 7.2c). If too much octylamine was added, the product turned into completely
irregular nanoparticles (Figure 7.2d). We also did temperature dependent experiments. If the
temperature was reduced to 160 °C, only a gel-like, amorphous product could be obtained, while
raising the temperature to 200 °C or 220 °C yielded polydisperse particles with less defined
platelet-like morphology (Figure 7.4).
Hierarchical V2O5 nanoplatelets
The V2O3 nanoplatelets can be transformed into hierarchical vanadium pentoxide (V2O5)
nanoplatelets by calcination in air. Figure 7.5a shows a digital photograph of the yellow
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Figure 7.5. (a) Photograph and (b) SEM image of the V2O5 nanoplatelets. (c) TEM image of an
individual nanoplatelet. (d) XRD pattern of the V2O5 nanoplatelets.

Figure 7.6. XRD patterns of the V2O3 nanoplatelets annealed in air at different temperatures for
2 hours.
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Figure 7.7. SEM and TEM images of the products annealed in air at different temperatures for 2
hours: (a-b) 400 °C, (c-d) 450 °C, (e-f) 500 °C.
powder obtained after annealing at 350 °C. The XRD pattern (Figure 7.5d) matches
perfectly with orthorhombic V2O5 (JCPDS 41-1426). SEM analysis reveals that the
nanoplatelet morphology is fully preserved after calcination. From the TEM image, we
can clearly observe that the nanoplatelets possess a hierarchical structure comprised of smaller
nanoflakes. Comparing the reference (JCPDS 41-1426) with the experimental XRD pattern, it is
evident that the intensity of (010) is higher than (101) in the reference pattern, while in the
experimental pattern it is the other way round. This observation underlines the anisotropy of the
primary nanoparticles as building blocks in the V2O5 nanoplatelets. We measured the XRD
patterns of V2O3 samples annealed at different temperatures (Figure 7.6). At 300 °C the V2O3
starts to be oxidized to vanadium pentoxide. With increasing temperature, the XRD reflections
become sharper, indicating better crystallinity. But the annealing does not change the degree of
anisotropy of the primary nanoparticles, because the intensity of (101) is always higher than
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(010) in the temperature range from 300 °C to 500 °C. As displayed in Figure 7.7a-d, at
temperatures between 400 °C and 450 °C, the integrity of the platelet morphology slowly starts
to diminish. If the temperature increases beyond 500 °C, the platelet-like morphology is
completely destroyed (Figure 7.7e, f) and only irregular particles are observed.
V2O3 nanoplatelets@amorphous carbon
Carbon coating generally helps to enhance the conductivity of materials and to maintain the
structural integrity, both of which are crucial for the improvement of the electrochemical
performance of electrode materials in lithium ion batteries. It has been reported that glucose
tends to polymerize to polysaccharide under hydrothermal treating, and this reaction has been
widely used as a carbon coating method.18-20 In this work, we also utilize glucose as carbon
source to coat the nanoplatelets with a thin layer of carbon. As shown in Scheme 7.1, we firstly
polymerize glucose on the surface of the freshly synthesized V2O3 nanoplatelets by a
hydrothermal treatment to form V2O3 nanoplatelets@polysaccharide core-shell structures, which
can easily be converted to V2O3 nanoplatelets@carbon core-shell structures by annealing under

Figure 7.8. (a-b) SEM images of the product obtained after hydrothermal treatment of V2O3
nanoplatelets with glucose without the separation step. (c-d) SEM images of the product obtained
after the separation step.
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protection of N2. However, here, in order to successfully achieve a uniform layer of
polysaccharide, we had to overcome two problems. First, the V2O3 nanoplatelets should be well
dispersible in water, the solvent used for glucose. But our V2O3 nanoplatelets are synthesized
with octylamine as surfactant, and thus they are not stable in water. Second, during hydrothermal
treatment the polysaccharide not only grows on the nanoplatelets, but also forms micron sized
colloidal particles. The problem of dispersibility can be solved by adding some ethanol to the
water. The optimum water-to-ethanol volume ratio is 7:3. Excess of ethanol suppresses the
polymerization of glucose on the surface of the V2O3 nanoplatelets. For the second problem of
the colloidal particle mixture, we find that the micron sized polysaccharide spheres can be
separated from the polysaccharide coated V2O3 nanoplatelets by centrifugation (Figure 7.8a-d)
(for details see Experimental Section).
After the hydrothermal treatment together with the glucose, there was no apparent change of
morphology of the V2O3 nanoplatelets (Figure 7.9a). On the TEM image (Figure 7.9b) we can
recognize a thin layer with light contrast surrounding the nanoplatelets. This layer can be better
observed in the TEM images of a single nanoplatelet (Figure 7.9c) at different magnifications

Figure 7.9. (a) SEM overview image and (b) TEM image of V2O3 nanoplatelets@polysaccharide
particles. (c) TEM image of a single nanoplatelet. (d) Magnified image of (c). The sample was
synthesized with 1.6 g glucose.
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Figure 7.10. TEM images of V2O3 nanoplatelets@polysaccharide synthesized with different
amounts of glucose: (a-b) 1.8 g, (c-d) 2.0 g.
(Figure 7.9d). The coating is uniform with a thickness of about 8.0 nm, when 1.6 g glucose was
used. In fact, the thickness of the coating layer can be tuned by varying the amount of glucose.
For example, increasing the amount of glucose to 1.8 g, the thickness of the coating layer
increased to about 15.5 nm (Figure 7. 10a, b). In case of 2.0 g glucose, the layer thickness
reached about 22 nm (Figure 7. 10c, d).
The polysaccharide coating can be converted to amorphous carbon by annealing under inert
atomsphere. Figure 7. 11 shows the XRD patterns of V2O3 nanoplatelets@carbon particles
obtained by annealing V2O3 nanoplatelets@polysaccharide at different temperatures. The
patterns can be unambiguously assigned to the rhombohedral phase V2O3 (JCPDS 34-0187).
There are no graphite reflections visible, indicating that the carbon coating is amorphous. The
higher the temperature, the sharper the reflections become in the XRD patterns, suggesting
improved crystallinity. Another phenomenon is that with increasing temperature, the intensity
ratio of (110) and (104) reduces from 3.2 to 1.4, pointing to decreased particle anisotropy.
Nevertheless, the intensity of the (110) reflection is still higher than the one of (104) compared
with the standard pattern. The SEM images (Figure 7. 12a, b) confirm the XRD results and show
that after annealing, the shape of the nanoplatelets is preserved and no collapse or deformation of
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Figure 7.11. XRD patterns of V2O3 nanoplatelets@C obtained by annealing V2O3
nanoplatelets@polysaccharide (synthesized with 1.6 g glucose) at different temperatures under
N2: (a) 500 °C, (b) 600 °C, (c) 700 °C.
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Figure 7.13. (a) SEM overview image and (c-d) TEM images of V2O3 nanoplatelets@C coreshell structures obtained by annealing V2O3 nanoplatelets@polysaccharide (synthesized with 1.8
g glucose) under N2 at 700 °C for 4 h.
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the morphology occurs. A thin layer of carbon appearing with lighter contrast on the surface of
the V2O3 nanoplatelets can be distinguished in the TEM images (Figure 7.12 c-e). The thickness
of this carbon layer is about 5.5 nm, significantly thinner than the initial polysaccharide layer of
about 8.0 nm. For the V2O3 nanoplatelets@polysaccharide synthesized with 1.8 g glucose, the
thickness of the final carbon layer is about 11.8 nm (Figure 7.13). Importantly, for both samples
the carbon layer is uniform and tightly attached onto the surface of the V2O3 nanoplatelets. For
the V2O3 nanoplatelets@polysaccharide synthesized with 2.0 g glucose, after annealing
surprisingly a yolk-shell structure is formed (Figure 7.14). It looks like if the V2O3 nanoplatelets
were trapped in a carbon capsule (Figure 7.14b, c, d). In fact, whenever the polysaccharide
coating reaches a certain thickness, a yolk-shell structure forms. For instance, when using 2.2 g
or 2.4 g glucose in the hydrothermal treatment step, after calcination we also obtain V2O3
nanoplatelets@carbon yolk-shell structures.
Annealing of V2O3 nanoplatelets@polysaccharide in air rather than under nitrogen resulted in
V2O5 nanoplatelets similar to the ones shown in Figure 7.5. According to CHN analysis
(performed on a LECO TrueSpec Micro) the remaining carbon content was as low as 0.06%
(data not shown), giving evidence that the polysaccharide coating could completely be removed
by annealing in air.
V2O5 nanoplatelets@TiO2
Starting from V2O3 nanoplatelets@polysaccharide, we developed a strategy for the synthesis of
V2O5 nanoplatelets@TiO2 core-shell structures. Due to the large number of OH groups, the
polysaccharide layer on the V2O3 nanoplatelets is highly reactive, enabling the deposition of a
metal oxide layer on the surface of the V2O3 nanoplatelets@polysaccharide particles. As depicted
in Scheme 1, the first step involves the growth of an amorphous layer of TiO2 on the surface of
V2O3 nanoplatelets@polysaccharide by a sol-gel process (for details see Experimental Section),
followed by annealing in air. During calcination, the polysaccharide gets combusted and the
amorphous titania layer crystallizes. Here, the V2O3 nanoplatelets@polysaccharide was prepared
with 2.0 g glucose. The reason is that the use of 2.0 g glucose results in a relatively thick
polysaccharide layer (see Figure 7.10), which is required to accommodate the large volume
changes that occur during the transformation of V2O3 to V2O5 and to leave enough space
between the V2O5 core and the TiO2 shell during electrochemical cycling. Figure 7.15a shows the
SEM image of the sample with the amorphous titania layer right after the sol-gel deposition. The
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Figure 7.15. (a) SEM overview image and (b) TEM image of V2O3 nanoplatelets
@polysaccharide@amorphous TiO2. (c) TEM image of a single nanoplatelet. (d) Magnified
image of (c).
platelet-like morphology is still observable, and in the TEM image (Figure 7.15b), the core-shell
structure can be seen, i.e., the V2O3 nanoplatelet core produces the darkest contrast, while the
amorphous TiO2 layer appears with slightly lighter contrast at the outermost surface and in
between is the polysaccharide layer with the brightest contrast (Figure 7.15c, d). After
calcination in air at 350 °C for two hours, V2O5 nanoplatelets@TiO2 core-shell structures are
successfully obtained (Figure 7.16). As shown in Figure 7.16a and b, the platelet-like shape is
well maintained after calcination. TEM analyses (Figure 7.16c, d, e) reveal a well-defined shell
of about 8.5 nm around the nanoplatelets and there seems to be some empty space between the
V2O5 nanoplatelet core and the TiO2 shell. XRD measurements indicate that the core is
orthorhombic phase V2O5 and the shell is rutile TiO2 (JCPDS 21-1276) (Figure 7.16f).
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Figure 7.16. (a-b) SEM images, (c-e) TEM images and (f) XRD pattern of V2O5
nanoplatelets@TiO2

core-shell

structures

obtained

by

calcination

of

V2O3

nanoplatelets@polysaccharide@amorphous TiO2 in air at 350 °C. In the XRD pattern, the peaks
marked with the asterisks can be identified as rutile TiO2 (JCPDS 21-1276). All other reflections
match with the orthorhombic phase V2O5 (JCPDS 41-1426).
Electrochemical properties
The electrochemical properties of the V2O3 nanoplatelets and the V2O3 nanoplatelets@carbon
core-shell structures as anode materials in lithium ion battery were investigated by cyclic
voltammetry (CV) and galvanostatic cycling. Figure 7.17a displays the first three CV curves
measured on V2O3 nanoplatelets@carbon at a scan rate of 0.05 mV/s at room temperature. In the
first half scan of the first CV cycle from 3.0 V to 0 there are two peaks located at 0.60 V and
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Figure 7.17. Electrochemical performance of V2O3 nanoplatelets@carbon core-shell structures
(the sample was synthesized with 1.6 g glucose, then annealed at 700 °C for 4 h under N2): (a)
first three CV curves at a scan rate of 0.05 mV/s, (b) charge-discharge profile at 1st, 2nd, 50th
and 100th cycle at a constant current density of 100 mA g-1, (c) cycling performance at 100 mA
g-1 and (d) rate performance in the voltage range of 0.05-3 V. For c and d: Green- V2O3
nanoplatelets@ carbon (synthesized with 1.6 g glucose, then annealed at 700 °C for 4 h under
N2), red- V2O3 nanoplatelets@carbon (synthesized with 2.0 g glucose, then annealed at 700 °C
for 4 h under N2), black- bare V2O3 nanoplatelets (without annealing).
1.85 V, which disappear in the subsequent two scans. After the first half scan of the first CV
cycle, the shape of the CV curves is kept the same in the following two cycles, indicating very
good reversibility of the CV scan after the first half sweep. This behavior might be due to some
irreversible reactions occurring in the first half scan, but later on, the lithium intercalation and
extraction reactions are reversible. Figure 7.17b shows charge-discharge curves of V2O3
nanoplatelets@carbon at a constant current density of 100 mA g-1 in the voltage range of 0.05-3
V. The first discharge curve has two short plateaus at about 1.8 V and 0.6 V, which vanish in the
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second
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V2O3

nanoplatelets@carbon core-shell structures exhibit a capacity of 753 mA h g-1 in its first
discharge, but it can only be charged to the capacity of 357 mA h g-1, then the discharge capacity
is significantly reduced to 387 mA h g-1in the second discharge. This significant capacity loss
should result from the irreversible reaction happening during the first intercalation of the lithium
ions into the V2O3 crystal structure, as observed in the first CV scan. We can also see that the
shapes of the discharge and charge curves of the 50th and 100th cycle are quite similar. The
capacity loss becomes marginal at that point, suggesting that after a certain number of cycles, the
electrode materials reach a stable state, which makes them having a very good cycling stability.
Figure 7.17c shows the cycling performance of V2O3 nanoplatelets and V2O3
nanoplatelets@carbon core-shell structures with different thicknesses of the carbon shell at 100
mA g-1 in the voltage window from 0.05 V to 3 V. Among all these three samples, V2O3
nanoplatelets@carbon with a thin carbon layer (synthesized with 1.6 g glucose) exhibits the best
performance in terms of capacity and cycling stability. The initial discharge capacity is 753 mA h
g-1, which dropped sharply to 387 mA h g-1 in the second cycle. After 10 cycles the discharge
capacity is reduced to 309 mA h g-1. 50 cycles later, the discharge capacity is 271 mA h g-1,
while, after 100 cycles, a capacity of 260 mA h g-1 is retained. The Coulombic efficiency of this
sample increases very fast from 47.4% in the first cycle to 95.1% in the 10th cycle. From the
10th to the 100th cycle, this sample has an average Coulombic efficiency of 98.1%. For V2O3
nanoplatelets@carbon with a thick carbon layer, i.e., the V2O3 nanoplatelet@carbon yolk-shell
structure synthesized with 2.0 g glucose (Figure 7.14) and the bare V2O3 nanoplatelets, the trend
of capacity fading is similar to the sample discussed before. During the first 10 cycles the
capacity drops very fast, but then the capacity fading becomes slower and slower. For the V2O3
nanoplatelets@carbon with the thick carbon layer, after 100 cycles the discharge capacity is 215
mA h g-1, which is about 45 mA h g-1 less incomparison to the sample of V2O3
nanoplatelets@carbon with thin carbon layer. For the bare V2O3 nanoplateletss, after 100 cycles
only 120 mA h g-1 was left, which is less than half of the capacity of the V2O3
nanoplatelets@carbon with thin carbon layer.
We also studied the rate performance of these three samples at higher current rates from 100
mA g-1 to 1600 mA g-1. As shown in Figure 7.17d, for the V2O3 nanoplatelets@carbon with a
thin carbon layer, when the current density increases to 400 mA g-1, 800 mA g-1, and 1600 mA
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g-1, the reversible discharge capacity drops to 200 mA h g-1, 165 mA h g-1, and 122 mA h g-1,
respectively, however with a Coulombic efficiency of almost 100%. Interestingly, almost no
capacity fading is found during the 50 cycles at these high current densities. In addition, when
the current is reduced to 100 mA g-1, the capacity can be recovered to its original state. The other
two samples also exhibit good cycling stability at high current densities, but their capacities
under the same conditions are much lower than those for the V2O3 nanoplatelets@carbon with
the thin carbon layer. For the V2O3 nanoplatelets@carbon with the thick carbon layer, the
capacities are 152 mA h g-1, 130 mA h g-1 and 102 mA h g-1, respectively, at current densities of
400 mA g-1, 800 mA g-1and 1600 mA g-1. For the pure V2O3 nanoplatelets, the capacities are 85
mA h g-1, 64 mA h g-1 and 42 mA h g-1, respectively. Obviously, a thin layer of carbon coating
can significantly improve the electrochemical performance. In general, the carbon coating
reduces the electronic resistance of the electrode materials and improves the mechanical
properties of the V2O3 nanoplatelets during cycling, which is typically associated with volume
changes. There might be two reasons, why a thinner layer is better than a thick carbon coating.
The capacity is calculated based on the total weight of the electrode, which means that V2O3
nanoplatelets@carbon with a thicker carbon coating contain less active materials. Second, a thick
carbon layer negatively affects the diffusion of the Li+ into the V2O3 nanoplatelets.
We evaluated the electrochemical properties of the hierarchical V2O5 nanoplatelets and the
V2O5 nanoplatelets@TiO2 as cathode materials in lithium ion batteries. Figure 7.18a shows the
CV profiles of the V2O5 nanoplatelets in the voltage range of 2-4 V. After the negative scan of
the first cycle, the CV scans show very good reversibility, indicating that the lithium insertion
and extraction reaction is highly reversible. There are three cathodic peaks at the potentials of
3.36 V, 3.16 V and 2.26 V, corresponding to the phase transitions from α-V2O5 to ε-Li0.5V2O5, δLiV2O5, and γ-Li2V2O5, respectively.21-23 Three anodic peaks at 2.56 V, 3.25 V and 3.45 V can
be ascribed to the extraction of the lithium ions, hence, the backward phase transition from γLi2V2O5 to δ-LiV2O5, ε-Li0.5V2O5 and then α-V2O5. We can clearly see the well-defined voltage
plateaus in the first charge-discharge profiles (Figure 7.18b). The value of these voltages agrees
very well with the positions of the peaks in the CV curves. After several cycles, the plateaus
become less pronounced, as observed in the 50th and 100th charge-discharge curves. The cycling
performance of the V2O5 nanoplatelets at a constant current rate of 0.5 C (1 C=300 mA g-1) is
displayed in Figure 7.18d. The first discharge capacity is found to be 232 mA h g-1 with a
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Figure 7.18. a-b) Electrochemical performance of hierarchical V2O5 nanoplatelets: (a) first three
CV curves, scan rate 0.1 mV/s, (b) charge-discharge profile at 1st, 50th and 100th cycle at a
constant current rate of 0.5 C, (c) charge-discharge profile of V2O5 nanoplatelets@TiO2 coreshell structures at 1st, 50th and 100th cycle at a constant current rate of 0.5 C in the voltage range
of 2-4 V, (d) cycling performance of hierarchical V2O5 nanoplatelets (black) and V2O5
nanoplatelets@TiO2 core-shell structures (red) at 0.5 C in the voltage range of 2-4 V, (e) rate
performance of V2O5 nanoplatelets@TiO2 core-shell structures in the voltage range of 2-4 V. 1
C=300 mA g-1.
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Coulombic efficiency of about 100%. The capacity drops to 181 mA h g-1 after 50 cycle and to
111 mA h g-1 after 100 cycles. Obviously, the capacity fades faster in the second 50 cycles than
in the first 50 ones.
For the V2O5 nanoplatelets@TiO2 core-shell structures the first charge-discharge profile also
shows the typical voltage plateaus of V2O5 (Figure 7.18c), but slightly less defined than the ones
of pure V2O5 nanoplatelets as observed in Figure 7.18b. The reasons for this slight difference are
not completely clear yet, but have to be related to the titania coating. After a few cycles, the
plateau becomes less pronounced. 100 cycles later, only a long slope can be observed. The
capacity of the V2O5@TiO2 core-shell structures is calculated according to the total weight of
V2O5@TiO2. Therefore, at initial cycles the capacity is less than that of the pure V2O5
nanoplatelets. At 0.5 C, the first discharge capacity of V2O5 nanoplatelets@TiO2 is 211 mA h g-1
(Figure 7.18d) with a Coulombic efficiency of 99.1%, which is about 20 mA h g-1 less than the
pure V2O5 nanoplatelets. However, the cycling stability of V2O5@TiO2 is improved compared
with the pure V2O5. After 100 cycles, a discharge capacity of 160 mA h g-1 is retained, while for
pure V2O5 only 111 mA h g-1 is left (Figure 7.18d). The capacity fading rate of V2O5
nanoplatelets@TiO2 is 0.24% per cycle, while for pure V2O5 it is 0.52%. We also find that the
V2O5 nanoplatelets@TiO2 core-shell structures exhibit better cycling stability at higher current
densities (Figure 7.18e). Their charge capacities are 255 mA h g-1, 200 mA h g-1, 173 mA h g-1
and 150 mA h g-1 at current densities of 0.2 C, 0.5 C, 1 C and 2 C, respectively. The decay rate is
3.0 mA h g-1, 1 mA h g-1, 0.5 mA h g-1 and 0.3 mA h g-1 per cycle, respectively. The reason why
V2O5 nanoplatelets@TiO2 core-shell structures offer better cycling stability may be related to the
TiO2 shell, which stabilizes the morphology (the empty space between the V2O5 core and the
TiO2 shell provides free space for the volume expansion of the V2O5 nanoplatelets during
lithiation) and prevents dissolution of V2O5 during the insertion and the extraction of the lithium
ion.14
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7.3 Conclusions
We developed a facile solution method for the synthesis of V2O3 nanoplatelets, which we can use
as a type of platform to systematically design electrodes with improved electrochemical
performance. Annealing of these nanoplatelets in air resulted in hierarchical V2O5 nanoplatelets.
Polysaccharide with tunable thicknesses was successfully deposited on the V2O3 nanoplatelets by
hydrothermal processing of the V2O3 nanoplatelets with different amounts of glucose.
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nanoplatelets@amorphous carbon core-shell structures with different layer thicknesses. The
existence of highly reactive OH groups on the polysaccharide enabled the deposition of
amorphous TiO2 on V2O3 nanoplatelets@polysaccharide by a simple sol-gel process. Annealing
in air gave access to V2O5 nanoplatelets@TiO2 core-shell structures. Due to the good electronic
conductivity
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mechanical

properties

of

the

carbon,
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nanoplatelets@carbon core-shell structures exhibited significantly improved electrochemical
performance in comparison to pure V2O3 nanoplatelets, and the V2O5 nanoplatelets@TiO2 coreshell structures manifested better cycling stability than the pure hierarchical V2O5 nanoplatelets.
The TiO2 shell presumably plays a role in stabilizing the morphology and in preventing the
dissolution of V2O5 during the lithiation and delithiation.
Thanks to the fact that the V2O3 nanoplatelets can be extensively modified over a broad range
without alteration of the morphology, they offer a versatile system to rationally design and tailor
the structure and composition of vanadium oxides to optimize their electrochemical properties.
7.4 Experimental Section
Chemicals
All following chemicals were used without further purification: benzyl alcohol (anhydrous
99.8%, Aldrich), octylamine (Alfa Aesar, 99%), vanadium (III) chloride (97%, Aldrich), glucose
monohydrate (Sigma-Aldrich), titanium (IV) butoxide (97.0%, Fluka), ethanol (Fluka, absolute
alcohol, 99.8%), and carbon black (SuperP, Timcal, Switzerland)
Synthesis of V2O3 nanoplatelets
In a typical synthesis, 0.5 mmol (78.6 mg) VCl3 was mixed with 15 mL benzyl alcohol, followed
by adding 1.5 mmol octylamine (0.25 mL) under continuous magnetic stirring. After complete
dissolution of VCl3, the solution was transferred to a 45 mL Teflon container which was then
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sealed in a stainless-steel autoclave (Parr, Acid Digestion Vessel 4744). The autoclave was heated
in an oven at 180 °C for 24 h. Finally, the black precipitate was collected by centrifugation and
washed several times with acetone and ethanol. The yield was approximately 36 mg, which
corresponds to about 97%.
Synthesis of V2O5 nanoplatelets
The V2O5 nanoplatelets were obtained by calcination of the V2O3 powder in air at 350 °C for 2 h
with a heating rate of 6 °C/min.
Synthesis of V2O3 nanoplatelets@carbon
In a typical synthesis, 36.5 mg of the V2O3 nanoplatelets were dispersed in a mixture of 14 mL
H2O (Millipore water, 18.2 MΩ cm) and 6 ml ethanol by ultrasonication, and then 1.6 g glucose
were added. After complete dissolution of glucose, the solution was transferred to a Teflon
container and sealed in a stainless steel autoclave. The autoclave was heated in a furnace at
180 °C for 6 h. The final product can be extracted by centrifugation with a speed of 4000 rpm for
15 min.
In addition to the polysaccharide coated V2O3 nanoplatelets, colloidal polysaccharide spheres
formed as a by-product. To separate them, the product was dispersed in 40 mL ethanol by
ultrasonication, followed by centrifugation with a speed of 1000 rpm for 5 min. The colloidal
polysaccharide spheres sediment at the bottom of the centrifuge tube, while the polysaccharide
coated V2O3 nanoplatelets remained in the supernatant liquid and can thus easily be decanted off.
After centrifugation of this dispersion at higher speed of 4000 rpm for 15 min, the
polysaccharide coated V2O3 nanoplatelets were collected, washed several times with water and
ethanol and finally dried at 60 °C for 12 h. The polysaccharide coating was transformed into
amorphous carbon by annealing the V2O3 nanoplatelets@polysaccharide powder in a tube
furnace under N2 atmosphere at 700 °C for 4 h with a ramping rate of 5 °C/min.
Synthesis of V2O3 nanoplatelets@polysaccharide@amorphous TiO2
45.1 mg of the V2O3 nanoplatelets@polysaccharide (synthesized with 2.0 g glucose) were
dispersed in 25 mL ethanol, followed by addition of 0.125 mL titanium (IV) butoxide under
magnetic stirring. After 30 min, a mixture of 0.5 mL H2O and 5 mL ethanol was slowly dropped
to the dispersion under continuous stirring. The solution was stirred for another 8 h at room
temperature. The final product was separated by centrifugation and washed several times with
ethanol.
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Synthesis of V2O5 nanoplatelets@TiO2
V2O5 nanoplatelets@TiO2

core-shell

structures

were

obtained

by

annealing

V2O3

nanoplatelets@polysaccharide@amorphous TiO2 in air at 350 °C for 2 h with ramping rate of
6 °C/min.
Characterizations
X-ray powder diffraction (XRD) patterns were measured on a X’Pert Pro (PANalytical B.V.,
Netherlands) powder diffractometer equipped with Cu Kα radiation (45 kV, 40 mA) operating in
reflection mode. Transmission electron microscopy (TEM) images were recorded on a Philips
CM12 (100 kV). Scanning electron microscopy (SEM) analysis was performed on a LEO1530
(Carl Zeiss AG, Germany).
Electrochemical Measurements
The active materials (21 mg), carbon black and poly(vinylidene fluoride) (PVDF) as the binder
were mixed in 1.0 mL N-methylpyrrolidone with a weight ratio of 70:20:10. Then, 0.1 mL of the
slurry was spread on a Ti disk, which was dried in a vacuum oven at 60 °C for 12 h, followed by
another 24 h at 100 °C. Lithium disks were used as the counter and reference electrode and glass
fibers as separator. The electrolyte was 1 M LiPF6 in a 1:1 (v/v) mixture of ethylene carbonate
(EC) and dimethyl carbonate (DMC). The Swagelok-type cells were assembled in an Ar-filled
glove box (H2O, O2 < 0.1 ppm). Cyclic voltammetry and galvanostatic charge-discharge tests
were performed on a Biologic instrument (VMP3) at room temperature.
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8 Amorphous Cobalt Silicate Nanobelts@Carbon
Composites as Stable Anode Material for Lithium Ion
Batteries
The results presented in this chapter are published in Chemical Science and reprinted by
permission of the Royal Society of Chemistry: W. Cheng, F. Rechberger, G. Ilari, H. Ma, W.-I.
Lin, M. Niederberger, Amorphous cobalt silicate nanobelts@carbon composites as a stable
anode material for lithium ion batteries, Chemical Science, 2015, 6, 6908-6915.

Abstract
During past decade, tremendous attention has been attracted to develop new electrode materials
with high capacity to meet the requirement of electrode materials with high energy density in
lithium ion batteries. Very recently, cobalt silicate has been proposed as a new type of high
capacity anode material for lithium ion batteries. However, the bulky cobalt silicate demonstrates
limited electrochemical performance. Nanostructure engineering and carbon coating represent
two promising strategies to improve the electrochemical performance of electrode materials.
Herein, we developed a template method for the synthesis of amorphous cobalt silicate nanobelts
which can be coated with carbon through the deposition and thermal decomposition of phenol
formaldehyde resin. Tested as an anode material, the amorphous cobalt silicate
nanobelts@carbon composites exhibit a reversible high capacity of 745 mA h g-1 at a current
density of 100 mA g-1, and a long life span up to 1000 cycles with a stable capacity retention of
480 mA h g-1 at a current density of 500 mA g-1. The outstanding electrochemical performance
of the composites indicates their high potential as anode material for lithium ion batteries. The
results here are expected to stimulate further research on transition metal silicate nanostructures
for lithium ion battery applications.
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8.1 Introduction
Lithium ion batteries are nowadays one of the most popular electrical energy storage
technologies in the market, because of their relatively high energy density as well as good
cycling stability.1-3 Regarding the anode in lithium ion batteries, intercalating graphite is the
mostly used commercial material. However, graphite offers a low theoretical capacity of only
372 mA h g-1, and also a relatively poor rate performance. These limitations restrict the use of
lithium ion batteries in large scale applications such as in electrical vehicles, electric grids, and
renewable power plants.3-4 Consequently, extensive research efforts have been dedicated to
finding new anode materials with high capacity.5-9 Among all the emerging high capacity anode
materials, Si-based inorganic materials including Si and SiO2 have received most of the attention
due to their extremely high theoretical capacities (4200 mA h g-1 for Si and 1965 mA h g-1 for
SiO2) and the abundance of the element silicon in the earth crust.10-11 But both compounds suffer
from drastic capacity fading during cycling. This issue can be addressed by a careful engineering
of the nanostructure and by depositing a conductive coating.10-11 In addition to Si and SiO2, metal
silicates represent another type of potential electrode materials. In contrast to lithium metal
silicates (Li2MSiO4, M=Fe, Co, Mn), which have been extensively investigated as cathodes,12
metal silicates such as M2SiO4 (M=Co, Fe, Mn) have rarely been studied as electrode materials
for lithium ion batteries. Only very recently, Franziska Mueller et al. reported that cobalt silicate
can be used as anode which undergoes a conversion reaction during lithiation and delithiation,
providing a reversible specific capacity of about 600 mA h g-1.13 However, this bulky cobalt
silicate exhibited limited capacity and poor cycling stability and rate performance due to the
large particle size. Accordingly, there are still many possibilities to study metal silicates as anode
materials and to improve their electrochemical performances by downscaling the particle size to
the nm range and by coating them with a conductive layer of carbon.
Nanostructured materials as electrode materials possess several advantages: Improved kinetics
of lithium ions due to the small size, large surface area ensuring sufficient contact between
electrode materials and electrolyte and reduced strain during lithiation and delithiation.14 Among
the many kinds of morphologies, one dimensional nanostructures are particularly interesting,
because they additionally offer an enhanced transport of electrons along the long axial direction,
favoring the current collection during cycling, and thus leading to an improvement of the
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electrochemical performance.15-16 Moreover, one-dimensional nanostructures are promising
building blocks for flexible batteries.17 Therefore, substantial efforts have been devoted to
developing strategies for the synthesis of one dimensional electrode materials with high
performance in lithium ion batteries.16 On the other hand, one dimensional nanostructures suffer
from structure degradation and self-aggregation during cycling.16 These issues can be overcome,
if the one dimensional nanostructures are coated with a conductive material like carbon. The
carbon coating not only improves the conductivity, but also acts as an efficient elastic buffer
layer to accommodate the volume expansion and contraction during the lithium ion insertion and
extraction, and thus significantly improves the electrochemical performance.18-19
It has been reported that amorphous electrode materials can be electrochemically more active
than the corresponding crystalline phase, because the high atomic/ionic mobility in amorphous
structures favors the lithium ion diffusion and also alleviates the strain arising from the volume
changes during cycling.20 However, the electronic conductivity in amorphous structures is often
poor, which is harmful to the collection of electrons. Again, carbon coating provides an efficient
approach to resolve this issue.
Herein, we report the synthesis of a highly anisotropic and amorphous silicate nanostructure
with a carbon coating and its lithium storage properties. The synthesis of these cobalt silicate
nanobelts@carbon composites involves the hydrothermal treatment of cobalt-based organicinorganic nanobelts as template with alkaline solution in a glass tube. Under hydrothermal
conditions, the OH- ions attack the wall of the glass, forming silicate ions which react with the
organic-inorganic nanobelts, leading to the formation of amorphous cobalt silicate retaining the
one dimensional morphology. The carbon coating is realized by the deposition of phenol
formaldehyde resin on the nanobelts, followed by annealing under N2 atmosphere. As a result of
the unique structural and compositional design, the composite electrode exhibits outstanding
electrochemical performance when tested as an anode material. It can deliver a reversible high
capacity of about 745 mA h g-1 at a current density of 100 mA g-1. At a higher current density of
500 mA g-1, the composite exhibits an extraordinary long life of 1000 cycles with a stable
capacity retention of about 480 mA h g-1, which is much higher than the theoretical capacity of
the commercialized graphite anode. It is the first time to demonstrate that such a high capacity
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and long term cycling stability can be accomplished for metal silicates M2SiO4 (M=Co, Fe, Mn
et.al) as anode materials.
8.3 Results and Discussion

Figure 8.1. SEM images of the cobalt-based organic-inorganic hybrid nanobelts: (a) Low and (b)
high magnification.
The anisotropic cobalt silicate nanostructures were synthesized in the presence of cobalt-based
organic-inorganic hybrid nanobelts as template. The hybrid nanobelts were prepared according to
our

previous

work,

in

which

their

composition

was

determined

to

be

Co(OH)0.8(C6H5COO)1.2(2C6H5COOH)0.04·1.86H2O.21 The nanobelts have lengths up to
hundreds of micrometers, widths of about 50-200 nm, and thicknesses of about 10-20 nm (Figure
8.1). The hydrothermal treatment of these hybrid nanobelts in a glass tube under alkaline
conditions reproducibly results in the formation of amorphous cobalt silicate nanobelts. As
shown in the scanning electron microscopy (SEM) images (Figure 8.2a and b), the products
preserve the one dimensional morphology of the template. The sample looks homogeneous,
exclusively consisting of nanobelts. In the transmission electron microscopy (TEM) images, we
can clearly distinguish between areas of brighter and darker contrast (Figure 8.2c-h). The light
contrast stems from the silicate nanobelts, while the dark spots represent Co3O4 nanoparticles.
Some of these dark nanoparticles are embedded in the core (Figure 8.2e) or are located on the
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Figure 8.2. (a-b) SEM and (c-h) TEM images of the as-synthesized cobalt silicate nanobelts.
surface of selected nanobelts (Figure 8.2f). But most of the nanobelts are just of light contrast
without any dark nanoparticles (Figure 8.2c, d, g and h). The nanobelts can reach lengths of 5-10
µm with widths of 150-250 nm. On the basis of atomic force microscopy (AFM) analysis, the
thickness of the nanobelts is determined to be about 20-50 nm (Figure 8.3). Therefore, the
nanobelts have a width-to-height ratio of 3 to 12.5. The reflections in the X-ray diffraction (XRD)
pattern (Figure 8.4) can be assigned to cubic Co3O4 (JCPDS 42-1467), indicating that the dark
nanoparticles in the TEM images are Co3O4. Energy-dispersive X-ray spectroscopy (EDX)
analysis (Figure 8.5a) reveals that besides cobalt and oxygen, there is a significant amount of
elemental Si in the nanobelts. Additionally, the EDX element mapping (Figure 8.5b-e) suggests
that Si is homogeneously distributed in the sample. The infrared (IR) spectrum (Figure 8.6) of
the product shows typical bands at 577 cm-1 and 664 cm-1 belonging to Co3O422a and also a
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Figure 8.3. (a, c, e) AFM images of cobalt silicate nanobelts; (b, d, f) hight profiles
corresponding to the lines drawn in a, c and e, respectively.
pronounced band at 986 cm-1, typical for the Si-O stretching vibration.22b Based on all these data,
it is reasonable to assume that the nanobelts are either composed of cobalt silicate or silica.
To determine the exact composition, we performed TEM-EDX analysis (Figure 8.7a) and
Energy-Filtered Transmission Electron Microscopy (EFTEM) element maps of an individual
nanobelt without Co3O4 nanoparticles. The EFTEM maps in Figure 8.7b-f are recorded with
conventional three-window technique from the Co L-edge, the Si L-edge and the O K-edge. The
results show that the light contrast nanobelts are comprised of all three elements Co, Si and O
(Figure 8.7a-f). Most importantly, the three elements are homogenously distributed within the
nanobelt, proving that their composition is cobalt silicate rather than silica. Their XRD pattern
(Figure 8.8) after annealing in air at 800 ˚C can unambiguously be assigned to Co2SiO4 (JCPDS
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Figure 8.4. XRD pattern of the product obtained by hydrothermal treatment of cobalt-based
organic-inorganic hybrid nanobelts under alkaline condition in a glass tube.
01-079-0791) and Co3O4 (JCPDS 42-1467). The high intensity of the Co3O4 reflections indicates
that no Co3O4 is consumed during annealing, making a reaction between SiO2 and Co3O4
improbable. Instead, Co2SiO4 is a result of the crystallization of the amorphous nanobelts,
indirectly confirming their composition as cobalt silicate.
Based on the above characterization results, we propose the following mechanisms for the
reaction of Co(OH)0.8(C6H5COO)1.2(2C6H5COOH)0.04·1.86H2O into cobalt silicate and Co3O4.
During the hydrothermal treatment in aqueous NaOH, the hydroxyl ions react with the Co-based
precursor particles as well as with the glass tube inside the Teflon container. The Co-based
hybrid transforms into cobalt hydroxide, which subsequently reacts with oxygen to Co3O4 (Eq.
1)23 and with SiO32- (product of the reaction of OH- with SiO2 from the glass tube, Eq. 2) to
Co2SiO4 (Eq. 3).
6 Co(OH)2 + O2
SiO2 + 2 OH-

2 Co3O4 + 6 H2O

(Eq. 1)

SiO32- + H2O

2 Co(OH)2 + SiO32-

(Eq. 2)

Co2SiO4 + H2O + 2 OH151

(Eq. 3)
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The freshly synthesized cobalt silicate nanobelts can be well dispersed in water as shown in
Figure 8.9. The high stability is ascribed to the relatively large zeta potential of about -32.6 mV,

Figure 8.5. (a) EDX spectrum of as-synthesized cobalt silicate nanobelts. The Al signal stems
from the substrate. (b) SEM image of the cobalt silicate nanobelts; (c-e) EDX element mapping.
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Figure 8.6. Infrared spectrum of the cobalt silicate nanobelts@Co3O4 nanoparticles.

Figure 8.7. (a) EDX spectrum taken from a single nanobelt, in which the C and Cu signals
originate from the TEM grids. (b-f) EFTEM images: (b) Zero-loss image, (c) Co L-edge, (d) Si
L-edge, (e) O K-edge, (f) overlapping of Co, Si, O maps.
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Figure 8.8. XRD pattern of the nanobelts@Co3O4 nanoparticles after annealing in air at 800 ˚C.
The reflections marked with asterisks can be assigned to Co3O4 (JCPDS 42-1467). All other
reflections match with Co2SiO4 (JCPDS 01-079-0791).

Figure 8.9. Photograph of the cobalt silicate nanobelts@Co3O4 nanoparticles dispersed in water
(1 mg/mL). Tyndall effect was observable, when a laser beam went through the dispersion.
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Figure 8.10. (a-b) SEM and (c-e) TEM images of cobalt silicate nanobelts@phenol
formaldehyde resin.

Figure 8.11. Reactions involved in the formation of the phenol formaldehyde resin (PFR): (1)
Decomposition of hexamethylenetetramine, (2) formation of phenol formaldehyde resin.
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Figure 8.12. XRD pattern of the carbon coated nanobelts obtained by annealing PFR coated
nanobelts under protection of N2 at 500 °C for 3 h with a ramping rate of 5 ˚C/min.
originating from the OH- groups on the surface of the nanobelts as verified by IR measurement
(Figure 8.6). The good dispersibility of the nanobelts in water allows us to uniformly deposit
phenol formaldehyde resin (PFR) on them (Figure 8.10) by hydrothermal processing of the
cobalt silicate nanobelts with phenol and hexamethylenetetramine (HMT).24 Under hydrothermal
conditions, HMT decomposes into NH3 and formaldehyde (Figure 8.11, reaction 1). Then, the
newly formed formaldehyde and phenol polymerize to PRF on the surface of the cobalt silicate
nanobelts (Figure 8.11, reaction 2). The PFR coating can be transformed to amorphous carbon by
annealing under protection of N2 at 500 °C. The XRD pattern (Figure 8.12) indicates that during
the carbonization process the Co3O4 nanoparticles present in the sample are reduced to CoO
(JCPDS 01-070-2856). The absence of any other reflections suggests that the cobalt silicate is
still amorphous. SEM analysis (Figure 8.13a-d) shows that the nanobelt morphology was wellpreserved after carbon coating. The coated carbon can be clearly detected by EDX (Figure 8.14a).
In addition, the element maps (Figure 8.14b-f) show that Co, Si, O and C are homogeneously
distributed in the sample, indicating a uniform carbon coating on the nanobelts.
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Figure 8.13. (a-d) SEM and (e-g) TEM images of cobalt silicate nanobelts@carbon.
According to the TEM images (Figure 8.13e-g), some CoO nanoparticles, identified by XRD and
shown as dark dots, are distributed around the nanobelts. Due to the similar low contrast of the
thin sheet-like carbon and the amorphous cobalt silicate nanobelts, it is difficult to distinguish the
carbon shell from the nanobelt cores. Nevertheless, the carbon is uniformly coated on the
nanobelts as confirmed by the EDX element maps (Figure 8.14f). The presence of carbon can be
further confirmed by Raman spectroscopy analysis of the composite. In Figure 8.15, we can
observe two pronounced peaks. One is located at 1342 cm-1, which can be identified as D band
of carbon, and indicates disordered carbon.25 The other one at 1582 cm-1 can be assigned to the G
band of carbon, suggesting the presence of graphitic carbon.25 The higher intensity of the G band
in comparison to the D band implies a high ratio of sp2 graphitic carbon in the carbon coating.
Higher content of graphitic carbon gives rise to better electronic conductivity, which is
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Figure 8.14. (a) EDX spectrum of cobalt silicate nanobelts@carbon composite with 20.9 wt%
carbon. The Al signal stems from the substrate. (b) SEM image; (c-f) EDX element mapping.
crucial to improve the electrochemical performance of amorphous electrode materials. It is
important to mention that the amount of carbon coating can be tuned by using different
concentrations of phenol and HMT for the polymerization of PFR on the nanobelts. In a typical
synthesis using 6 mM of phenol and 3 mM of HMT, we obtain cobalt silicate nanobelts@carbon
with a weight ratio of 20.9 wt% as determined by Thermogravimetric analysis (TGA) (Figure
8.16). By reducing the concentration of phenol and HMT by half, the weight ratio of carbon
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Figure 8.15. Raman spectrum of the cobalt silicate nanobelts@carbon composite with 20.9 wt%
carbon.

Figure 8.16. TGA of the cobalt silicate nanobelts@carbon composite with 20.9 wt% carbon.
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decreases to 9.9 wt%, while a doubling of their concentration increases the carbon content to
36.7 wt%.
We investigated the potential application of cobalt silicate nanobelts@carbon as anode material
in lithium ion batteries. The CoO impurities, although in principle electrochemically active, were
not removed, because they only represent the minor phase in the cobalt silicate
nanobelts@carbon. Figure 8.17 shows the first three cyclic voltammetry (CV) scans of the
composite in the voltage range from 0.01 to 3 V. Except of the initial cathodic scan, the current
peak positions in the rest of the CV curves are the same as for bulk cobalt silicate,13 indicating
that our composite undergoes a similar conversion reaction. In this mechanism, the Co2+ is
initially reduced to metallic Co nanograins distributed in a Li4SiO4 matrix and can be restored to
cobalt silicate in the subsequent delithiation step.13 The mechanism is comparable with the
reversible electrochemical reaction of lithium with transition metal oxides such as CoO, Co3O4,
CuO, and Fe3O4.8, 26 The peaks in the CV curves of our composites are, however, less defined
than in the case of bulk cobalt silicate, probably due to the amorphous nature of our nanobelts.
Clearly, the details about the reaction mechanism need further clarifications. Nevertheless, after

Figure 8.17. First three CV curves of cobalt silicate nanobelts@carbon composite with 20.9 wt%
carbon.
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the irreversible reaction occurring in the initial discharge, all additional CV curves almost
overlap, indicating highly reversible lithiation and delithiation reactions for the composite.
Figure

8.18a

displays

representative

charge-discharge

profiles

of

cobalt

silicate

nanobelts@carbon at a current density of 500 mA g-1 in the voltage window from 0.01 V to 3.0
V. In the initial discharge, the composite electrode delivers a high capacity of 1159.4 mA h g-1.
Unless otherwise stated, the capacity is calculated based on the total weight of the composite.
Considering that the composite contains 20.9 wt% carbon, the capacity with respect to cobalt
silicate nanobelts is actually as high as 1465.7 mA h g-1, while the bulk Co2SiO4 exhibits a first
discharge capacity of only 906.0 mA h g-1 at 80 mA g-1.13 In the subsequent charging step, the
composite can only deliver a capacity of 620.9 mA h g-1, corresponding to a Coloumbic
efficiency of 53.3%. The large capacity loss in the first cycle can be ascribed to irreversible
electrochemical reactions occurring during initial discharge, inevitable formation of the solid
electrolyte interphase and also electrolyte decomposition, all of which are commonly observed in
most anode materials.10-11, 20, 26-27 After the first discharge-charge cycle, the shapes of the profiles
remain basically the same upon further cycling, indicating highly reversible electrochemical
reactions, which is in good agreement with the CV analysis. The Coloumbic efficiency
significantly increases to 87.6% at the second, 97.3% at the 10th and 99.1% at the 20th cycle, then
keeping this level upon further cycling.
Figure 8.18 (black curve) shows the cycling performance of the composite electrode. Starting
from the second cycle, the charge capacity gradually increases from 588.4 mA h g-1 to 701.0 mA
h g-1 at the 80th cycle, then slowly decreases to 686.4 mA h g-1 at the 100th cycle. The capacity
increase in the first 80 cycles is presumably due to the reversible formation of polymeric layers
on the electrode materials, which has already been observed and also confirmed in other
transition metal oxide electrode materials with conversion mechanisms.25a, b As a comparison, we
also measured the cycling performance of freshly synthesized amorphous cobalt silicate
nanobelts before and after annealing at 500 ˚C under N2. The amorphous cobalt silicate before
annealing can only deliver a very low initial charge capacity of about 427.9 mA h g-1, which
quickly drops to a low capacity of about 140 mA h g-1 (Figure 8.18b, red). The annealing step
does not improve the electrochemical performance (Figure 8.18b, green). The bad performance
is anticipated to be associated with the poor electronic conductivity of the amorphous cobalt
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Figure 8.18. Electrochemical performance of the cobalt silicate nanobelts@carbon composite: (a)
Charge-discharge voltage profiles for 1st, 2nd, 10th and 100th cycle at 500 mA h g-1; (b) cycling
performance at 500 mA h g-1: Cobalt silicate nanobelts@carbon composite with 20.9 wt% carbon
(black), as-synthesized cobalt silicate nanobelts (red), cobalt silicate nanobelts annealed at
500 °C under N2 (green); (c) rate peformance of cobalt silicate nanobelts@carbon composite
with 20.9 wt% carbon (black), as-synthesized cobalt silicate nanobelts (red), cobalt silicate
nanobelts anealed at 500 °C under N2 (green); (d) long term cycling stability at 500 mA h g-1:
Cobalt silicate nanobelts@carbon composite with 20.9 wt% carbon (black), composite with 9.9
wt% carbon (cyan), composite with 36.7 wt% carbon (blue). Voltage window 0-3.0 V. In b, c
and d, the solid and empty squares represent discharge and charge repectively.
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silicate nanobelts. The carbon coating sample shows a more than 5 times higher capacity than the
non-coated sample, indicating that carbon coating leads to a dramatic enhancement of the
electrochemical performance of the amorphous electrode materials.
The rate performance of the cobalt silicate nanobelts@carbon has also been investigated.
Figure 8.18c shows that at 100 mA g-1 the capacity of the composite electrode can reach a stable
reversible value of about 745 mA h g-1. In contrast, the bulk Co2SiO4 provides a reversible
specific capacity about 600 mA h g-1 at 80 mA g-1.13 Increasing the current density to 200 mA g-1,
500 mA g-1, 1000 mA g-1 and 2000 mA g-1, the specific capacity is reduced to 688 mA h g-1, 580
mA h g-1, 478 mA h g-1 and 360 mA h g-1, respectively. Lowering the current density again to
100 mA g-1 results in a capacity of 830 mA h g-1, which is considerably higher than the 745 mA
h g-1 achieved in the initial 10 cycles at 100 mA g-1. In comparison, the nanobelts without carbon
coating display very poor rate performance. At a very high current density of 2000 mA g-1,
almost no capacity can be delivered for the non-coated sample, further confirming the
importance of the carbon coating for the enhancement of the electrochemical properties of the
amorphous electrode materials.
To further demonstrate the suitability of this unique electrode design as anode material for
lithium ion batteries, we tested the long term stability up to 1000 cycles at 500 mA g-1. As
displayed in Figure 8.18d, for the composite with 20.9 wt% carbon, in the first 80 cycles the
capacity gradually increases to 701.0 mA h g-1, followed by a decrease until the 330th cycle.
Afterwards, the capacity is very stable up to 1000 cycles with a capacity retention of about 450
mA h g-1. This value is considerably higher than the theoretic capacity of a graphite anode of
about 372 mA h g-1. It is important to note that the amount of carbon coating has a crucial
influence on the cycling performance of the composite electrode materials. As shown in Figure
5d, for the composite with 9.9 wt% carbon, the capacity is much lower than that of the composite
with 20.9 wt%. It experiences a slow increase in the initial 80 cycles to 530 mA h g-1, followed
by a drastic decrease to 223 mA h g-1 after 200 cycles. The low capacity and the poor stability
could be due to the insufficient carbon coating, which fails to protect the structural integrity
during cycling. Upon increasing the carbon content to 36.7 wt%, the capacity is less than that of
both other samples in the initial 110 cycles. However, in contrast to the other two samples with
less carbon, the capacity does not show an obvious drop after the initial increase, but continues to
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raise to 480 mA h g-1 at 300th cycle. Then, the value remains at this level until 1000 cycles are
reached. Obviously, the large amount of carbon coating compromises the capacity in the initial
cycles, but also promotes the cycling stability. The tunable carbon coating allows us to obtain the
composite electrode with optimized electrochemical performance. Such an outstanding long term
cycling performance has never been achieved for cobalt silicate and silica.11, 13 In fact, such a
good cyclability has also been seldom observed for other conversion-type transition metal oxide
anodes.25-27
The attractive electrochemical properties of our cobalt silicate nanobelts@carbon composite
can be interpreted from the following perspectives. First of all, based on the aforementioned
results the carbon coating plays a central role in achieving the extraordinary electrochemical
performance. The carbon layer can significantly increase the electronic conductivity, which
solves the issue of the poor conductivity as a result of the amorphous nature of the cobalt silicate
nanobelts. Additionally, it keeps the electrode structure intact and prevents particle aggregation
typically caused by the volume expansion and contraction during cycling, greatly improving the
cycling stability. We performed TEM analysis of the electrode materials after cycling. For the

Figure 8.19. TEM images of the cobalt silicate nanobelts@carbon composite with 20.9 wt%
carbon after 1000 cycles at a current rate of 500 mA h g-1.
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Figure 8.20. TEM images of the electrode materials after 100 cycles at a current rate of 500 mA
h g-1: (a-c) As-synthesized amorphous cobalt silicate nanobelts without carbon coating; (d-f)
amorphous cobalt silicate nanobelts obtained by annealing as-synthesized nanobelts at 500 ˚C
under N2.

Figure 8.21. (a) Adsorption-desorption isotherm of cobalt silicate nanobelts@carbon composite.
The BET surface area is determined to be 440 m²/g. (b) Pore size distribution obtained by DFT
analysis.
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carbon coated sample, the one dimensional structure is well preserved after long term cycling.
No apparent structure damage or collapse was observed (Figure 8.19). The nanobelts without
carbon coating, on the other hand, suffer severely from structural fracture and particles
agglomeration (Figure 8.20), giving evidence for the critical role of the carbon coating for the
preservation of the structural integrity of the nanobelts. Moreover, it is known from literature that
the carbon coating is able to limit the thickness of the SEI layer and to prevent the cracking of
the SEI layer, hence effectively avoiding irreversible capacity during charge and discharge.18-19
Secondly, the thin nanobelt structures offer a short lithium diffusion pathway along the direction
perpendicular to the nanobelts, while the electron transport along the long axial direction of the
composite facilitates the current collection. The nanobelts composite exhibits a huge BrunauerEmmet-Teller (BET) surface area of about 440 m²/g (Figure 8.21), which assures maximized
electrode-electrolyte contact, favoring the lithium ion flux from the electrolyte into the electrode
materials. Thirdly, the cobalt silicate nanobelts here are amorphous. And, the relatively high
atomic and ionic mobility in amorphous materials with homogeneous, isotropic texture favors
the lithium ion diffusion and mitigates the strain caused by the volume change during cycling.20
The synergistic effect of these advantageous features contributes to the final substantial
improvement of the electrochemical performance of the composite electrode.
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8.3 Conclusions
In summary, we developed a template method for the synthesis of amorphous cobalt silicate
nanobelts with high aspect ratios. Their good dispersibility in water enables us to deposit phenol
formaldehyde resin on their surface, which can easily be transformed into a carbon layer. The
resulting cobalt silicate nanobelts@carbon composites exhibit excellent lithium ion storage
properties. Specifically, they can deliver a highly reversible capacity of 745 mA h g-1 at a current
rate of 100 mA h g-1. Long term cycling test shows that at a current density of 500 mA g-1, the
composite can be cycled for 1000 times with a high remaining capacity of 480 mA h g-1. Our
study reveals that the carbon coating holds the key for the excellent electrochemical behavior. In
addition, the one dimensional and amorphous nature of the composite might also contribute to
the superior electrochemical properties. This study marks the first example to demonstrate that
by nanostructure engineering and carbon nanocoating a transition metal silicate is able to deliver
a high reversible capacity with an extremely long life span, which makes them a new type of
potential anode material for lithium ion batteries. Our work may trigger further research efforts
on other nanostructured metal silicates with conductive coating for energy storage applications.
8.4 Experimental Section
Chemicals
All the following chemicals were used as-received without further purification: benzyl alcohol
(anhydrous 99.8%, Aldrich), cobalt(III) acetylacetonate (98%, Aldrich), Sodium

hydroxide

pellets (>= 99%, Aldrich), benzoic acid (99.9%, Aldrich), phenol (99.5%, Aldrich),
hexamethylenetetramine (99.5%, Aldrich), ethanol (99.8%, absolute alcohol, Fluka), and carbon
black (SuperP, Timcal, Switzerland).
Synthesis of cobalt-based organic-inorganic nanobelts
Cobalt-based organic-inorganic hybrid nanobelts were synthesized according to a literature
procedure.[21] Typically, 0.25 mmol of Co(acac)3, 1 mmol of benzoic acid, and 10 mL of
anhydrous benzyl alcohol were mixed and stirred for half an hour. Afterwards, the green solution
was transferred to a Teflon container with 23 mL inner volume, which was then sealed in a
stainless-steel autoclave (Parr, Acid Digestion Vessel 4749) and heated at 150 °C for 24 hours.
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After the autoclave cooled down to room temperature, the pink flocculated precipitate was
separated by centrifugation and washed thoroughly with ethanol.
Synthesis of cobalt silicate nanobelts
All the cobalt-based organic-inorganic nanobelts obtained in the previous step were mixed as a
wet precipitate with 10 mL absolute ethanol and 9.5 mL water. Then, 0.5 mL NaOH solution (1
mol/L) was added into the pink suspension. After shaking for 10 minutes, the suspension was
transferred to a 45 mL Teflon cup (a glass tube was placed inside), which was sealed in a
stainless-steel autoclave (Parr, Acid Digestion Vessel 4744). The autoclave was heated in an oven
at 180 °C for 12 hours. Finally, the brown product was collected by centrifugation and washed
thoroughly with water and ethanol.
Synthesis of cobalt silicate nanobelts@phenol formaldehyde resin
All the cobalt silicate nanobelts obtained from one synthesis batch as described above were
dispersed as a wet precipitate in 20 mL H2O by ultrasonication treatment for about 20 min. Then,
11.3 mg phenol (6 mM) and 8.4 mg hexamethylenetetramine (3 mM) were added to the
dispersion under continuous magnetic stirring. 20 min later, the solution was transferred to a
Teflon cup with 45 mL (a glass tube was placed inside), which was sealed in a stainless-steel
autoclave (Parr, Acid Digestion Vessel 4744), and heated in an oven at 160 ˚C for 12 h. The
yellow product was harvested by centrifugation, washed with water and ethanol for several times,
and dried in an oven at 60 °C overnight.
Synthesis of cobalt silicate nanobelts@carbon
The phenol formaldehyde resin coating was transformed into amorphous carbon by annealing of
the cobalt silicate nanobelts@phenol formaldehyde resin in a tube furnace under N2 atmosphere
at 500 ˚C for 3 hours with a ramping rate of 5 ˚C/min.
Characterizations
The powder X-ray diffraction patterns (PXRD patterns) were recorded on a PANalytical X’Pert
PRO diffractometer equipped with Cu Kα radiation (45 kV, 40 mA) and a secondary
monochromator. Transmission electron microscopy (TEM) images were taken on a Philips
CM12, operated at 100 kV, and on a Jeol 2200FS TEM/STEM microscope, operated at 200 kV.
Energy-Filtered Transmission Electron Microscopy (EFTEM) maps were recorded with a
standard three-window technique on the Jeol 2200FS, equipped with an in-column Ω-energy168
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filter. For the zero-loss image a 20 eV slit width was used. The Si and O maps were acquired
with a 20 eV energy slit and exposure times of 3 and 20 s. The Co map was acquired with a 40
eV energy slit and 60 s of exposure time. Scanning electron microscopy (SEM) images were
acquired on a LEO1530 (Carl Zeiss AG, Germany). Energy-dispersive X-ray spectroscopy (EDX)
and element mapping were performed on a Hitachi SU-70 scanning electron microscope
operated at an acceleration voltage of 30 kV (Schottky type field emission gun) and equipped
with an X-Max 80 detector from Oxford Instruments. The atomic force microscopy (AFM)
images were achieved on Asylum Research Cypher S (Oxford Instruments) with AC mode.
Raman spectroscopy was measured on a NTEGRA Spectra system (NT-MDT, Russia) equipped
with a 632.8 nm He-Ne laser with a 100×0.7 NA objective lens (Mitutoyo) and a CCD (Andor,
Newton 971). Attenuated total reflectance-infrared (ATR-IR) spectrum was obtained on a Bruker
Alpha FT-IR Spectrometer with diamond ATR optics. Thermogravimetric analysis (TGA) was
carried out on a TGA|SDTA851e (METTLER TOLEDO) under a flow of air (50 ml/min) with a
temperature ramp of 2 °C/min. Nitrogen gas sorption analysis was carried out on a
Quantachrome Autosorb iQ at 77 K. Prior to the measurements, the samples were outgassed at
100 °C for 24 h. By Brunauer-Emmet-Teller (BET) method the surface area was determined and
the pore size and pore volume were calculated by a density functional theory (DFT) analysis
using a Non Local DFT (NLDFT) equilibrium calculation model for nitrogen at 77 K on carbon
slit pores.
Electrochemical measurements
The active materials (14 mg), carbon black and poly(vinylidene fluoride) as the binder were
mixed in 0.6 mL N-methylpyrrolidone with a weight ratio of 70 : 20 : 10. Then, 0.1 mL of the
slurry was spread on a Ti disk, which was dried in a vacuum oven at 80 °C for 3 h, followed by
another 12 h at 110 °C. Accordingly, the mass loading of active materials for each electrode is
about 2.3 mg (1.7 mg/cm2). Lithium disks were used as the counter and reference electrode and
glass fibers as separator. The electrolyte was 1 M LiPF6 in a 1 : 1 (v/v) mixture of ethylene
carbonate and dimethyl carbonate. The Swagelok-type cells were assembled in an Ar-filled glove
box (H2O, O2 < 0.1 ppm). Cyclic voltammetry and galvanostatic charge–discharge tests were
performed on a Biologic instrument (VMP3) at room temperature.
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Doped Carbon Composite for High Performance
Anode Materials
The results presented in this chapter are published in Nanoscale and reprinted by permission of
the Royal Society of Chemistry: W. Cheng, F. Rechberger, D. Primc, M. Niederberger,
Multiscale anode materials in lithium ion batteries by combining micro- with nanoparticles:
design of mesoporous TiO2 microfibers@nitrogen doped carbon composites, Nanoscale 2015, 7,
13898-13906.

Abstract
TiO2 has been considered as a promising anode material for lithium ion batteries. However, its
poor rate capability originating from the intrinsically low lithium ion diffusivity and its poor
electronic conductivity hampers putting such an application into practice. Both issues can be
addressed by nanostructure engineering and conductive surface coating. Herein, we report a
template-assisted synthesis of micron sized TiO2 fibers consisting of a mesoporous network of
anatase nanoparticles of about 7.5 nm and coated by N doped carbon. In a first step, an
amorphous layer of TiO2 was deposited on cobalt silicate nanobelts and subsequently
transformed into crystalline anatase nanoparticles by hydrothermal treatment. The N doped
carbon coating was realized by in-situ polymerization of dopamine on the crystalline TiO2
followed by annealing under N2. After removal of the template, we obtained the final
mesoporous TiO2 fibers@N doped carbon composite. Electrochemical tests revealed that the
composite electrode exhibited excellent electrochemical properties in terms of specific capacity,
rate performance and long term stability.
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9.1. Introduction
Lithium ion batteries are now the dominant power source for portable electronic devices, and
they are also considered for future hybrid electronic vehicles.1-3 Presently, in most of the
commercialized lithium ion batteries, graphite is the anode material. However, the low lithium
intercalation potential of graphite causes the formation of lithium dendrites during cycling,
which poses a serious safety issue.4 In addition, graphite suffers from the disadvantage of poor
rate performance due to its low lithium ion diffusion coefficient. In comparison to graphite,
anatase TiO2 exhibits a relatively high lithiation/delithiation voltage of around 1.7 V (vs. Li+/Li),
thus avoiding the deposition of metallic lithium, which makes it a safe anode material. It can
deliver a considerable theoretic capacity of about 170 mA h g-1, which is lower than that of
graphite, but comparable to commercialized cathode materials such as LiCoO2 (140 mA h g-1) or
LiFePO4 (170 mA h g-1). Moreover, TiO2 offers some other advantages such as environmental
benignity, low cost, and high chemical stability. Therefore, anatase TiO2 has been regarded as a
promising alternative anode material for lithium ion batteries.5-7 However, the rate performance
of bulk TiO2 is poor due to the intrinsically low lithium ion diffusivity and electron conductivity,
which prevents its practical application in lithium ion batteries.5-7
Downsizing TiO2 particles to the nanoscale is one option to improve its rate capability,
because of the reduced diffusion length of the lithium ions and shorter electron transport
pathways.8 Hence, substantial research efforts have been dedicated to the synthesis of
nanostructured TiO2 to enhance its electrochemical performance.8 However, nanosized particles
exhibit low packing densities, resulting in a decreased volumetric capacity, which again is not
beneficial for its practical use in lithium ion batteries.9 This problem can be tackled by a careful
design of the particle morphology. Micron sized particles built up of nanocrystalline subunits are
the ideal candidates, because they offer good packing density and at the same time preserve the
specific advantages of nanoparticles including high surface area from the interparticle porosity,
which facilitates the contact between the electrode materials and the electrolyte.9-14 But also such
architectures are not perfect, because inter- and intraparticle boundaries negatively affect the
electrical conductivity.9-10 A carbon coating significantly improves the electrical conductivity and
thus enhances the electrochemical performance. In fact, TiO2 microspheres composed of carbon
coated primary nanoparticles have already been successfully fabricated for lithium ion battery
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applications.15-17 Compared to a spherical morphology, a 1-dimensional particle shape is
preferred as electrode materials, because the long dimension along the axial direction ensures
good electron transport between the particles and between the particles and the current collector,
while the two short dimensions allow fast lithium ion insertion and extraction.4, 18-20 There are
only few examples reporting the embedding of TiO2 nanoparticles into a 1-dimensionl carbon
matrix, e.g., by thermal pyrolysis of titanium precursor/polymer composite nanofibers prepared
by electrospinning technique.21-22 However, in these cases the existence of a large amount of
carbon compromised the specific capacity and the energy density of the electrode materials, and
also limited their rate capability and cycling stability. It remains a great challenge to fabricate
mesoporous, 1-dimensional particles composed of primary TiO2 nanocrystals with controllable
carbon coating, which, based on such a rational design, would lead to electrode materials with
extraordinary electrochemical performance.
In this work, we developed a template-assisted method for the synthesis of mesoporous
anatase TiO2 microfibers composed of nanoparticles of about 7.5 nm, which are coated with N
doped carbon. As an anode material the as-prepared mesoporous TiO2 fibers@N doped carbon
composite exhibits high capacity, outstanding rate performance, and long cycle life. The
synthesis starts from the sol-gel deposition of amorphous TiO2 on cobalt silicate nanobelts as
template,23 followed by transformation of the amorphous TiO2 into crystalline anatase TiO2
nanoparticles through a hydrothermal treatment step. Afterwards, polydopamine was deposited
on the crystalline TiO2. After annealing under N2 and removal of the template, a mesoporous
anatase TiO2 fibers@N doped carbon composite was obtained. The composite has a large surface
area of around 220 m2 g-1 with an average pore size of about 5.4 nm. Electrochemical test shows
that the composite electrode is capable of delivering a stable, high capacity of 215.6 mA h g-1
and 200.0 mA h g-1 at 0.5 C and 1 C, respectively. When the current density is increased to 30 C
and 50 C, the composite can still deliver a considerable capacity of 78.0 mA h g-1 and 60.0 mA h
g-1, respectively. After cycling at 10 C for 500 times, the composite electrode shows a high
capacity retention of 119.1 mA h g-1 with an average decaying rate of only 0.0096% per cycle,
indicating excellent cycling stability. The high capacity, remarkable rate performance, and
cycling stability render our composite promising as anode materials for high power lithium ion
batteries.
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9.3 Results and Discussion
The mesoporous TiO2 fibers@N doped carbon composite was synthesized by a template-assisted
method. The procedure is illustrated in Figure 9.1. Amorphous cobalt silicate nanobelts (Figure
9.1a, b), about 150 nm wide, 20-40 nm thick and up to ten micrometers long, are used as the
template.[23] The nanobelts are decorated with Co3O4 nanoparticles, which however does not

Figure 9.1. Illustration of the different steps leading to mesoporous TiO2 fibers@N doped carbon
composite. (a, b) SEM images of amorphous cobalt silicate nanobelts as template. (c) SEM and
(d) TEM images of cobalt silicate nanobelts@crystalline TiO2. (e) SEM and (f) TEM images of
mesoporous TiO2 fibers@N doped carbon composite.
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Figure 9.2. XRD patterns of the amorphous cobalt silicate nanobelts@TiO2 (a) before and
(b) after hydrothermal treatment. The reflections marked with the asterisks are from the
Co3O4 nanoparticles that decorate the amorphous cobalt silicate nanobelts.
affect their role as template. Due to the good dispersibility of the cobalt silicate nanobelts in
ethanol, amorphous TiO2 can uniformly be grown on their surface by hydrolysis of titanium(IV)
butoxide at room temperature (Figure 9.2a, 9.3). After hydrothermal treatment the amorphous
layer turns into crystalline anatase TiO2 nanoparticles (Figure 9.2b). As shown in Figure 9.1c, the
sample consists of fiber-like particles. The fibers are shorter than the initial template particles,
indicating partial breaking of the nanobelts during the TiO2 coating process. Additionally, from
the TEM image (Figure 9.1d) it is observed that the fibers are composed of a large number of
small nanoparticles, and inter-particle porosity is clearly visible. Then, polydopamine is coated
on the fibers by in-situ polymerization of dopamine at room temperature. Heat treatment under
inert atmosphere leads to the conversion of polydopamine into N doped carbon.24 After
carbonization, the template is removed by sequentially soaking the sample in hot 0.5 M HCl and
in 0.5 M NaOH solution. Finally, mesoporous TiO2 fibers@N doped carbon composite particles
(Figure 9.1e, f) are obtained. The structure, morphology, and the composition of this composite
is discussed in great details in the following sections.
The crystalline phase of the composite was investigated by XRD. Figure 9.4 displays the XRD
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Figure 9.3. (a-b) SEM and (c-e) TEM images of the cobalt silicate nanobelts@amorphous
TiO2.

Figure 9.4. XRD patterns of mesoporous TiO2 fibers@N doped carbon composite powders
obtained at different annealing temperatures under N2 atmosphere: (a) 600 °C, (b) 700 °C, (c)
750 °C, and (d) 800 °C.
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Figure 9.5. (a) XRD patterns of the samples prepared without a hydrothermal treatment step
and (b) XRD patterns of the samples prepared without hydrothermal treatment and
polydopamine deposition. All other processes are kept the same. The patterns in (a) indicates
the presence of a mixture of anatase and rutile TiO2 nanoparticles. The sharper reflections of
the rutile phase point to a larger crystal size compared to the anatase nanoparticles. The
samples in (b) are phase pure anatase TiO2.
patterns of the composite obtained at different annealing temperatures under N2 atmosphere. All
patterns can be indexed to anatase TiO2 (JCPDS 021-1272). According to Scherrer equation
applied to the (101) reflection, the size of the primary nanoparticles of the composite fibers
heated to 600 °C, 700 °C, 750 °C and 800 °C is 6.3 nm, 6.8 nm, 7.5 nm and 13.5 nm,
respectively. Obviously, no significant crystal growth occurs up to 750 °C. Only at 800 °C the
grain growth becomes more pronounced. This observation is important with respect to the choice
of the carbonization temperature. Higher temperatures typically lead to carbon layers with higher
electronic conductivity, which is beneficial for the electrochemical performance, but obviously
also to larger particles, which is detrimental. As a compromise, we select 750 °C as calcination
temperature. It is important to mention here that the hydrothermal treatment is indispensable for
the formation of phase pure anatase TiO2 fibers. If we skip this step, while keeping all other
parameters the same, the final product is a mixture of anatase and rutile as shown in Figure 9.5a
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Figure 9.6. (a-b) SEM images and (c) TEM image of the sample prepared without a
hydrothermal treatment step, while all other processes are the same (The annealing
temperature is 750 °C). Based on the XRD analysis in Figure. 9.6a, the larger nanoparticles
on the surface of the fibers presumably correspond to rutile TiO2. The smaller anatase
nanoparticles build up the skeleton of the fibers.
and Figure 9.6. On the other hand, we found that if we omit both, the hydrothermal treatment and
the polydopamine coating, calcination of the amorphous TiO2 produces phase pure anatase with
large crystal sizes as indicated by the sharp reflections in the XRD pattern in Figure 9.6b. This
observation points to a relation between rutile formation and polydopamine. It was reported that
oxygen defects favor the formation of rutile TiO2,25 and the polydopamine provides a reducing
atmosphere during annealing, which facilitates the generation of oxygen deficiency in TiO2.
However, the crystalline anatase nanoparticles obtained after the hydrothermal treatment do not
undergo any phase transitions up to 800 °C in spite of the polydopamine coating, and this
behavior enables us to fabricate phase pure anatase TiO2@ N doped C composites.
The morphology and microstructure of the composite were studied by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). SEM images (Figure 9.7a-c)
show that the sample is composed of a great number of fibers with lengths ranging from 1 to 2
µm, widths of about 200 to 300 nm, and thicknesses of 80 to 100 nm. From the TEM
characterization (Figure 9.7d-f), we can clearly see that the fibers are built of a large number of
nanoparticles with an average size of about 7 nm, consistent with the value calculated from the
XRD pattern. The lighter contrast between the primary nanoparticles is due to the formation of
180

9 Design of Fiber-Shaped Mesoporous TiO2@Nitrogen Doped Carbon Composite for High
Performance Anode Materials

Figure 9.7. (a-c) SEM images and (d-f) TEM images of mesoporous TiO2 fibers@N doped
carbon composite particles at different magnifications. (g) SAED pattern taken from a single
nanofiber; (h-i) HRTEM images of the nanocomposite.
mesopores with pore diameters of about 5-6 nm (Figure 9.7e, f, h). The selected area electron
diffraction (SAED) pattern (Figure 9.7g), taken from an individual fiber, displays several
diffraction rings, which underline the polycrystalline nature of the fibers consisting of
crystallographically disordered anatase nanocrystals. HRTEM analysis (Figure 9.7h, i) reveals
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Figure 9.8. TGA of the mesoporous TiO2 fibers@N doped carbon composite synthesized at
750 °C.
the high crystallinity of the primary nanocrystals. The periodicity of the lattice fringes of about
0.35 nm (Figure 9.7i) can be assigned to the {101} planes of the anatase structure. According to
the HRTEM images (Figure 9.7h, i) the amorphous carbon penetrates into the mesopores and
homogeneously coats the primary nanocrystals. Thermogravimetric analysis (TGA) suggests that
the carbon content in our fibers composite is about 22.4 wt% (Figure 9.8). The CHN analysis
(performed on a LECO TrueSpec Micro) proves the existence of 1.11 wt% N in the carbon
coating, which originates from the dopamine used as precursor. Nitrogen doping has been
reported to improve the e- conductivity and charge transfer at the interface. Therefore, N doped
carbon is typically better than pure carbon for enhancing the electrochemical performance of
composite electrodes.26 SEM-EDX element mapping shows that the carbon is uniformly
distributed around the fiber, implying a homogeneous carbon coating (Figure 9.9). The same is
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Figure 9.9. (a-d) EDX element mapping of a single mesoporous TiO2 fiber@N doped carbon.

true for the distribution of Ti and O. N is not detected by our EDX measurement. The reasons
are related to the fact that the N signal overlaps with that of Ti due to only small energy
difference between the K shell of N and the L shell of Ti and that the amount of N is rather low.16
It is important to note that the carbon content of the coating is controllable. For example, if we
perform the polymerization of dopamine twice during the synthesis, we are able to obtain TiO2
microfibers@N doped carbon composites with carbon content of about 36.4 wt% (Figure 9. 10).
TEM images show a clearly distinguishable carbon layer with thickness of about 10-20 nm on
the fiber (Figure 9.11).
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Figure 9.10. TGA of the mesoporous TiO2 fibers@N doped carbon composite synthesized with
two dopamine polymerization steps while all other synthetic procedures remain the same.

Figure 9.11. (a-b) TEM images of a mesoporous TiO2 fibers@N doped carbon composite
particle synthesized with two dopamine polymerization steps, while all other procedures remain
the same.
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Figure 9.12. (a) Complete adsorption-desorption isotherm of mesoporous TiO2 fibers@N doped
carbon composite particles. (b) Pore size distribution obtained by DFT analysis.
N2 sorption measurements confirm the presence of mesopores in the composite. Based on the
N2 adsorption-desorption isotherms (Figure 9.12a), the BET surface area is 220 m2 g-1, which is
higher than that of most of the reported micron-sized particles consisting of TiO2 nanocrystals.1317, 27

In fact, it is quite unique to achieve such a high surface area for a composite prepared at a

high annealing temperature of 750 °C. This value is even comparable with that of mesoporous
TiO2 thin films prepared by polymer-templated sol-gel method.28 By density functional theory
(DFT) analysis,29 the pore size distribution could be calculated as visualized in Figure 9.12b. An
average pore size of 5.4 nm was obtained, which is in good agreement with the TEM results. In
addition, there are, to a minor extent, also larger pores of 10-30 nm, which are presumably a
result of the removal of the template.
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We studied the electrochemical performance of the mesoporous TiO2 fibers@N doped carbon
composite particles as anode material in lithium ion batteries. Figure 9.13a shows the first three
cyclic voltammetry (CV) curves of the composite electrode within the voltage window of 1.0-3.0
V. After the first scan, the subsequent CV curves almost overlap, indicating good lithiation and
delithiation reversibility. Two pronounced peaks appear at around 1.70 V and 2.0 V,
corresponding to the intercalation and deintercalation of Li+ in the anatase TiO2 host.13, 15, 28 It
should be pointed out that the potential separation between the cathodic and the anodic peak in
the first cycle is 0.52 V, while it is only 0.30 V in the 2nd and 3rd cycle, indicating that insertion
and deinsertion of lithium is more difficult in the first cycle than in the second and third cycles.
Similar phenomenon was observed for hollow TiO2 microspheres14 and TiO2 nanosheets.8c
However, the exact reasons for the higher over potential in the first cycle are not clear. Figure
9.13b displays typical charge/discharge curves of the composite electrode at a constant current
density of 0.5 C. The discharge and charge potential plateau at around 1.76 V and 1.93 V are
characteristic for the insertion and extraction reaction of lithium ion in anatase TiO2, consistent
with previous studies on nanostructured anatase.8a,e, 30 From the discharge curves, we can clearly
observe three regions. In the first region, the curve drops very fast from open circuit potential to
a potential plateau, corresponding to homogeneous insertion of Li+ into tetragonal anatase TiO2,
leading to the formation of a solid solution without any phase transition.31 The second region is
the potential plateau at 1.7 V, in which a Li+-rich phase and anatase TiO2 coexist.32 The long
slope below 1.7 V is the third region, in which interfacial storage of lithium occurs.8f, 33 It is
observed that the capacity from the third region contributes to almost half of the overall
discharge capacity, indicating the importance of lithium ion storage on the surface, which is
strongly associated with the high surface area arising from the small size of the primary
nanocrystals and the mesoporous nature of the composite. At higher current density, the third
region is more pronounced and even dominant in the discharge profiles (Figure 9.13c),
suggesting that the interfacial lithium storage mechanism becomes more important with
increasing current density. Because of the interfacial storage phenomena, the composite exhibits
a strikingly high capacity of 347.2 mA h g-1 in the initial discharge at 0.5 C (1 C=170 mA h g-1),
which is more than twice the theoretic capacity of anatase TiO2 (167.5 mA h g-1). But the
composite electrode can be only charged to 234.1 mA h g-1, resulting in an irreversible capacity
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Figure 9.13. Electrochemical performance of the mesoporous TiO2 fibers@N doped carbon
composites: (a) First three cyclic voltammetry (CV) scans at a scan rate of 0.10 mv/s, (b) chargedischarge voltage profiles for 1st, 2nd, 3rd and 10th cycles at 0.5 C (1 C=170 mA h g-1), (c) chargedischarge voltage profiles at different current densities, (d) rate performance (black: Mesoporous
TiO2 fibers@N doped carbon composite; green: Mesoporous TiO2 fibers without carbon
coating), (e) cycling performance of the composite at 5 C and 10 C, (f) long term cycling
stability of the composite at 10 C. Voltage window: 1.0-3.0 V vs Li+/Li.
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loss of 32.5%, possibly due to electrolyte decomposition caused by trace amounts of water
adsorbed inside the mesoporous nanostructure.33 In the second cycle the Coulombic efficiency
increases rapidly to 90.9% and further to 97.2% in the 10th cycle, indicating that there is nearly
no further capacity loss upon continuous cycling.
In addition to the high specific capacity, the composite also exhibits excellent rate
performance. As displayed in Figure 9.13d (black), for the first 10 cycles at 0.5 C the discharge
capacity drops quickly from 347.2 mA h g-1 to 215.6 mA h g-1. But upon increasing the current
rate to 1 C, 2 C, 5 C and 10 C, the composite electrode delivers a stable capacity of about 200.0
mA h g-1, 181.5 mA h g-1, 152.6 mA h g-1 and 124.6 mA h g-1, respectively, with a Coulombic
efficiency of almost 100%. Even at very high current rates of 30 C and 50 C, a considerable
capacity of 78.0 mA h g-1 and 60.0 mA h g-1 can still be reached. More importantly, negligible
capacity fading was found during the first 10 cycles at each current density, underlining the high
stability of the composite electrode. If the current density is returned to 0.5 C, the capacity is
recovered to its original state. To demonstrate the advantages of carbon coating, the
electrochemical performance of pure (non-carbon coated) mesoporous polycrystalline TiO2
fibers was also measured. Their rate performances are shown in Figure 9.13d (green). At 0.5 C, 1
C, 2 C, 5 C, 10 C, 30 C, and 50 C, they are able to deliver a capacity of 172.4 mA h g-1, 154.6
mA h g-1, 134.6 mA h g-1, 105.2 mA h g-1, 84.5 mA h g-1, 48.1 mA h g-1 and 32.2 mA h g-1,
respectively. When the current rate was reduced to 0.5 C, the capacity can be restored to 162.4
mA h g-1, which is 10 mA h g-1 below its initial value. It is obvious that the composite exhibits a
significantly higher capacity than the pure TiO2 at all those different current rates, clearly
supporting the beneficial effect of the carbon coating for the improvement of the electrochemical
performance. However, it is also necessary to stress that too much carbon is detrimental to the
electrochemical performance. For example, a carbon content of 36.4 wt% (Figure 9.10 and 9.11)
dramatically decreases the specific capacities at different current rates (Figure 9.14) compared to
the sample with 22.4 wt% carbon and the non-carbon coated sample. This reduction is
presumably due to the fact that the thick carbon layer limits the diffusion of the lithium ion into
the active materials. We also investigated the cycling performance of the composite electrode at
high current rates. Figure 9.13e shows the cycling performance at 5 C and 10 C, respectively, for
100 cycles. During these 100 cycles the capacity decay is marginal. After 100 cycles, the
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Figure 9.14. Rate performance of the mesoporous TiO2 fibers@N doped carbon composite after
two dopamine polymerization steps.

Figure 9.15. (a-d) TEM images of the mesoporous TiO2 fibers@N doped carbon composite after
500 cycles at 10 C.
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composite electrode manifests a high capacity retention of 150.0 mA h g-1 at 5 C and 127.2 mA h
g-1 at 10C. Finally, we tested the long cycle life stability of the composite at high current rate. A
high capacity of 119.1 mA h g-1 was retained after 500 cycles at 10 C (Figure 9.13f). The average
capacity decaying rate was determined to be 0.0096% per cycle, indicating an excellent cycling
stability of the composite electrode. To gain some insight why the composite exhibits such high
cycling stability, we performed TEM analysis of the composite after 500 cycles at 10 C.
According to Figure 9.15, no pronounced differences were found in the sample before and after
cycling, pointing to the high robustness of the composite structure, which is believed to be the
key for the extraordinary cycling stability.
The electrochemical performance of our composite electrode out-performs that of micron sized
spherical particles composed of carbon coated anatase TiO2 nanocrystals15-16 as well as that of
carbon nanofibers decorated with anatase TiO2 nanocrystals,21-22 in terms of specific capacity,
rate performance and cycling stability. The superior electrochemical performance can be
attributed to the following reasons. 1) The micron sized fibers are built of a great number of
highly crystalline TiO2 nanoparticles with sizes of about 7.5 nm. Such a small size significantly
reduces the diffusion length of the Li+ and electron, resulting in improved capacity and rate
performance. Moreover, for such a small size the surface storage of lithium ions becomes
particularly evident,8f which also leads to higher capacity and faster cycling rates. 2) The
mesoporous structure of the fibers ensures the penetration of the electrolyte into the active
electrode materials, consequently facilitating the diffusion of lithium ions into TiO2, hence
improving the capacity and rate capability. In addition, mesopores are helpful to buffer the
volume changes associated with the insertion and extraction of Li+, which is important for the
cycling stability. 3) The N doped carbon coating significantly improves the electronic
conductivity of the electrode materials.15-16,

26

Additionally, it plays an important role in

protecting the integrity of the electrode structure during charge and discharge. 4) The fibers show
a long dimension on the microscale and two other short dimensions on the nanoscale. Together
with the carbon coating the long dimension should favor the current collection, while the two
short dimensions facilitate the diffusion of lithium in or out of TiO2. Overall, the composite’s
four characteristics - the nanosize of the primary particles, the mesoporous structures, the N
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doped carbon coating and the 1-dimensional nature - all together contribute to its outstanding
electrochemical performance.
9.3 Conclusions
In summary, we rationally designed a composite electrode material taking advantage of the sizespecific properties of nano- and micron-sized particles, combining the advantages of both size
regimes. The mesoporous polycrystalline TiO2 fibers@N doped carbon composite is built up of a
large number of anatase nanocrystals with sizes smaller than 10 nm and with an N doped carbon
coating uniformly distributed on and tightly attached to the primary nanoparticles. Benefiting
from these multiscale structural features, the composite exhibits remarkably high specific
capacity, stable capacity retention at 10 C, and excellent rate capability up to 50 C. The
outstanding electrochemical performance makes the composite a good candidate for practical
applications as anode materials in high power lithium ion batteries. Furthermore, this work
demonstrates that the electrochemical performance of the electrode materials can be significantly
enhanced by systematically tailoring the structure and the compositions.
9.4 Experimental Section
Chemicals. Benzyl alcohol (anhydrous 99.8%, Aldrich), cobalt(III) acetylacetonate (98%,
Aldrich), benzoic acid (99.9%, Aldrich), titanium(IV) butoxide (97.0%, Fluka), ethanol (99.8%,
absolute alcohol, Fluka), trizma (99.8%, Sigma), dopamine hydrochloride (Sigma), carbon black
(SuperP, Timcal, Switzerland), and nitrogen (99.999%, PanGas AG, Switzerland) were directly
used without further purification.
Synthesis of cobalt-based organic-inorganic nanobelts. Cobalt-based organic-inorganic hybrid
nanobelts were synthesized according to a literature procedure.34 Briefly, the cobalt-based
organic-inorganic hybrid nanobelts were prepared by mixing 0.25 mmol of Co(acac)3, 1 mmol of
benzoic acid and 10 mL of anhydrous benzyl alcohol. After stirring for half an hour, the green
solution was transferred to a Teflon container of 23 mL inner volume, sealed in a stainless-steel
autoclave (Parr, Acid Digestion Vessel 4749) and heated at 150 °C for 24 hours. After the
autoclave cooled down to room temperature, the pink precipitation was separated by
centrifugation and washed thoroughly with ethanol.
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Synthesis of cobalt silicate (CS) nanobelts. The cobalt-based organic-inorganic nanobelts were
then used as template for the synthesis of the cobalt silicate nanobelts.[23] Briefly, the nanobelts
were mixed with 10 mL absolute ethanol and 9.5 mL dist. water. Then, 0.5 mL aqueous NaOH
solution (1mol/L) was added to the pink dispersion. After shaking for 10 minutes, the suspension
was transferred to a 45 mL Teflon cup with a glass tube inside, sealed in a stainless-steel
autoclave (Parr, Acid Digestion Vessel 4744) and heated in an oven at 180 °C for 12 hours.
Finally, the brown product was collected by centrifugation and washed thoroughly with dist.
water and ethanol.
Depositing amorphous TiO2 on CS nanobelts. All the CS nanobelts obtained from the
previous step, still in the wet state, were mixed with 25 mL absolute ethanol in a 50 mL threeneck flask and sonicated for 30 minutes, followed by addition of 0.4 mL titanium(IV) butoxide
under continuous magnetic stirring. After 30 min stirring, a mixture of 5 mL absolute ethanol
and 0.5 mL H2O was dropwise injected with a syringe under continuous stirring. The solution
was stirred for another 12 hours at room temperature. Finally, the product was separated by
centrifugation and washed several times with ethanol.
Transferring amorphous TiO2 to crystalline anatase TiO2. 10 mL H2O and 10 mL ethanol
were added to the freshly synthesized, still wet CS nanobelts@amorphous TiO2 obtained in the
previous step. The mixture was transferred to a 45 mL Teflon container with a glass tube inside,
sealed in a stainless-steel autoclave (Parr, Acid Digestion Vessel 4744) and heated at 180 °C for
12 hours. The final product was collected by centrifugation and washed several times with dist.
water and ethanol.
Polymerization of dopamine on CS nanobelts@crystalline TiO2. This step is adapted from a
literature procedure.35 The as-synthesized CS nanobelts@crystalline TiO2 fibers were dispersed
in 60 ml Tris-buffer solution (10 mM; pH 8.5). Then, 120 mg dopamine hydrochloride was
added to the dispersion under continuous magnetic stirring. The dispersion was stirred at room
temperature for 12 h. The product was collected by centrifugation, washed with water and
ethanol, and dried in a furnace at 60 °C overnight.
Carbonization of polydopamine (PDA) and removal of the template. The CS
nanobelts@crystalline TiO2@PDA powder was annealed in a tube furnace under N2 atmosphere
at 750 °C for 4 h with a ramping rate of 5 °C/min. To remove the template, the composite was
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firstly soaked in 0.5 M HCl solution at 90 °C for 6 hours and subsequently immersed into 0.5 M
NaOH solution at 80 °C for 6 h. Finally, the sample was thoroughly washed with water and
ethanol, and dried in an oven at 60 °C for 12 h.
Characterizations. X-ray powder diffraction (XRD) patterns were recorded on a X’Pert Pro
(PANalytical B.V., Netherlands) powder diffractometer operating in reflection mode and
equipped with Cu Kα radiation (45 kV, 40 mA). Transmission electron microscopy (TEM)
images were obtained on a Philips CM12 (100 kV). Scanning electron microscopy (SEM)
images were acquired on a LEO1530 (Carl Zeiss AG, Germany). Electron diffraction (ED) and
high resolution transmission electron microscopy (HRTEM) analyses were performed with a
field-emission electron-source transmission electron microscope (JEOL 2010F) operating at 200
kV. Energy-dispersive X-ray spectroscopy (EDX) and element mapping were performed on a
Hitachi SU-70 scanning electron microscope operated at an acceleration voltage of 30 kV
(Schottky type field emission gun) and equipped with an X-Max 80 detector from Oxford
Instruments. Thermogravimetric analysis (TGA) was measured on TGA|SDTA851e (METTLER
TOLEDO) under a flow of air (50 ml/min) with a temperature ramp of 2 °C/min. Nitrogen gas
sorption analysis was carried out on a Quantachrome Autosorb iQ at 77 K. Prior to the
measurements, the samples were outgassed at 100 °C for 24 h. By Brunauer-Emmet-Teller (BET)
method the surface area was determined and the pore size and pore volume were calculated by a
density functional theory (DFT) analysis using a Non Local DFT (NLDFT) equilibrium
calculation model for nitrogen at 77 K on carbon slit pores.28
Electrochemical characterizations. The active materials (21 mg), carbon black, and
poly(vinylidene fluoride) (PVDF) binder were mixed in 1.0 mL N-methylpyrrolidone with a
weight ratio of 70:20:10. Then, 0.1 mL of the slurry was spread on a Ti current collector, which
was dried in a vacuum oven at 100 °C for 24 h. Accordingly, the mass loading of active materials
for each electrode is about 2.1 mg (1.58 mg/cm2). Lithium disks were used as the counter and
reference electrodes and glass fibers as separators. The electrolyte was 1 M LiPF6 in a 1:1 (v/v)
mixture of ethylene carbonate and dimethyl carbonate. The Swagelok-type cells were assembled
in an Ar-filled glove box (H2O, O2<0.1 ppm). Cyclic voltammetry and galvanostatic chargedischarge tests were carried out on a Biologic instrument (VMP3) at room temperature.
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By modifying the benzyl alcohol route, we successfully synthesized ultrathin tungsten oxide
nanowires and ultrathin yttrium oxide nanosheets with high aspect ratios, which offered us a
great platform to study the 2D and 3D assembly of these anisotropic nanobuilding blocks and
explore the properties and possible applications of the assembled architectures.
The as-synthesized ultrathin nanowires suffered severe aggregation. A post-treatment step made
the nanowires highly dispersible in non-polar solvents, leading to a dispersion which is stable for
months. With the stable nanowire dispersion, two approaches including Langmuir-Blodgett (LB)
technique and evaporation-induced self-assembly method were successfully utilized to assemble
these highly flexible ultrathin nanowires into homogeneous, compact and highly oriented thin
films over a scale up to centimeters on flat and patterned substrates, which allowed us to
integrate the aligned nanowire thin films into macroscopic devices for gas sensing and
optoelectronic applications. Both assembly techniques have their own advantages and
disadvantages. With the LB technique, monolayer nanowire film and multilayer nanowire films
with a tunable thickness at a nanoscale level can be achieved. However, its operation procedures
are complicated. The self-assembly method is very easy to carry out and hence scalable. The thin
film prepared by self-assembly is relatively thick in comparison to that prepared by the LB
technique. However, it is hard to avoid the thinness gradient over the film produced by selfassembly. These two methods could complement with each other. The results here demonstrate
the possibility of alignment of ultrathin nanowires over a macroscopic scale in a very
controllable manner, which paves the way for integration of aligned ultrathin nanowires into
macroscopic devices for various applications.
In addition to the assembly of nanowires into 2D thin films, it is very interesting to find that
through a simple centrifugation process the ultrathin nanowires can be gelled into macroscopic
3D networks which can be subsequently transformed into aerogel monoliths. The nanowire
aerogel shows a surface area more than 200 times higher than that of the nanowire powders,
which strongly underlines the importance of assembly of these ultrathin nanowires into aerogels.
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Considering that there are a significant amount of reports about the synthesis of ultrathin
inorganic nanowires but very limited reports of their applications, the results presented here may
shed new light on the practical applications of the ultrathin nanowires in fields such as catalysis
and energy storage and conversion in which the surface area usually plays a very important role.
The concept of centrifugation-induced gelation was also successfully used for assembly of the
ultrathin Y2O3 nanosheets into macroscopic 3D networks which were transformed into an
aerogel monolith by a supercritical drying. The large surface areas and high porosity of the
nanosheet aerogels make them exhibit excellent adsorption properties for organic dyes. It was
demonstrated that through doping or co-doping rare earth metal ions into the nanosheet building
blocks, tunable photoluminescence can be introduced into the aerogel monoliths. Moreover, gold
nanoparticles were easily incorporated into the yttrium oxide aerogel matrix. The outstanding
adsorption properties, photoluminescence, and the successful preparation of composite aerogel
make the yttrium oxide nanosheet aerogels a true multifunctional material showing promising
applications in waste water treatment, in optoelectronic devices, and in catalysis. This work
represents a very first example of assembly of 2D metal oxide nanosheets into aerogels, which is
expected to stimulate extensive research efforts on 3D assembly of metal oxide nanosheets into
aerogels for various applications.
As electrode materials in lithium ion batteries, metal oxides usually have the drawbacks such as
sluggish electrochemical kinetics and structural destruction during the lithiation and delithiation.
To address these issues, strategies with regard to anisotropical nanostructuring and compositional
engineering were proposed and realized for vanadium oxide, metal silicate and titania.
The first strategy is synthesizing the materials into the forms of 1D or 2D nanostructures. The
short dimensions of the 1D or 2D nanostructures reduce the pathway for the diffusion of the Li+,
while the long dimensions facilitate the transport of electrons from the electrode materials to
current collector, thus alleviate the issue of slow electrochemical kinetics. In this thesis,
vanadium oxide nanoplatelets, amorphous cobalt silicate nanobelts, and fiber-like titania
nanostructures were successfully synthesized, which laid the foundation for the improvement of
the electrochemical performance of these metal oxides.
The second strategy is carbon coating which is the most important and popular method for
improvement of the electrochemical performance of the electrode materials. The coating carbon
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layer can enhance the electronic conductivity of the electrode materials and prevent the electrode
materials from structural damage originating from the expansion and contraction of the materials
during the insertion and extraction of the lithium ions. As a result, the carbon coated amorphous
cobalt silicate nanobelts exhibit a more than 5 times higher capacity and dramatically improved
rate performance and cycling life in comparison to the un-coated nanobelts. Also the carbon
coated V2O3 nanoplatelets and nitrogen-doped carbon coated fiber-like TiO2 show evidently
enhanced electrochemical performance. Regarding the carbon coating, two factors have to be
optimized. The first one is the thickness of the carbon layer. In all these examples, it was found
that too thick carbon layer could negatively affect the electrochemical properties of the materials,
and too thin carbon layer might be not strong enough to protect the structural integrity of the
electrode materials. Hence, the electrochemical performance has to be optimized through tuning
the thickness of the carbon layer. The other factor is the carbonization temperature. In principle,
higher temperatures usually lead to better quality of the carbonization, thus better electronic
conductivity. However, if the temperature is too high, the nanostructures of the electrode
materials might be destroyed, meanwhile, the metal oxide electrode materials may react with
carbon. Accordingly, the choice of the carbonization temperature is important for the effective
carbon coating thus improving the electrochemical performance of the electrode materials.
The third strategy is fabricating core-shell structures. Coating a layer of shell on the electrode
material core is an effective method to enhance its electrochemical performance. Depending on
the materials of the shell, it may play a role on enhancing the electronic conductivity or
stabilizing the structures of the electrode materials, or both. The most popular shell material is
carbon, its advantages have been elaborated in previous paragraph. In fact, a non-carbon shell
could also effectively improve the electrochemical performance of the electrode materials. As
demonstrated in the case of vanadium oxide, the V2O5 nanoplatelets nanoplatelets@TiO2 coreshell structures display better cycling stability than pure V2O5 nanoplatelets, which is most likely
attributed to the fact that the TiO2 shell protects the V2O5 nanoplatelets from structural damage
and dissolution.
Furthermore, other strategies such as the introduction of mesoporous structures into the electrode
material to increase its surface area and building hierarchical structures (micro-sized particles
composed of nanocrystals) to solve the problem of low packing density of the nanoparticles have
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been demonstrated in the case of mesoporous fiber-like TiO2@N-doped carbon composite
electrode materials.
Overall, the three examples shown in the thesis clearly demonstrate how to improve the
electrochemical performance of metal oxide electrode materials through structural and
compositional tailoring. Moreover, they also provide efficient strategies for synthesis of 1D and
2D nanostructured metal oxides, design and synthesis of core-shell structures, and carbon
coating, which may be extendable to engineer the structures and compositions of other electrode
materials for improvement of their electrochemical performance.
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