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Nanomaterials and nanoparticles are nowadays used in a wide range of applications; from 
sunscreens, paint and food industry to catalytic processes, lighting, TV’s and displays, their presence 
is percolating in our daily life. New applications rise every day, pushing forward the technology lim-
its with increasing efforts and funding for nanomaterial science and applications. Among different 
nanomaterials, titanium dioxide (TiO2) continues to attract considerable theoretical and experi-
mental attention because of its technological relevance in applications such as environmental purifi-
cation, solar energy harvesting, memristors, catalysis, advanced ceramic materials and more. Differ-
ent allotropes and morphologies of the compound are being examined, in particular nanoparticles 
and nanofilaments (nanowires and nanotubes) in titanate (H2Ti3O7), anatase or rutile phase. 
 

In this dissertation, we have deeply investigated the behavior of titanium-oxide based nan-
owires (TiO2 NWs), which, thanks to their larger specific surface area than bulk or polycrystalline 
counterparts, are very promising for photocatalysis. The TiO2 NWs are very suitable for such nano-
filamentary applications since they have an ideal form for assembling themselves into nanoporous 
aerogel membranes. Our nanowires can be used directly in both 2D and 3D architecture, and they 
can serve as ideal support (reducing Ostwald ripening and coarsening in general) for various metal 
nanoparticles. 
H2Ti3O7 NWs are equally important, indeed, both as active components, for example in case of very 
sensitive humidity sensors and efficient catalysts and as reinforcement fibers in composites or as 
metal nanoparticles support for advanced CO oxidation catalysis.  

The NW behavior in titanate, anatase and rutile phase has been studied and the phase transi-
tion temperature determined, finding out that the strong surface effects, in the 2D system, result in 
unexpected stabilization of the metastable anatase phase and the absence of rutile phase above 900 
°C. However, the classical Ostwald ripening particle coarsening is observed in sintered pellets, ac-
companied by a typical anatase to rutile phase transition at 900 °C. 

Mechanical measurements and nanoscopic observations both on bulk and on individual 
nanowire have allowed determining the mechanical moduli and the hardness. In particular, for the 
first time, the shear modulus of individual nanowire in titanate phase has been directly measured 
and its relatively low value of 1.5±0.8 GPa confirms the layered structure with a relatively weak 
bond between layers. The elastic modulus is within the expected range of about 70 GPa for titanate 
and above 100 GPa for anatase. Another discovery is that 3D pellets of sintered anatase nanowires 
show considerably higher microhardness values when compared to sintered bodies composed of 
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nearly spherical nanoparticles, with microhardness measurements of about 940 HV after 900 °C 
sintering (1.6% porosity). 

As previously mentioned, our titania nanowire 2D systems, have shown superior character-
istics as support for gold nanoparticles. Particles sizes as small as 3-5 nm can be preserved for gold, 
even after 400 °C treatment in air and after 800 °C in a hydrogen atmosphere, probably thanks to a 
very effective edge stabilization and Ti3+ defects enhanced electronic strong metal support interac-
tion effect. This opens the way for possible use for environmental and sustainable energy catalytical 
applications. The interaction of gold nanoparticles with our TiO2 nanowires in bulk form was also 
addressed, specifically driven by applications in watch industry or jewellery, with interesting results. 
Composites pellets of various carats have been sintered during this work and thoroughly investigat-
ed: the possibility to widely tune the color (due to a strong plasmonic effect), as well as the very 
good mechanical properties, of our gold/titania pellets was demonstrated. 
 

Functionality and potential impact of TiO2 NWs for a few specific catalytical applications 
have been explored. The photocatalytic effectiveness of titania nanowires for destroying DNA 
chains after a suitable exposition to UV light (elimination of pollutants) was established. Also pho-
tocatalytical effectiveness of TiO2 pellets with gold nanoparticles for degrading methyl orange was 
proved. It turned out that 18-carat pellets (i.e 75wt% Au) are not only very effective but also easy to 
regenerate, with a positive impact on cost and environment. These novel cermet formulations are 
ideal candidates for a novel, easily sterilisable medical devices but even jewelry and watches. Devel-
opment of this kind of easily sterilisable future products may be desirable after the recent Covid-19 
coronavirus outbrake. 

Finally, I investigated the application of our TiO2 NWs in the form of paper filters for viruses 
and bacteria, like the current SARS-CoV-2. I demonstrated the concept of novel personal protective 
equipment (PPE), that TiO2 NWs based-facial mask is may be very effective stopping the virus or 
bacteria, but also that it is easily regenerated with simple UV exposition, cutting down the economi-
cal and environmental cost of a future product. 

More work is necessary to assess the technical and economical sustainability in operative 
conditions for each of the above-mentioned applications. However, I am very glad say that my the-
sis work serves as a basis to exploit the industrial potential of elongated titanates. Based on the 
breakthrough application of our TiO2 NWs tech-transfer efforts are being envisaged right now for 
producing effective, low cost, recyclable and environmentally sustainable filtering masks for the 
present Covid-19 needs and, in perspective, for many other medical uses. 

Titanate, nanowires, sintering, ceramic oxide, Ostwald ripening, particle coarsening, gold nanopar-
ticles, hardness, shear modulus, elastic modulus, photocatalysis, Covid-19.
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Les nanomatériaux et les nanoparticules sont aujourd'hui utilisés dans un large éventail d'applica-
tions; dans les crèmes solaires, dans la peinture, dans l'industrie alimentaire jusqu’aux procédés ca-
talytiques, en passant par l'éclairage, les téléviseurs et les écrans, leur présence s'infiltre dans notre 
vie quotidienne. De nouvelles applications apparaissent chaque jour, repoussant les limites de la 
technologie grâce aux efforts et aux financements croissants en faveur de la science des nanomaté-
riaux et ses applications. Parmi les différents types de nanomatériaux, le dioxyde de titane (TiO2) 
continue à prendre une place considérable dans les études théoriques comme dans le domaine expé-
rimental, en raison de son importance technologique pour les applications telles que la purification 
de l'environnement, la collecte de l'énergie solaire, les mémoires, la catalyse, les matériaux céra-
miques avancés. Différentes allotropes et morphologies du composé sont examinées, en particulier 
les nanoparticules et les nanofilaments (nanofils et nanotubes) en phase titanate (H2Ti3O7), anatase 
ou rutile. 

Dans cette thèse, nous avons étudié en profondeur le comportement des nanofils à base d'oxyde de 
titane, qui, grâce à leur plus grande surface spécifique que leurs homologues massifs ou polycristal-
lins, sont très prometteurs pour la photocatalyse. Les nanofils de TiO2 sont très adaptés à ces appli-
cations nanofilamentaires car ils ont une forme idéale pour s’assembler en membranes d'aérogel 
nanoporeuses. Nos nanofils peuvent être utilisés directement dans une architecture 2D et 3D et ils 
peuvent servir de support idéal (réduisant le mûrissement d'Ostwald et le grossissement en général) 
pour d'autres nanoparticules métalliques. 

Les nanofils de titanate sont tout aussi importants, en effet, à la fois comme composants actifs, par 
exemple dans le cas de capteurs d'humidité très sensibles et de catalyseurs efficaces, et comme fibres 
pour le renforcement dans les composites ou comme support de nanoparticules métalliques pour la 
catalyse d'oxydation avancée du CO.  

Le comportement des nanofils dans la phase titanate, anatase et rutile a été étudié et la température 
de transition de phase a été déterminée. On a découvert des effets de surface importants, dans le 
système 2D, entraînent une stabilisation surprenante de la phase anatase métastable et l'absence de 
phase rutile même au-dessus de 900 °C. D’autre part, le grossissement classique des particules du au 
murissement Ostwald est observé dans le cas de poudre frittée et il est accompagné d'une transition 
typique de la phase anatase à la phase rutile à 900 °C. 

Des mesures mécaniques et des observations nanoscopiques, tant sur échantillons massifs que sur 
des nanofils individuels, ont permis de déterminer les modules mécaniques et la dureté. En particu-
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lier et pour la première fois, le module de cisaillement de nanofil individuel en phase titanate a été 
directement mesuré et sa valeur relativement faible de 1.5±0,8 GPa a confirmé la structure en 
couches de nos nanofils avec une liaison relativement faible entre les différentes couches. Le module 
d'élasticité se situe dans la plage attendue d'environ 70 GPa pour le titanate et de plus de 100 GPa 
pour l'anatase. Un autre résultat est que les pastilles 3D de nanofils d'anatase frittés présentent des 
valeurs de microdureté nettement plus élevées que les pastilles frittées composés de nanoparticules 
presque sphériques, avec des mesures de microdureté aussi haute que 940 HV après frittage à 900 °C 
(avec une porosité de 1,6 %). 

Comme mentionné précédemment, notre système 2D de nanofils de titane a montré des caractéris-
tiques supérieures en tant que support pour les nanoparticules d'or : des tailles aussi petites tel que 
3-5 nm peuvent être préservées pour l'or, même après un traitement à 400 °C dans l'air et 800 °C 
dans une atmosphère d'hydrogène, probablement grâce à une stabilisation des bords très efficace et 
aux défauts liés aux Ti3+ qui améliorent l'effet d'interaction forte entre le métal et le support dû aux 
électrons. Cela ouvre la voie à une utilisation possible pour des applications catalytiques environ-
nementales et énergétiques durables. L'interaction des nanoparticules d'or avec nos nanofils de TiO2 

en forme de pastilles 3D a également été étudiée, en particulier pour des applications dans l'indus-
trie horlogère ou la joaillerie, avec des résultats très intéressants. Des pastilles composites de diffé-
rents carats ont été frittées au cours de ce travail et ont fait l'objet d'une étude approfondie : la possi-
bilité d'accorder les couleurs dans un spectre très large (grâce à un effet plasmonique très marqué), 
ainsi que les très bonnes propriétés mécaniques, de nos pastilles d'or/titane ont été démontrées. 

La fonctionnalité et l’impact potentiel de nos nanofils de TiO2 pour quelques spécifiques applica-
tions catalytiques ont enfin été explorés. L'efficacité de nos nanofils de titane pour la destruction des 
chaînes d'ADN après une exposition appropriée aux UV (pour l’élimination des polluants biolo-
giques) a été établie. L'efficacité catalytique des pastilles de TiO2 avec des nanoparticules d'or pour la 
dégradation du méthyl orange a également été prouvée : les pastilles de 18 carats (soit 75 % en poids 
d'or) sont non seulement très efficaces mais aussi faciles à régénérer, ce qui a un impact positif sur le 
coût et l'environnement. 

Enfin, j'ai étudié l'application de nos nanofils de TiO2 sous forme de filtres en papier pour combattre 
les bactéries et les virus, comme l'actuel SARS-CoV-2. J'ai démontré non seulement que le masque 
facial à base de nanofils de TiO2 est très efficace pour arrêter le virus ou la bactérie, mais aussi qu'il 
est facilement régénérable par une simple exposition aux UV, ce qui réduit le coût économique et 
environnemental d'un dispositif basé sur ce matériau. 

Des travaux supplémentaires sont nécessaires pour évaluer la viabilité technique et économique 
dans des conditions opérationnelles pour chacune des applications susmentionnées. Cependant, je 
suis très heureuse de conclure mon travail de thèse en annonçant qu'une percée pour l’application 
de nos nanofils de TiO2 se profile : sous forme de tissu ou papier ils seront la base pour produire des 
masques filtrants efficaces, peu coûteux, recyclables et écologiquement durables pour les besoins 
actuels de Covid-19 et, en perspective, pour de nombreuses autres utilisations médicales.
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ticules, nanoparticules d’or, dureté, module de cisaillement, module élastique, photocatalyse, Covid-
19. 
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First, the title of my dissertation “TiO2-based ceramics, from basic science to applications” sounds a 
bit too specialized and needs some explanation. The central material is titanium dioxide, a very 
abundant and very popular material in applications. It is present in sunscreens, (this is what absorbs 
the UV light and protects our skin), and in paints it is responsible for the white color, it is used in 
some types of solar cells, and it is also considered in a new generation of memory devices, the so-
called memristors. In my doctoral study I was interested more in another aspect of this material, 
that with a very smart chemical approach, one can make filaments, out of the TiO2 ceramic, which 
have a diameter in the nanometer scale. 
One can ask the question, why to make nanowires of TiO2? Because by changing the quantity, and 
the size, a material can attain different properties. There is a famous phrase of P.W. Anderson (No-
bel laurate in physics), that “More is different”. This was meant to summarize that the electronic 
properties of a material are different with lot of electrons than with a fewer ones. One can para-
phrase this sentence with “Less is different” which is exactly our case. The same material behaves 
differently at nanoscales than in macroscopic size. For example, the mechanical property is very 
much different. In Figure 1 is shown a crystal of TiO2 and its nanowire form. The crystal is very brit-
tle, it breaks easily if one tries to bend it, while the nanowire is highly elastic, it can follow the form 
of a hole cut out in a plate. 
 
 

 

Figure 1 a) Photo of a macroscopic crystal of the anatase phase of TiO2; b) Scanning Electron Microscopy 
image of a nanowire of the same material, showing its highly elastic behavior as it follows the arc made in 
Si3N4 material. 
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The fact that the surface to volume ratio of a nanowire is much bigger gives a special advantage to it 
in respect to the big crystals. The material possesses a further attractive property, namely that ultra-
violet illumination generates free electrons inside the structure, which by diffusion to the surface, 
can create free radicals, chemically very active molecules in the surrounding water, which could kill 
bacteria and viruses, or disintegrate other organic species. The investigation of all these properties at 
nanometer dimensions still fall in the domain of the range of basic science: and only once these 
properties are better understood, we can use this material very efficiently in applications. 
Speaking about applications, one needs to push further the paraphrasing of Anderson’s idiom: 
“More of less makes a big difference”. It means that synthesizing lot of these nanostructures is im-
portant for applications, because if one can make only milligrams quantities of them, then it falls 
into the category of “non-applicable applications”. In my dissertation, I demonstrate a good coun-
ter-example of it. Thanks to an outstanding chemist in our laboratory, who could scale up the syn-
thesis of these nanowires to kilograms, one could think of real applications. In Figure 2 a photo is 
shown with a bucket full of nanowires and next to it a filter paper made of it, which could be used in 
water purification, personal masks or air conditioners as a very efficient antiviral, antibacterial 
structure that if illuminated with UV light can be easily regenerated, with clear cost and environ-
mental advantage. It is very relevant in our times, and can realistically make a positive impact on 
people’s lives. 
 

 
Figure 2 a) Showing a kilogram-scale production of TiO2 nanowires with a bucket full of these structures; b) 
an antibacterial/antiviral filter paper processesed from these nanowires. 

These nanostructures offer also the possibility to invent new materials and shapes, like in pottery 
with clay (actually this is the meaning of “ceramics” in Greek) creating new wonderful objects. This 
falls more in the range of esthetics and it needs, beyond the TiO2, also metallic nanoparticles, like 
gold, silver or else. These small particles change the color of the object thanks to an effect which is 
called “plasmonic resonance”. This term sounds very much technical, what does it mean? With the 
visible white light (resulting from the mixture of all the colors), one can shake the electrons on the 
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small metallic particles. This shaking needs a well-defined energy, depending on the size (and 
shape) of the particles, which is absorbed. From the reflected or transmitted light this energy (color) 
will be missing, and the object will shine with the complementary color. In practice this means that 
changing the size of the metallic particles, one can tune the color of the objects. 

 

One of the known examples of the use of this phenomenon in the history is the famous Lycurgus 
cup, a roman masterpiece dating from IV century A.D. Without knowing the physical background, 
just by experience, they managed to tune the color of the cup. The dichroic glass of this cup is em-
bedded with gold and silver nanoparticles; thanks to the plasmonic resonance the cup appears red in 
transmission and green in reflection, see Figure 3. 

 

Figure 3 a)The famous Lycurgus cup, roman glassmaking, British Museum, dated from the fourth century 
A.D., is made of glass with gold and silver alloy nanoparticles of about 70 nm. The presence of AuxAg1-x 
nanoparticles (where x 0.3), has been confirmed by X-ray diffraction, see at the right. It results in green color 
in reflectivity and red color in transmission. Figure is taken from Ref. (1); b) a disc of 18-carat gold TiO2 
ceramic of a greenish hue. 

 

The very same effect I was also exploring during these 4 years of the doctoral studies. Precipitating 
gold nanoparticles onto a large assembly of TiO2 nanowires, and after compacting it and heating, 
called by sintering, I could make 18-carat gold which has a greenish hue, dramatically different from 
the yellow gold (see Figure 3b). As far as I know, this is the first fabrication of such a composite ma-
terial from nanostructured ceramics. We see an immediate application of it in jewelry industry but 
other branches, when a special substrate is needed could be highly interested by this composite. 
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Based on these topics exposed above for a broad audience, my dissertation is structured as follows:  

Following this section, introducing the work and the dissertation outline, in the first chapter, I will 
introduce experimental procedures, and the instruments that have been the most critical for our 
investigation. Then I will focus on the sintering techniques and tooling used in this study. 

In chapter two, after a review of the literature about titanium dioxide, I focus on titanates nan-
owires properties, and in particular, I expose the investigation of thermal coarsening of H2Ti3O7 
NWs as a function of the temperature from room temperature up to 1000 °C. Phase transformation 
kinetics and the external morphology are studied in two configurations: i) as individual and sus-
pended titanate NWs on SiO2 surface and ii) as large assembly, or bulk, in form of sintered pellets. 

Our knowledge about TiO2 NWs mechanical properties is still very sparse and very often theory and 
experiments do not match; this subject is the content of chapter three. I report a detailed study of 
the mechanical response of titanate nanowires to external stress/strain: their elastic and shear 
moduli, their flexibility, fatigue behavior and the rupture force have been all measured. We have 
also characterized the change of Young's modulus due to the thermal transformation of titanate into 
anatase NWs. 

In chapter four, we investigate the behavior of our NWs when used as support of metal nanoparti-
cles. We studied in particular gold nanoparticles, laying on single titanate NWs (2D systems) as a 
function of heat treatment conditions. Different diffusion mechanisms like coalescence-migration 
and Ostwald ripening effect occur, depending on the temperature treatment and experimental con-
ditions. We investigate also 3D systems, i.e. pellets made of titania/gold nanoparticles under sinter-
ing. Besides discussing the mechanical and electrical properties as a function of the gold content 
(carats), we have characterized also the color changes (due to plasmonic effect), a very important 
issue for jewelry and watch applications. 

Three applications of titania NWs, all related to their use as photocatalyst, are illustrated in chapter 
five, assessing their functionality, efficiency, and potential impact of our TiO2 NWs, including a 
very timely use for anti-virus filter for facial masks. 

In the last section, we report the conclusions, with a general analysis and discussion of the results. 

 

At the end, I have to say, that I immensely enjoyed these for years. They have shown me what is an 
exciting scientific research about. It is never just physics, it is never just chemistry, but it has lot of 
material science, lot of engineering, dealing sometimes with living matter, and always with the goal 
of making something useful. 
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In this section I will present an overview of main characterizations techniques for samples studied 
in this work. 

  

In 1986 Gerd Binnig and Heinrich Rohrer received the Nobel Prize in Physics (2) in recognition of 
their contribution to the development of a new microscopic technique based on the so-called "Tun-
nel effect" (3), a technique that would later inspire atomic force microscopy (AFM). 

In its most generic form, an AFM is composed of (Figure 1:1): 

A piezoelectric-scanner allowing movements with sub-nanometric precision and providing 
the measurement of the force exerted by the cantilever tip onto the sample; 

A tip located at the end of a flexible and reflective cantilever; 

A laser and a four-quadrant photodetector sensible to the laser position; 

Electronic system for acquisition. 

The laser beam is sent to the cantilever and reflected on the photodetector. Interactions between the 
tip and the sample twist the elastic cantilever, changing the position of the laser on the detector. The 
sample is placed on the piezoelectric column, which allows the sample to be moved in all 3 direc-
tions of space with subnanometric precision and to scan the sample under the tip. 

Depending on the distance between the sample and the tip, the tip will be subjected to different 
forces. At large distances (of the order of mm), the interactions will be negligible. Then when the tip 
starts to interact with the surface of the sample, attractive forces tip-sample known as van der Waals 
forces appear, while for relatively smaller distances Coulomb interactions, called ionic repulsion 
interaction dominates. 
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Figure 1:1 Schematic representation of an AFM. A sample is mounted on a piezo-electric scanner proving 
position and force measurement. A tip positioned at the end of the cantilever interacts with the sample sur-
face and their interaction distorts the cantilever and the signal is reflected by the incoming laser onto a pho-
todiode and the electronic information provides the sample topography. 

 

AFM operates in different configurations depending on the required applications. 

Contact mode: the tip is in contact with the sample. Between the tip and the surface of the sample, 
various forces act and produces the deflection of the cantilever following Hooke's law. In contact 
mode, AFM can take images in two ways: constant-height or constant-force. In constant-force 
mode (operating mode in this study) the scanner moves up and down in z-axis direction, according 
to topological changes, to keep constant, the interaction force between the tip-sample. Typical forc-
es usually are in the order of 10 nN - 10 pN. The sample topography is obtained by conversion of 
the voltage signal needed to elongate or contract the piezo-scanner into the topography. 

Intermittent contact (tapping) mode: the cantilever is oscillating close to the surface of the sample, 
the van der Waals forces modify the amplitude of the oscillation. This modification is used as a sur-
face measurement, from which the profile of the sample is obtained at the point, where the cantile-
ver is located. 

Non-contact mode: the tip does not touch the sample and oscillates near the surface. The tip-
sample distance is controlled by changing the frequency and the oscillating amplitude (4)-(6). Forc-
es involved in this mode are in general on the order of 10 pN. Furthermore, this mode requires to 
use stiffer cantilevers in order to avoid snap-in, when the AFM tip is randomly attracted by surface 
adhesion forces so much that the tip is getting in contact with the surface. 
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Figure 1:2 Interatomic potential as a function of tip-sample distance. Fig. taken from Ref. (7). 

 

In this dissertation, AFM data collected in force measurement mode is used for studying mechanical 
properties of titanate nanowires. 

The force curve is a curve that describes the force exerted on the cantilever tip, as it approaches and 
moves away from the sample surface, as a function of the cantilever tip displacement along the ver-
tical axis. Examining a force curve, see Figure 1:3, we can see that it is divided into two parts: a curve 
that describes the approach, and one that describes the moving away from the surface. Initially, 
when the AFM tip is far away from the sample/surface to be examined, it can be seen that the deflec-
tion of the cantilever is constant and therefore, it is assumed as a zero-deflection point. When ap-
proaching the sample, the tip of the probe will be suddenly attracted to the sample (snap-in), due to 
the attractive van der Waals. Continuing the approach, the deflection changes sign, the probe comes 
into contact with the surface and is rejected by the sample. At this point the cantilever retracts and 
one would expect the force curve to "retrace" following the same path as the forward path. However, 
a slightly higher negative force is measured in the retracting path, due to the adhesion forces that 
hold the tip of the probe to the sample for a short moment of time. These adhesion forces are creat-
ed by the water molecules present on the surface since AFM measurements take place under com-
mon environmental conditions. This difference in path between the trace and retrace in the force 
curves causes a hysteresis, and, in addition to the atmospheric conditions of the environment in 
which it is carried out, the measured curve also depends on the characteristics of the probe itself and 
its tip (8). 
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Figure 1:3 Typical force curve when the tip is approaching the sample (in red) and when the tip is retracting 
from the sample (in blue). Negative force value means an attractive force between tip and sample. 

 

To provide accurate nanomechanical property measurements, both, cantilever spring constant and 
deflection sensitivity is required. Conventional spring constant calibration techniques rely on mul-
tiple cantilever probe tips in contact with the surface with the consequences of damaging the tip. 
Therefore, we preferred to use commercially available cantilevers, laser Doppler vibrometry (LDV) 
calibrated, RTESPA-300-30 from Bruker. We have chosen a cantilever type with a high nominal 40 
N/m spring constant and 30 nm tip end radius, specifically calibrated for our experiments. The re-
sults shown in Section 3.3 were obtained with a 47.038 N/m spring constant and 30.1 nm tip end 
radius cantilever. An SEM image of the tip used for the measurements is shown in Figure 1:4. 

The AFM (XE-100 PSIA) makes use of a 2-dimensional flexure stage to scan the sample in the XY 
direction, and a stacked piezoelectric actuator to scan the probe in the Z direction. In this way, the 
accurate position of the probe was ensured, while eliminating the crosstalk issues commonly faced 
in such measurements. The deflection sensitivity is determined from a force versus piezo extension 
curve on a stiff substrate in the linear region of both stacked piezoelectric actuator and deflection 
detector. 
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Figure 1:4 a) Cantilever used during experiments. SEM picture adapted from (9); b) SEM image of the AFM 
tip used during the three-point bending tests. At the end of the experiment, the AFM tip was found broken as 
well visible in the picture. 

 

During my investigation to study the material microstructure and composition, electron microsco-
py techniques have been extensively used in particular transmission electron microscopy (TEM) 
and scanning electron microscopy (SEM).  

At EPFL we have the opportunity for using various electron microscopy equipments: both TEM and 
SEM are available at center facility and research center, Interdisciplinary Center for Electron Mi-
croscopy (CIME).  

The work of physicists of the early 20th century such as Henri Poincaré, Louis de Broglie or Hans 
Busch on electrons and electromagnetic lenses were the beginnings of what became in the early 
1930s the electron microscope. Max Knoll and his student Ernst Ruska in 1931 presented images 
taken with the first two-lens electron microscope. The images already showed details of the order of 
ten nanometers (Berlin Technische Hochschule). Ernst Ruska received the Nobel Prize in Physics in 
1986 for “his fundamental work in electron optics, and for the design of the first electron micro-
scope”(2). Subsequently, the development of the electron microscopy was pushed, particularly after 
the Second World War, with great refinement of the resolution and image sharpness in the last dec-
ades.  
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Electron microscopy is a direct consequence of discovery by Nobel Prize winner de Broglie of the 
wave nature of the electron. Higher the energy of the electron, smaller is the associated wavelength 

 (  being the particle momentum), and better is the resolution, d, given by the Abbe’s dif-
fraction limit. An electron at an energy of 10 keV has a de Broglie wavelength of 0.01 nm. That’s 
why the electron microscopes can achieve the highest resolution images, and literally allow, espe-
cially the TEM, to see the atoms! To go beyond this limit one has to use large particle accelerators. 
Just to compare, the extreme microscope is the CERN’s Large Hadron collider: its 7 TeV protons 
allow to explore the matter with resolution (given by their quantum wavelength), of better than 10-18 
m (attometer), however with a unique “equipment” which is 27 km long, full of a powerful super-
conducting magnet and very large “eyes” like ATLAS and CMS detector! 

 

A TEM works essentially like an optical microscope, with the role of photons in the latter being tak-
en over by electrons thanks to their wave behavior mentioned in the above section. It exists concep-
tually in two forms: TEM, where the incident beam on the sample is a plane wave, and STEM 
(Scanning Transmission Electron Microscope), which is closer to confocal optical microscopes. 
Modern microscopes operate in both modes. 

Figure 1:5 schematizes the main components of a TEM. An electron gun is used to produce a beam. 
This beam then passes through a series of condenser lenses, whose role is to be able to adjust the size 
and angle of incidence of the beam. The beam then reaches the specimen, of which a first image is 
produced by the objective lens. It should be noted that the objective lens is the most important ele-
ment because its quality strongly affects the resolution of the image. In addition, notice that the ob-
jective lens does not contribute significantly to the magnification (only by ≈ ×10), this role is carried 
out by projector lenses. It is worth noticing that lens in electron microscopy means coils generating 
a magnetic field, which focalizes an electron beam, very much as a glass lens focalize an optical 
beam. 
After passing through the objective lens, the intermediate lens either from a second image, if its ob-
ject plane coincides with the image plane of the objective lens, or form an image of the diffraction 
pattern, if its object plane coincides with the focal plane of the objective lens. By changing the value 
of the focal length of the intermediate lens (done in practice, by changing the current in the inter-
mediate coils), the diffraction pattern of the image is easily obtained from the same area. Finally, the 
projecting lenses enlarge the image or diffraction pattern formed and the project onto the detector, 
which may be a fluorescent screen, or more commonly a scintillator coupled with a CCD camera. 
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Figure 1:5 A simplified schematic drawing of the main components of a TEM. Fig. taken from Ref. (10). 

 

In TEM only thin specimens can be observed because electrons have to be transmitted through the 
sample; the possible interactions between the specimen and the electron beam are shown in see Fig-
ure 1:6. 

Figure 1:6 Draw of interactions between the sample and the incident electron beam. 
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Unscattered electrons: are the electrons not interacting with the thin sample and continuing 
straight. The bright-field image (BF) is composed of those electrons that have been selected by the 
objective aperture, positioned in the back focal plane of the specimen. 

The transmission of unscattered electrons is inversely proportional to the sample thickness. In fact, 
in regions where the sample is thicker, the number of unscattered electrons will be less and the re-
spective image will appear darker. Inversely thinner regions will have more transmitted electrons 
and will appear brighter. 
 
TEM analysis is carried out using a FEI Talos microscope operated at 200 kV. 

The samples shall be thin enough (<100 nm) to be crossed by the electron beam. In our case, since 
we are dealing with nanoparticles or nanowires, the sample can be deposited directly on a grid, and 
then observed under TEM. Usually, the material is deposited on the grid in the following way: 

A drop of the nanomaterial from a suspension solution in ethanol/isopropanol 
Via a stamping method. The nanomaterial suspension is first filtered on a Teflon membrane 
with pores sizes 0.45 μm and subsequently stamped against the TEM grid for 1 min. 

We used regular grids made with a thin film of pure carbon deposited on one side and also special 
heatable grids with a 15 nm SiN membrane. 

In the scanning electron microscopy, an electron probe beam whose energy can vary from a few 
hundred eV to 40 keV is focused by the objective lens on the sample, various detectors surrounding 
sample collect the signals, i.e. electrons scattered all around the sample as well X-rays emitted in all 
directions and the image is formed step by step by sequential scanning of the sample with the elec-
tron probe. A schematic drawing of an SEM is shown in Figure 1:7. Under the impact of this elec-
tron beam, various types of electron-matter interactions result in the emission of different signals. 
These signals are collected to form an image of the surface of the object to be observed or to make a 
chemical analysis of the same surface. Unlike TEM, the SEM technique is used for imaging and ana-
lyze bulk specimens. 
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Figure 1:7 Scheme of an SEM microscope. Fig. taken from Ref. (11). 

The main signals emitted in SEM are shown in Figure 1:8 with their area of origin in the electron-
matter interaction volume. The main signals generally collected are the secondary electrons (SE) 
which have an energy of 0 to 50 eV (essentially topographic contrast), the backscattered electrons 
(BSE) which have high energy close to the energy of the incident beam (essentially for chemical Z 
contrast and crystallographic information) and the X-photons characteristic of the chemistry of the 
sample (chemical analysis). Auger electrons are not used in the characterization of our nanomateri-
al, but they are the ejected electrons with an energy characteristic typical of the target atoms. 
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Figure 1:8 a) Interaction between the sample and the incident electron beam; b) Interaction volume and sig-
nal emission. Fig. taken from Ref. (12). 

In this work, all SEM images are collected with a Zeiss Merlin (Gemini II column) electron micro-
scope. 

X-ray diffraction (XRD) is a non-destructive analytical technique widely used in the characteriza-
tion of crystalline materials. This is mainly used to identify the crystalline phases present in a mate-
rial and to determine its crystallographic characteristics through the calculation of cell parameters. 

In 1913 the English physicist Sir W. H. Bragg and his son Sir W. L. Bragg gave a simple explanation 
for X-ray diffraction by a crystal assuming that the incident X-rays were specularly reflected (i.e. the 
angle of incidence θ was equal to the angle of reflection) by parallel planes of atoms Figure 1:9, so 
that the diffraction condition is given by the equation (13): 
 

  Equation 1:1  

Where is the atomic distance between parallel planes,  is the X-ray wavelength, (in our exper-
iments we used a Cu K  radiation:  = 0.15406 nm). The XRD diffractograms are acquired with a 
PANanalytical EMPYREAN diffractometer (θ-θ, 240 mm) equipped with a PIXcel-1D detector, at 
the Material Characterization Platform in our Institute. 
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Figure 1:9 Schematic representation of the XRD mechanism. 

 

XRD can be used on single crystals or powders; in our study, we make an XRD analysis of powder 
only. A wealth of information may be obtained out of a diffractogram. Here a non-exhausting list: 

From the positions of the various peaks and their intensity, we can identify the analyzed ma-
terial by comparing these informations with the built-in databases. In this way, it is possible 
to identify the compounds present in the power under examination and their crystalline 
form. 
From the angular position of the diffracted peaks, through Bragg's law, it is possible to eval-
uate the interplanar distance  of the planes of the atoms responsible for the diffraction 
effect; once known the Miller's indexes of these planes, it is possible to deduce the crystallo-
graphic constants of the compound under examination. 
From the full-width at half-maximum of the diffraction peak it is possible to determine the 
average size of crystallites composing the powder: the width at half-height is inversely 
proportional to the average crystallites size  through the Scherrer equation (14): 
 

 Equation 1:2 

Where,  is the Scherrer constant depending on the unit cell geometry (typically between 
0.85 and 0.99) and  is the Bragg angle. This formula is valid for crystallites with dimen-
sions smaller than 100 nm, above which the formula diverges. 
From the intensity of the diffraction peaks, it is possible to trace the crystal structure and the 
position of the atoms or ions in the crystalline cell. 
From the intensity of the characteristic diffraction peaks of two or more crystalline forms 
present in the mixture in the sample, it is possible to determine the percentage in weight of 
these components in the examined powder. 
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The manufacture of sintered pieces takes place in two steps: 

1. Powder compaction at cold (“green body” preparation) 

2. Sintering process 

The first step, shown in Figure 1:10, is intended to give to the sintered sample the desired shape. 
Powder compaction brings the particles into intimate contact, eliminating voids and increasing 
density. Once the sample is compacted, it can then be handled, even if its mechanical properties are 
very weak, and it is quite brittle. This cold forming of the sample is called “green body”. 

The second step, the actual sintering is performed at high-temperature. The powder particles re-
main solid and heat diffuses through the contact points among particles. A solid-state diffusion 
bonding, usually enhanced at higher temperatures, is established and the joining surfaces grow. 

 

Figure 1:10 Schematic representation of a pressing in a closed-die. 

 

However, between sintered particles remain empty pores, or voids, of various sizes and numbers 
according to the sintering parameters (time, temperature and pressure). It is possible to obtain sin-
tered products that are almost pore-free, especially if the sintering is carried out under high pres-
sure, which accelerates the diffusion mechanisms and enhances the growth of the bonding surfaces. 
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To deal with these issues, i.e. good mechanical properties and low porosity, in this work 3D pellets 
were made mainly via hot uniaxial pressing and spark plasma sintering technique (SPS) was used, 
too. 

 

The hot uniaxial pressing (HUP) consists in pressing while the sintering process at high tempera-
ture takes place, at the same time. One needs a high-pressure containment vessel, where the pres-
sure, though the force is applied usually from one direction (typically the top, see Figure 1:10) is 
then distributed almost uniformly in all directions. In our system, the powder was inserted in a 
closed-die of a diameter of 12 mm, and pressed with a piston at 65 kN. Once the pressure reached, it 
was maintained constant while the temperature was increased by switching on the electrical heater 
(the maximal reachable temperature in the system was 300°C) and kept for 15 min. 

 

The other sintering technique used was spark plasma sintering (SPS). These experiments were con-
ducted in collaboration at the Belgium Ceramic Research Center (BCRC). The SPS equipment of 
BCRC is HPD10 from FCT (Germany).  

The powder is placed in between two graphite punches and inside a 20 mm diameter graphite diam-
eter die (R7710 grade from SGL society), see Figure 1:11. The mass powder should be calibrated in 
advance to obtain the desired sample thickness at the end of the experiment. 
A graphite foil, 0.35 mm in thickness, is placed between the sample and the die to assure a good 
electrical and thermal contact. Also, in order to avoid heat losses and minimize the temperature 
gradient on the sample, the die is surrounded by thermal isolating graphite felt. 
Once the SPS chamber closed, it is evaluated to reach a rough vacuum of 10 Pa and then is kept un-
der constant pressure using pistons while an electrical current is passed through the graphite and 
the powder to be sintered. In this way, the Joule heating is generated directly inside the sample. The 
SPS temperature is monitoring above 450 °C by a pyrometer passing through the drilled cylindrical 
pistons; below 450 °C, the temperature is controlled by the provided power. Experiments are made 
under direct current (DC) of 600 A and 5 V. During the experiment is it possible to record the 
shrinkage data by recording the initial and final distances between punches. 
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Figure 1:11 Schematic of SPS design. 
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Among different semiconductor oxides, titanium dioxide continues to attract considerable theoreti-
cal and experimental attention because of its technological relevance in applications such as envi-
ronmental purification (15)(16), solar energy harvesting (17), memristors (18), catalysis (19), ad-
vanced ceramic materials and more. Different allotropes and morphologies of the compound are 
being examined: millimeter-sized single crystals (20), polycrystalline sintered ceramics (21), thin 
films as well as isotropic and anisotropic micron and nano-sized particles (22)(23). In most of the 
applications, titania is used as a nanoparticle-based coating, deposited by blading, spin coating, 
spraying or sol-gel techniques (24). Subsequent heat treatment is often required to increase the crys-
tallinity and integrity of these functional coatings. During the thermal treatment, the differences in 
the thermal expansion of the support materials may cause additional stresses that can lead to the 
detaching or overall failure of the mesoporous film. Much has been learnt from recent studies of the 
coarsening behavior of TiO2 nanostructures of nearly spherical, isotropic nanoparticles. Indeed, the 
degree of the particle anisotropy can induce important shape-dependent variation in properties of 
the material, which raises the question of how the coarsening of anisotropic particles proceeds at the 
interfaces and in the bulk (  100 nm from the interface).  

For these reasons, studying the kinetics of the thermal coarsening of the elongated titanates is fun-
damentally important to control its structural, electronic and mechanical properties. Controlling 
these properties is essential for special applications as thermal super insulators (25), magnetism 
(26)(27), photocatalysis (28), and self-cleaning surfaces (29), photodetectors (30), fiber polymer 
reinforcement (31), biofunctionalized nanocarriers (32)-(34), humidity (35) and ph (36) sensors and 
mesoscopic solar cells (21). 

In this chapter, a general description and state of the art of titanium dioxide will be presented, then 
we will focus on titanate NWs and in particular, I will discuss on the temperature-dependent struc-
tural and geometrical evolution of suspended individual titanate NWs or individual NWs deposited 
on a substrate, called 2D geometry, and of assembly of nanowires, called 3D geometry. 
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Titanium is the ninth most abundant element in the earth's crust ahead of hydrogen and behind 
magnesium. 
Titanium dioxide (TiO2) was discovered in 1791 by the British reverend William Gregor in its “il-
menite” form under the name of “menaccanite” (with the formula FeTiO3). It was only 4 years later 
that Martin H. Klaproth, a German chemist, named it Titanium, after the myth of the Titans. He 
was mistaken, what he identified as titanium was in reality TiO2 under rutile form, a correction 
made a few years later (37).  
It is used as a whitening agent and white pigment; the discovery of this pigmentary property dates 
back to 1821 and was first used for artistic purposes in composite form. The growth in the use of 
white TiO2 pigment occurred in the 20th century: 

In 1910 the American M. A. Hunter developed a method for the production of pure TiO2, 
which allowed mass production. 
In 1916 it was first used as a white pigment in the building industry. 
In 1940 Kroll develops a process for the economical production of titanium. Start of the in-
dustrial development of titanium. 
Its use then extended to various industry: textile, food, cosmetics... (38) 

We can see on the graph below (Figure 2:1) the evolution of the production of this pigment in the 
last century: 

Figure 2:1 TiO2 production by years in all countries of the world. Fig. taken from Ref. (39). 

 
Although known as a pigment, TiO2 was also used at the end of the 19th century as an agent opacifi-
er and additive, on varnishes and glass products to increase resistance to acids. It was in 1929 that 
the photocatalytic property of TiO2 was discovered, following long exposure to the sun, wall discol-
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oration has been observed on the surface of buildings covered with TiO2 pigments. However, it was 
not until 1932-1934 that a document describing this property was published and 1938 for the in-
formation to be considered reliable by the scientific community.  
In 1969, a major breakthrough took place, the photolysis of water. A semiconductor electrode com-
posed of TiO2 in its rutile crystalline form is developed and used. 
Since this date, studies on the photochemical properties of TiO2 have experienced significant 
growth, between 1970 and 1990. From 2000, and still at present, nano-engineering and nanotech-
nology based on TiO2 show huge development. 
Since 2010, more than 10,000 papers on TiO2 have been published every year worldwide, see Figure 
2:2. 

 

Figure 2:2 Number of research papers published between 1913 and 2013 containing the term TiO2. Fig. taken 
from Ref. (40). 

TiO2 nanoparticles have many applications in various industries, such as construction, cosmetics, 
textiles, and renewable energies which are the most important, but they are also found in the food, 
automotive, air treatment industries and medical sectors (Figure 2:3). 

 

Figure 2:3 Number of TiO2 nanomaterials used in products by industrial division. Fig. taken from Ref. (41). 
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Titanium dioxide has an expanding market: according to a study published in December 2014 in the 
Statnano website (42), 180 products contain nanostructures based on TiO2. These products are 
marketed by 32 companies, the vast majority of them from North America, Asia and Europe. China 
and the United States are leaders in this field with 53% and 25% of the products respectively based 
on TiO2, see Figure 2:4. 

Figure 2:4 Top countries in the production of TiO2 nanoproducts. Fig. taken from Ref. (42). 

According to market estimates, in 2005 the production of nanoparticles of TiO2 was close to 2000 
tons per year, representing a turnover of $70 million (€51 million). With the increase in demand in 
Asia, this figure will increase significantly in the coming years due to the growing demand for cos-
metics, construction or the increasing use of medical nanoparticles (43). 

 

Figure 2:5 Projected global production of TiO2 nanoparticles from 2002 to 2024 relative to non-nanoscale 
TiO2. Fig. taken from Ref. (44). 
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Figure 2:5 shows the projected evolution of the production of TiO2 NPs from 2002 to 2024 com-
pared to non-nanoscale TiO2. The study predicts an explosion of nanometric TiO2 production in the 
coming years to expect 100% production in a decade, i.e. nearly 2 million tons. 
 

TiO2 exists in three different polymorphs:  

rutile (discovered in 1803) 

anatase (discovered in 1801) 

brookite (discovered in 1825). 

Rutile is the most common phase, while brookite is the rarest. The other 8 phases exist, too, of 
which three are stable: monoclinic system TiO2 (B), tetragonal system TiO2 (H) and orthorhombic 
system TiO2 (R). The remaining five phases exist under extreme conditions; namely applying pres-
sure to rutile and anatase more exotic phases start to appear. However, only rutile and anatase are 
the allotropes widely used for numerous TiO2 applications. Anatase is a metastable form and turns 
irreversibly into rutile phase at high temperature, around 600 °C. We can find examples in the liter-
ature that by doping TiO2 the anatase to rutile transformation can be accelerated (45)(46). 

Both anatase and rutile phases, are composed by Ti4+ titanium ions at the center of octahedra of six 
O2- ions; each oxygen has three titanium ions neighbors. 

Anatase has a tetragonal crystal structure with I41/amd space group and with lattice parameters: a= 
3.782 Å, c= 9.502 Å (47); also rutile has a tetragonal crystal structure with P42/mmm space group 
but different lattices parameters: a= 4.593 Å, c= 2.958 Å (47). Their respective crystal structures are 
represented in Figure 2:6. 

Anatase is transparent in the visible spectrum (2.48-2.56 refractive index, 96% of the light is reflect-
ed (48)) and insulating with a band gap of 3.4 eV (49), while rutile has a band gap of 3.0 eV (50)(51). 

TiO2 can be synthesized with various shapes at the nanoscale, as it is shown in Figure 2:7. A great 
variety of morphologies can be achieved as: 

Nanoparticles: spheroidal shape (Figure 2:7a) 

Nanofiber: long parallelepiped-shape (Figure 2:7b) 

Nanosheet: planar 2D structure (Figure 2:7c) 

Nanotube: cylindrical with a circular hole along their length (Figure 2:7d) 
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Nanorod: solid cylindrical with a circular base 

Nanowires, nanobelts, nanoribbons can be generally classified as nanofibers. In this thesis I will use 
these terms describing the same particle shape depicted on Figure 2:7b and Figure 4:5b as syno-
nyms. 

Figure 2:6 a) Rutile crystal structure; b) Anatase crystal structure. Oxygen atoms are colored in red and Ti 
atoms are in grey. Image source: Wikipedia. 

Figure 2:7 a) SEM picture of TiO2  nanoparticles; b) TEM image of titanate nanowires; c) TiO2  nanosheets 
(52); d) TiO2  nanotubes (53). 
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Anatase nanowires precursor, from which they are obtained by thermal treatment, are titanates 
nanowires H2Ti3O7. Their synthesis and properties are exposed in the next section 2.2.3. I would like 
to put an emphasize on and illustrate the wide variety of structural, thermal, chemical and mechani-
cal transformations that a TiO2 nanoparticle can experience in Figure 2:8. 

Figure 2:8 Transformations of TiO2 nanowires. Fig. taken from Ref. (54). 

 

Protonated titanate nanowires (H2Ti3O7) are prepared by a two-step hydrothermal process; the typi-
cal synthesis procedure is described in (21). A mixture of anatase and NaOH solution is treated at 
130 °C for 36h. The resulting white powder underwent a second hydrothermal treatment at 200 °C 
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while mixed with KOH. The obtained nanowires are subsequently collected, washed and dried at 
250 °C. 

 

An assembly of nanowires is shown on the TEM image in Figure 2:7b. They have belt-like shape and 
their width ranges from 10 to 100 nm and their length can go up to tens of μm. On the TEM image 
and the corresponding selected area electron diffraction (SAED) pattern in Figure 2:9a, one can 
clearly notice the crystalline layered structure of the NWs with a gallery spacing of 0.7 nm. This ob-
servation of the gallery spacing is feasible when the belt-like nanowire is laying in a tilted position, 
with its thinner sides on the substrate. The crystalline structure of titanate NWs is also visible on the 
XRD diffractogram, Figure 2:9c, showing reflections belonging to the trititanate phase (at 2  = 9, 
24.5 and 28°). 

 
Figure 2:9 a) TEM image showing the layered nature of the NW in titanate phase, inset: corresponding dif-
fraction pattern; b) TEM image showing the NW in anatase phase, inset: corresponding diffraction pattern; 
c) XRD profile titanate powder. 
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Titanate NWs after heat treatment at 600 °C recrystallize to anatase, Figure 2:9b and Figure 2:10a, 
according to the following equation: 
 

 Equation 2:1  

 

This recrystallization is evidenced in Figure 2:10b via TGA measurement of few mg of titanate na-
nopowder in an inert gas (Argon). The weight loss of adsorbed water on the surface and the gallery 
spacing of the layered titanates is not visible on the graph. That fraction was evaporated during the 
temperature stabilization phase prior to the TGA measurement start. Only a minor 0.3 wt% weight 
loss is shown on the graph, which is clearly lower than the adsorption capacity of this layered oxide. 

Between 200 and 600 oC, a weight loss of 5.5 wt% was detected. This is due to the disappearance of 
highly bound crystalline water and the transformation of the titanate phase to anatase (Figure 
2:10a). 
Furthermore, between 600 and 900 °C, only minor weight loss 0.1wt% was detected. This weight 
loss is probably, due to the loss of oxygen atoms (non-stoichiometric TiO2 phase) while the appear-
ance of the TiO2 (B) minority phase, with the same molar mass, should not affect this point. 

 

 
Figure 2:10 a) Titanate to anatase crystallization; b) Weight loss versus temperature evaluated via TGA meas-
urements on H2Ti3O7 powder. Dashed lines separate the three phases as a function of temperature. 

 

A typical defect in TiO2 is the presence of oxygen vacancies in the crystallographic structure. By 
removing an oxygen atom from the structure, implies a strong influence on the optical and electron-
ic properties of the material. The typical process to create defects is simply submitting a TiO2 sample 
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to a heat treatment in a reductive atmosphere above 300 °C. The required energy to extract an oxy-
gen atom from its surface is the following (Ref. in the literature (55)): 
 

 Equation 2:2  

 

At high-temperature sintering, TiO2 loses oxygen and these shallow states created by oxygen vacan-
cies decrease the electrical resistivity. Resistivity versus temperature has been measured for two 
samples sintered at 1100 and 1300 °C via spark plasma sintering method, their trend is illustrated in 
Figure 2:11. 

For the sample sintered at 1100°C, for a temperature T>240 K we obtained activation energy of E0= 
19 meV and for 50 K < T < 80 K we obtained E0 = 23 meV. The sample treated at 1300°C, for T>240 
K we obtain an activation energy of E0= 46 meV and for 40 K < T < 70 K we obtain E0 = 22 meV. We 
can conclude that the activation energy extracted at low temperatures is comparable for these two 
samples. 

 

 

Figure 2:11 Resistivity measurements versus temperature of titania pellets sintered at 1100 and 1300 °C; in 
the inset the measured sample in the four-point configuration contacted with gold wires and silver paint. The 
color of the sample is black, due to the oxygen vacancies which act as color centers. 
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Due to the oxygen vacancies in TiO2-x, distorted octahedral Ti3+ appear connected by corner and 
edge, causing various interconnection. Ti3+ is a spin -1/2 paramagnetic species with electron config-
uration  The degenerate orbital of the free Ti3+ ion is split in crystals due to the effect of the 
crystal field. We used electron paramagnetic resonance (EPR) to provide a precise determination of 
the concentration of paramagnetic centers in ppm of the samples sintered at high temperature via 
SPS and whose resistivity is measured above. 

Table 2:1 Spins concentrations in three samples sintered via SPS. 

Sintering temperature 

(°C) 

Spins concentrations 

(ppm) 

900 °C 421 

1100 °C 485 

1300 °C 865 

 

It is visible from Table 2:1 that all three samples contain a significant number of Ti3+ defects and 
follow an increase of spin concentrations with increasing sintering temperatures. 

 

 

This study aims to shed light on the temperature-dependent structural and geometrical evolution of 
suspended individual titanate nanowires or individual nanowires deposited on a substrate, called 2D 
geometry, and of assembly of nanowires, called 3D geometry. We have identified some unexpected 
differences in the phase stabilization and surface diffusion behavior of the 2D and 3D assemblies. 

 

Individual titanate nanowires are deposited from an ultrasonicated suspension via a stamping 
method. The nanowire suspension was first filtered through a Teflon membrane with pores sizes 
0.45 μm and subsequently stamped against the silicon substrate for 1 min. Subsequently, the Teflon 
membrane was removed, and the well-separated titanate nanowires remain on the silicon substrate 
due to much higher surface adhesion on silicon than on Teflon. 
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Titanate powder was loaded into a graphite die (diameter 20 mm) and sintered via spark plasma 
sintering (SPS) under 50 MPa pressure. Sintering is performed with a heating rate of 50°C/min with 
a 2 min dwell at the target temperature. For the Vickers hardness test, a commercial Sigma Aldrich 
anatase TiO2 white powder was used; sintering procedure is described elsewhere in (25). 
 

Thin films of titanate nanowires were prepared by the wet-chemical method. H2Ti3O7 based porous 
films with thicknesses of 10 and 70 μm were fabricated on a technologically relevant conductive 
glass substrate coated with F-doped (FTO) by doctor blading method. In order to promote the 
phase transformation from titanate into TiO2 anatase phase, whose crystalline structures are shown 
in Figure 2:10a, the resulting porous coatings were annealed at 500 °C in air. Figure 2:12a shows the 
representative photographs and the corresponding top-view surface morphologies imaged by SEM. 
Despite the fact that the same deposition technique and annealing process was used for both layers, 
failures such as peeling can be observed in the case of the thicker, 70 μm thick, film. Top-view SEM 
micrographs confirm that the adhesion quality of the films to the FTO substrate was dissimilar after 
the sintering. Plenty of cracks 50-200 μm in length formed on the surface of the thicker layer, while 
uniform and flat surface with no observable cracks was characteristic for the 10 μm thick layer. 

 

Figure 2:12 a) Titanate films of 70 and 10 μm (from left to right) and the respectively SEM morphology, the 
scale bars correspond to 1 mm; b) Film thickness before and after the sintering and the corresponding profile 
(inset). 

The top-view SEM graphs (Figure 2:12a) taken before and after the sintering process confirm that 
the, 10 μm thick film (the thinner one) was well attached to the FTO glass. It is noteworthy, that the 
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titanate to anatase recrystallization induced about 30% shrinkage in the film thickness (Figure 2:12c, 
inset). This observation was further confirmed by a series of alpha step measurements (Figure 
2:12c). These findings precisely portray that the sharp interface between the two dissimilar materials 
might be the weakest point in the system. As mentioned before, these stresses may result from the 
different thermomechanical properties of the two materials being combined and processed. If the 
relative deformations between the layers occur before the material fracture toughness increases to a 
level sufficient to withstand the stresses, the composite will not be able to undergo a crack-free pro-
cess. However, the susceptibility of the interfaces to these types of failures is influenced by more 
than just the differences in the thermomechanical properties of the combined materials. Geomet-
rical effects such as sharp corners, heating and cooling rate, particle size and shape, particle size dis-
tribution, orientation of the particles, porosity, degree of crystallinity and crystal phase change 
could have a significant role on possible crack formation and propagation between the adjacent lay-
ers. Many studies have been reported that, during the thermal annealing of elongated titanates, the 
material can undergo transitions to several crystalline phases such as TiO2 (B), Na2Ti3O7, anatase, 
rutile (54)(56)(57) depending on the annealing temperature and phase purity of the starting materi-
al.  
In order to understand the sintering behavior of elongated titanate-based 3D coatings, we decided 
to study the temperature-dependent structural and geometrical evolution of its building “bricks”, 
the individual titanate nanowires, and compared it to the behavior of the sintered films. 

We have measured the dimensional change of 21 individual nanowires under repetitive annealing in 
air, increasing temperature by 200 °C at each step, going from room temperature up to 1000 °C. 

The changes in height were measured by means of AFM, while SEM images allowed us to quantify 
length and width variations. The dimensional variations such as, the cross-section and contact sur-
face area and total volume after each annealing step are summarized in Figure 2:13. 
SEM and AFM images of two nanowires close to each other taken as-deposited (RT), and after heat 
treatments at 600 °C and 800 °C in Figure 2:13a.  
During the heat treatment from RT to 200 °C, the average nanowire height is reduced by 18.7%, 
while negligible change in the length and width was observed. At the annealing temperatures of 400 
°C and 600 °C, the average height reduction was 20.9% and 23.7% respectively. Again, no change in 
the width and length has been observed as compared to the original room temperature values. At 
higher temperatures (above 600 °C), drastic changes in all the dimensions of the nanowire occurred. 
Annealing temperature of 800 °C caused significant nanowire enlargement in the plane of the sub-
strate (Figure 2:13c). The average height was drastically reduced down to 20% of the RT value, ac-
companied by a pronounced change observed in the average nanowire width, which became four 
times larger as compared to the original value. However, the length slightly increased by 4%. The 
total volume of nanowires remained roughly constant, see Figure 2:13c. 
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Figure 2:13 a) SEM and AFM of two nanowires close to each other, just after deposition at room temperature, 
after 600 °C and after 800 °C heat treatment. Statistics of geometrical parameters of individual nanobelts on a 
SiO2 substrate after different heat treatment; b) Nanobelt cross-section; c) Relative change from the initial 
value of all three dimensions and the total volume, the contact surface area and the specific surface areas: the 
vertical dashed lines separate the three-particle coarsening regimes. 

 

These results allow us to identify two annealing temperature-dependent geometrical phase trans-
formations of nanowires, hereafter called phase-change 1 (TTA-Titanate to Anatase recrystalliza-
tion from RT to 600 °C) and phase change 2, which are indicated by the dashed vertical line in Fig-
ure 2:13c. The size change in phase change 2 is driven by diffusion mechanism typical of our nan-
owires. 
In phase-change 1, significant shrinking of the height occurred, while the length and width re-
mained constant indicating minimal to no surface diffusion during the phase transformation. 
The as-deposited nanowires possess a layered structure composed of titanium centered octahedra, 
indeed, and it can be indexed as monoclinic H2Ti3O7. Here, various positively charged cations stabi-
lize the structure, depending on the applied synthesis and post-synthesis procedure (ion-exchange). 
The physisorbed and chemisorbed water, (e.g. the hydrate shell of the balancing cations as well as 
the titanium centered octahedra build host layer) accounts for a significant H2O content of the ma-
terial. As a consequence, the one-dimensional shrinkage at 200 °C can be simply explained by the 
loss of loosely bound water adsorbed on the surface and in between the gallery spacing of the titan-
ate layers. Further annealing leads to loss of strongly bound structural crystalline water followed by 
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the titanate to anatase recrystallization. For ascertaining the experimental results we compared the 
volumetric parameters of the unit cells of the monoclinic protonated titanate H2Ti3O7 and the re-
sulting TiO2 anatase phase (see Figure 2:10a) for the crystallographic representation of the two 
phases). In our calculation, the number of Ti atoms in the two compounds was kept constant. The 
theoretical volumetric reduction in the trititanate-anatase transformation was found to be 20%. 
Hence, this theoretical value is in good agreement with the experimental observations. 
Following phase change 2, a thermally activated anomalous particle coarsening was observed. The 
nanowire height decreased drastically. In parallel, the width and length increased significantly, re-
sulting in about a factor of 4 increase in the nanowire-support contact area. Since the annealing 
temperature was far below the melting point of titania (1843 °C) the substantial change in the shape 
of the elongated particles is ascribed to a surface diffusion process. Taking the geometrical parame-
ters measured by AFM and SEM the surface area change of individual nano-objects has been deter-
mined from Figure 2:13b and c. 
 
Based on the classical Ostwald ripening model, it was expected, that upon elevating the annealing 
temperature the surface area of the nanoparticles would systematically decrease. This was actually 
verified for phase transition 1, where the surface area decreased by a few percents, driven by the 20% 
reduction of the height while keeping the other dimensions almost constant. However, we found 
out that following phase change 2, passing from 600 °C to 800 °C annealing temperature, the surface 
area of the nanowires increased by 300%. This unexpected behavior of the surface area appreciably 
differs from the classical Ostwald ripening surface diffusion model, where the system tries to reduce 
its surface area to reach a thermodynamically more stable configuration. The direction of the titani-
um oxide migration was found to be independent of the orientation of the SiO2 surface, hence the 
measured diffusion path lengths were identical in all the directions. 
 
We have further investigated this phenomenon via Raman spectroscopy. The spectral lines versus 
Raman shift measured on samples submitted to different annealing temperatures, 600, 800 and 1000 
°C are plotted in Figure 2:14a. 
The perfect overlapping of the spectra taken at low and high temperatures clearly indicates that the 
elongated fibers remain in the metastable anatase phase without transformation to the thermody-
namically expected rutile phase. This means that in these individual wires, the anatase phase can 
remain stable up to 1000 °C and the increase of the width, with an increase of the surface area is 
driven by titanium oxide diffusion mechanism at the contact surface with the surface. Surface wet-
tability and topotactic effects, such as epitaxial strain (58)(59), may have important roles in the met-
al stable phase stabilization. 
The surface diffusion mechanism is clearly recognizable and visualized in SEM images of Figure 
2:14b and c. In Figure 2:14b, the SEM micrograph depicts nanowires on SiO2 surface and one nan-
owire suspended over a microfabricated hole. 
Figure 2:14c shows the same zone on the chip after a heat treatment at 800 °C in air. The fibers in 
contact with the surface show a substantial increase in width and the contact area due to a surface 
diffusion mechanism. Interestingly, in the case of the suspended nanowire, the area in contact with 
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the surface grew, however, the suspended part maintained its dimensions, and actually experienced 
a 10% reduction in width. This indicates that the coarsening and diffusion of anatase in nanowire 
form is substantially inhibited in the absence of a substrate. 
 

 

Figure 2:14 a) Raman spectroscopy of an individual nanowire at 600, 800 and 1000 °C heat treatment; b) 
SEM of a nanowire suspended over a microfabricated hole at room temperature; c) SEM of the same nan-
owire after heat treatment at 800 °C in air. 

 

In this section we report the investigation on titanate nanowire coarsening in the absence of surface 
effects. We prepared various 3D assemblies, for instance porous pellets having 1.5-2 mm thickness, 
via SPS method. Based on the XRD and SEM data, coarsening effects in these pellets similar to the 
ones observed in nanowires can be identified. In the phase change 1 (TTA-Titanate to Anatase re-
crystallization from RT to 600 °C, sample in Figure 2:15a, the loss of crystalline water followed by 
the titanate to anatase recrystallization was taking place, as inferred by the disappearance of the 2  
= 10° peak, originated from the gallery spacing in the layered titanate. The characteristic anatase 
diffraction peaks appeared after sintering at 500 °C (Figure 2:15c) with the most intense peak at 2  
= 25.2° (101). Further sintering to 600 and 700 °C resulted in an increase and narrowing of the in-
tensities of this at 2 , indicating the grain growth and crystallinity increase of anatase crystallites. 
Most important the elongated particle shape was well preserved, as it can be seen in the SEM picture 
of Figure 2:15a. These combined results of XRD and SEM measurements suggest “surface-assisted” 
and “bulk” titanate nanowire coarsening in the anatase phase, similar to what happens for single 
nanowires. Roughly, the suggested scenario is as follows: significant shrinking in the direction per-
pendicular to the titanate (200) crystallographic plane occurs; at the contact points merging of 
aligned particles occurs via recrystallization. This titanate to anatase transformation we observed is 
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good agreement with previous literature (60)-(62). Increasing the heat treatment temperature to 900 
°C the loss of the elongated fibers morphology was observed (Figure 2:15b). In addition, above 900 
°C the newly formed rutile phase 2  = 27.5° (110) appeared, coexisting with a low amount of ana-
tase and TiO2 (B) phase. This was also confirmed by the Raman spectroscopy measurements report-
ed in Figure 2:15d.  

 

Figure 2:15 a) SEM micrograph of a TiO2 pellet sintered at 600 °C (inset TiO2 pellet sintered at 500 °C); b) 
Cross-section of a TiO2 pellet sintered at 900 °C (inset TiO2 pellet sintered at 900 °C); c) XRD of TiO2 pellets 
sintered from 500 °C till 1300 °C. “A” is for anatase, “R” for rutile phase and “ * ” for TiO2 (B) phase; d) Ra-
man spectroscopy of a pellet at room temperature, at 600 °C and 1000°C sintering. 

 

Above 900 °C the nanowires assembled in the pellets were transformed into a dense, nearly isotropic 
crystallite based sintered body. The crystallite size increased considerably: between 500 and 700 °C 
the crystallite size is <z> =23.5 ± 3 nm, while between 900 and 1300 °C we measured <z> = 78.3 ± 4 
nm. This grain evolution can be attributed to the simultaneous effects of neck formation, surface 
diffusion, grain coarsening and pore pinning mechanism already studied in many systems both the-
oretically and practically (63)-(70). This 3D coarsening behavior at high temperature, above 900 °C, 
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is quite different from the one observed in the 2D system, where no rutile phase appeared, and the 
stabilization of the metastable anatase phase occurred at reasonably high temperature. We believe 
these marked differences are due to the interaction between titanium oxide nanowires with the SiO2 
substrate, which plays a dominant role for the 2D single nanowires and is absent in the 3D pellets or 
others assemblies. 
Since the activation energy, surface wettability at high temperatures and topotactic effects strongly 
depend on the physicochemical properties as well as the crystallographic orientation of the matter, 
further studying the titanium oxide-support interfaces (metal, metal oxide, etc.) is necessary for the 
improvement of the TiO2 based devices. 
 

The micro hardness values of the 3D nanowire pellets sintered at 600 °C, having a single-phase ana-
tase composition were measured by Vickers method (Figure 2:16). The hardness values of the sin-
tered titania nanowires increase with decreasing porosity. For the anatase samples sintered at 600 °C 
the hardness of 115 HV (44% porosity) has increased to 372 HV (37% porosity) by varing the pres-
sure. After sintering at 900 °C, we measured 941 HV (1.6% porosity), and isotropic particle shape 
and rutile phase was detected; this hardness value is in the range of the single crystal values 894-974 
HV (71). Interestingly, comparing the hardness of anatase nanowire fiber pellets to a sample having 
identical porosity, but composed of nearly spherical anatase grains (commercial nanoparticles), 50% 
higher values of hardness were observed (Figure 2:16). 
We believe that the beneficial role of elongated particle shape together with coarsening effects, such 
as high-quality grain boundary formation during sintering greatly contributes to these high hard-
ness values and can open up the fabrication of nanowire reinforced ceramic sintered bodies. 
 

 

Figure 2:16 Vickers microhardness vs. porosity of 3D TiO2 nanowire pellets sintered at 600 °C and 900 °C. 
Inset shows typical Vickers trace on the ceramics samples. Cracks along the diagonals evidence the typical 
ceramic behavior of the sintered pellets. 
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We have investigated the coarsening behavior of suspended and surface deposited single-crystalline 
titanate (H2Ti3O7) nanowires and compared them to the behavior of 3D assemblies of the same 
composition. Two temperature-dependent geometrical transformation phase changes were identi-
fied both for single nanowire on the substrate (2D system) and for nanowire pellets (3D). During 
the first phase change (titanate to anatase recrystallization, above 200 °C and up to 600 °C) signifi-
cant shrinking of the height of the nanowire was observed. During the second regime, at sintering 
temperature of 600-1000 °C an anomalous coarsening manifested as an increased surface area of the 
individual nanowires deposited on a surface. In addition to the strong surface effects, in the 2D sys-
tem, we noticed an uncommon stabilization of the metastable anatase phase and the absence of ru-
tile phase above 900 °C. In contrast, for 3D assembly of nanowires, from 600 °C, the classical Ost-
wald ripening particle coarsening was observed, accompanied by typical anatase to rutile phase 
transition at 900 °C.  

The micro-hardness values of the sintered anatase nanowire pellets decreased with increasing po-
rosity, showing considerably higher hardness values when compared to sintered bodies composed 
of nearly spherical nanoparticles.  

These results will contribute to the fabrication of novel, mechanically more stable titanium oxide 
nanowire-based coatings and 3D functional ceramics, which is a prerequisite for safer and durable 
potential products. 
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This chapter contains a detailed study of the mechanical response of individual titanate nanowire: I 
measured their elastic modulus and computed the shear modulus, measured their flexibility, fatigue 
behavior and the rupture force. I have also characterized the change of Young’s modulus due to the 
thermal transformation of titanate into anatase nanowires. 

 

Mechanical characterizations of different types of nanofilaments is an active field of research. It is a 
large interest to learn the properties of single nanowires, which influences the bulk modulus of the 
composite material. 

The interest of these studies is mainly driven by applications. In fact, as we have seen in the previous 
section, titanates are the precursor structure of anatase nanowires. H2Ti3O7 nanowires are indeed 
active components of a very sensitive humidity sensors (35), they serve as reinforcement fibers in 
composites (31), super-insulation aerogels (25), or catalyst (72). All these applications are getting 
credibility, since the synthesis from mg quantity by hydrothermal synthesis in autoclave, has been 
scaled up by an original approach to kg/month production rate (73). In all these devices it is im-
portant to assess the mechanical properties of the final system (for example in a water filter weaved 
from titanate nanowires) which depend on the properties of the single fibers. In addition, there is a 
significant interest to extend the applicability of titania thin films to flexible substrates in dye-
sensitized solar cells (74)-(76), supercapacitors (77), perovskite solar cell (78)(79), gas sensors (80). 
Here, the preparation of porous, uniform and crack-free nanoparticle-based films is particularly 
challenging due to the intrinsic rigidness of sintered titania, ultimately deteriorating the perfor-
mance values of lab-scale prototype devices. The effect of particle shape, replacing isotropic particles 
with highly anisotropic, fiber-like particles may open new avenues for the long-sought flexible de-
vices with satisfactory electronic and mechanical performance. 
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Individual nanowire mechanical measurements are very challenging, mostly because it is very diffi-
cult to perform standard tensile or bending tests on freestanding nanoscale objects. Here, several 
possible approaches are illustrated. 

 

First mechanical properties measurements have been done on individual carbon nanotubes by 
Treacy, Ebbesen and Gibson in 1996 (81). The measurement is based on measuring the amplitude of 
thermal vibration using a TEM over a large temperature range. The nanotube is fixed at one end, 
and the other free end is free to vibrate due to thermal excitation. This method, requiring only a 
TEM and a heatable stage, can be applied to other nanowires materials. Nevertheless, these meas-
urements are subjected to large error bars between 20-60 % because of the subjective human deci-
sion when the tip starts blurring.  

 

Figure 3:1 TEM images of carbon nanotube cantilever vibration a) 300 K, b) 600 K, c) mean-square vibration 
amplitude versus temperature. Fig. taken from Ref. (81). 

 

Poncharal et al. (82) demonstrated another method using an alternating electric field on the carbon 
nanotubes. The Young modulus, , is calculated from the resonant frequencies. 
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Figure 3:2 a) TEM images of excited nanotubes cantilever using an AC external field; b) amplitude versus 
frequency response. Fig. taken from Ref. (82). 

 

Setups based on AFM allow to apply a known force to an individual nanowire. The first AFM meas-
urement on carbon nanotubes and SiC nanorods was reported by Wong et al. (83) in 1997. Multi-
walled carbon nanotubes (MWNT) were dispersed on a flat surface of a molybdenum disulphide 
(MoS2) single crystals in order to lower the friction; then this last parameter was further reduced by 
doing the measurement in water. As it is shown in Figure 3:3 carbon nanotubes are fixed at their 
extremity by arrays of square silicon oxide pads deposited using a shadow mask. The AFM cantile-
ver is used for positioning and characterization of the nanotubes; they are deformed laterally by the 
AFM tip until it is passing over the nanotube and letting this last one going to the relaxation posi-
tion. Young modulus has been extracted for different positions of the lateral-force distance. 
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Figure 3:3 a) Carbon nanotubes fixed with SiO pads; b) optical micrograph of the substrate with carbon 
nanotubes; c) AFM image of SiC nanorod; d) tip moving the nanorod; e) nanorod of length L subjected to a 
force F. Figure taken from Ref. (83). 

 

Due to demanding experiments, Salvetat and colleagues from our group at EPFL measured in 1999 
the Young modulus for single-wall carbon nanotubes (SWNT) and ropes (84), MWNTs produced 
from various methods (85) and the shear modulus of SWNT ropes (86). The three-points bending 
measurement method in conjunction with the so-called “Swiss cheese method” made this experi-
ment possible by measuring a vertical deflexion of nanotubes over holes or trenches of porous 
membranes. Carbon nanotubes are dispersed in ethanol and then deposited over alumina substrate. 
Due to van der Waals interactions, the tubes adhere to the substrate and sometimes crossing a hole. 
Once the good candidate found, a series of AFM images are taken increasing the load; the deflection 
is then obtained using the double clamped beam formula (87):  

 

 Equation 3:1  

 

Where  is the applied force,  is the suspended length,  the Young modulus and  the moment of 
inertia.  
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Carbon nanotubes showed exceptional mechanical properties, with a Young modulus of individual 
MWCT of 1 TPa. 

 

Figure 3:4 a) AFM image of a SWNT rope lying on a pore of the membrane; b) measured deflexion  versus 
applied force . Fig. taken from Ref. (84). 

 

In the case of a uniform beam, with negligible shear, the bending or flexural modulus  coincides 
with Young’s modulus . If there are subunits in the beam, which can slide on each other under the 
loading force, then both  and , the shear modulus, affect . In this case, the extraction of the 
moduli requires more careful data analysis, and the bending behavior needs to be measured for var-
ious diameters ( ) and suspended lengths. 

This analysis was successfully applied for single-walled carbon nanotube bundles in which the indi-
vidual nanotubes are held together by weak Van der Waals forces. The obtained values were E = 1 
TPa and G = 5 GPa (86). Kis et al. (88) reported that upon electron irradiation, the nanotubes got 
cross-linked and  tremendously increased. 

The deflexion is the sum of the deflexions due to the bending and to the shear (87): 

 

 Equation 3:2  

 

Where  is the shape factor,  the area of the beam.  is equal to the Young modulus when 
shear can be neglected. 
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Compared with the number of nanometer-scale materials, and in particular in nanowires 
shape, studies of their mechanical properties remain still limited, see Table 3:1 Nanofilaments 
Young’s modulus summary table reported in the literature. We still don’t have a global picture of 
the evolution of mechanical properties from bulk to nanofilaments as a function of geometrical pa-
rameters. For example, the  modulus for Si and Au nanowires is diameter independent and similar 
to the respective bulk modulus (89)(90). Concerning ZnO nanowires, different results are reported 
in the literature. Chen et al. (91) observed a size-dependent Young modulus. On the other hand 
Wen, Sader and Boland (92) demonstrated that Young modulus is independent of the diameter and 
close to the bulk value. Concerning TiO2 anatase nanowires and in particular the precursor phase 
H2Ti3O7 nanowires, only a few studies reported values for Young’s modulus. However, it is im-
portant to point out, that according to our best knowledge, it has never been done a systematic 
study like the one we will illustrate in this work. 

 

Table 3:1 Nanofilaments Young’s modulus summary table reported in the literature 

 Nanofilament Young’s modulus 
(GPa) 

Bulk Young’s modulus 
(GPa) 

Ag 80-96 (93),(94) 83 

Au 70 (90) 78 

Pb 67 (95) 76 

WS2 152 (96) 150 

WO3 10-110 (97) 310 

Si 158 (89) 169 

LaB6 467 (98) 444 

Te 45-85 (99) 47 

ZnO 50-220 (91) 144 

ZnO 140 (92) 144 
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In order to carry out mechanical characterization of NWs, we applied the three-points bending 
measurement method using an AFM in conjunction with the so-called “Swiss cheese method” as 
first proposed by J. P. Salvetat and colleagues (85)(86) for carbon nanotubes (see previous section 
3.2.3). The configuration is the following: on an e-beam lithography defined holes in a silicon sub-
strate (800 nm diameter and 400 nm depth), individual titanate NWs are deposited from an ultra-
sonicated suspension via a stamping method. First, the nanowire suspension was filtered on a Tef-
lon membrane and subsequently stamped against the microfabricated hole-containing silicon sub-
strate. Due to the wettability differences of the substrates, the nanowires were preferentially trans-
ferred to the silicon substrate with high yield. After the evaporation of the remaining isopropanol, 
the NWs’ adhesion to the silicon substrate is strong so they can be treated as a double clamped 
beams of suspended length  (86). This strong attachment is caused by adhesion, as well as hydroxyl 
bond formation between the titanate and native silicon oxide layer, and is clearly demonstrated dur-
ing extended AFM imaging and no displacement of the portion lying of the NW is observed. 

In Figure 3:5a an optical image of nanowires deposited via a stamping method on the substrate with 
prefabricated micrometric holes is shown. The vast majority of the belt-shaped fibers are attached to 
the substrate with their largest plane, and only very few of them are attached with their smaller side-
plane to the substrate. A magnification of an individual titanate nanofiber crossing a microfabricat-
ed hole is shown in Figure 3:5b. The direction of the movement of the AFM tip is indicated in the 
scheme. The three-point bending test were all carried out on selected nanoribbons, having the layers 
posed in a parallel position relative to the supporting substrate. The thickness (or height) of the 
nanofiber is determined on the non-suspended, clamped zone of the nanowire. The width was de-
duced from combined AFM and SEM micrographs (Figure 3:5c, d). The plot in Figure 3:5e shows 
the typical structure of our fiber with a width of about 100 nm and a height of about 30 nm. The 
actual cross-section dimension is smeared by the finite thickness of the AFM tip, about 40 nm in 
radius. Therefore, this plot gives an exact indication only of the height of the fiber. 
 
In the double clamped beam model (87) the bending modulus ( ) is related to the deflection  via 
the moment of inertia  of the NW, to the suspended length and the loading force  according to 
the Equation 3:1: 
  

 Equation 3:3  

 
Where  for rectangular cross-section beams. 
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Figure 3:5 a) Optical image of nanowires deposited on the silicon substrate via a stamping method; b) SEM 
picture of a typical nanowire. Belt-like shape, rectangular cross-section and layered structure is observable on 
the micrograph acquired under tilted detector to sample conditions; c), d) SEM and AFM images of a typical 
nanowire crossing a hole; e) Typical cross-section profile, here an aspect ratio 1:5 (thickness to width ratio) is 
shown in d) and e). 

The bending data were collected in the following way. After the deposition of the suspension of ti-
tanate NW on the silicon substrate containing the array of microfabricated holes and the evapora-
tion of the solvent, the surface was imaged in a non-contact AFM mode. In cases, where NWs were 
bridging a hole, in a contact AFM mode, force-displacement measurements were taken (see Figure 
3:6a). For each NW, before measuring the deflection on the hole, we carried out spectroscopy on the 
part laying on the substrate. This measurement served as a reference (black curve in Figure 3:6b). 
Subsequently, the same measurement was taken in the middle of the NW suspended above the hole. 
Both force-displacement measurements were taken with a speed of 0.3 μm/s. The difference in posi-
tion, i.e. of the displacement signal, for the same applied force between the two measurements, de-
fine the actual deflection , as plotted in the inset Figure 3:6b. The  is calculated from the slope of 
the linear regression of the  graph according to Equation 3:3. The suspended length and the 
cross-section of the NWs varied considerably for each sample. 
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Figure 3:6 Experimental configuration for measuring the elastic response of titanate NWs. a) Sketch of the 
three-point bending test by AFM, indicating the major parameters for the evaluation: the inset shows an 
SEM image of the suspended NW over the lithographically defined hole in silicon; b) Applied force versus 
displacement for the three-point bending test. The black line, the reference curve, measured on the NW sup-
ported by the solid substrate; while red line is recorded in the middle of the hole, The deflection , used for 
the calculation of the bending modulus in Equation 3:3, is extracted as the difference between the red and 
black curves at a given force, as shown in the inset. 

In the case of a uniform beam, with negligible shear,  coincides with the Young’s modulus . As 
mentioned in 3.2.3, if there are subunits, i.e. layers, in the beam, which can slide on each other un-
der the loading force,  is affected also by , the shear modulus, which can be derived with  by 
measuring the bending at various diameters ( ) and suspended lengths ( ). In this case, one can 
extract the two moduli (  and ) using the relation Equation 3:2 rewritten in a simpler form and 
the bending modulus expressed as follows (87): 
 
 

 
Equation 3:4 

In order to prove the quality of the adhesion (i.e. the validity and applicability of double clamped 
beams model of suspended length  in our case) and repeatability of our measurements, we submit-
ted one individual nanofiber to a loading-unloading cycle for 300-times at a force of 150 nN at the 
center of the NW. From Figure 3:7 one can observe the force vs. displacement ( ) curves dur-
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ing loading and unloading processes for all the 300 curves: the 300 curves overlap perfectly, indicat-
ing a full recovery from the deformation, i.e. the NW stays well inside a full elastic regime and the 
absence of gradual nanowire sliding, likewise testifying the validity of double clamped beams model. 
The lack of nanowire sliding and displacement were double-checked via comparing AFM and SEM 
images, prior and after the spectroscopy force measurement. 

Our H2Ti3O7 NWs show an excellent elasticity behavior, remaining in the elastic regime until the 
rupture point, with a sight nonlinear behavior, still inside the elastic regime, at small deformation. 
We noticed that during the loading and unloading process a snap-in and snap out, due to the 
adhesion phenomenon which is usual in AFM measurements (8). In Figure 3:7 an attractive force of 
about 30-50 nN, can be observed detected by AFM tip at the beginning (loading) and the end 
(unloading) of the measurement. As suggested by H. J. Butt et al. (100) we attributed this attraction 
between the tip and NWs surface to van der Waals force. Then, starting to increase the displace-
ment, the force also increases with a slight non-linear behavior, as observed by A. Heidelberg et al. 
(89) for their in situ bending of Si NWs. Then, as shown in Figure 3:7 the curve ( ) NW be-
come linear until 334 nN when suddenly the force suddenly drops, showing a typical brittle fracture. 

 

Figure 3:7 The force – release cycle has been applied 300 times, pushing till 150 nN. At 334 nN the force sud-
denly drops and the nanowire shows a typical brittle fracture. 
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Figure 3:8a displays the measured  for a large assembly of NWs. Surprisingly, it has a strong 
cross-section (translated into equivalent diameter) dependence. Actually, we have considerable 
bending due to the weak interaction between the layers in the structure. In consequence, shear be-
tween layers plays an important role in the mechanical response of NWs. In the spirit of Equation 
3:3, shear is important when:  (87). In our case,  ranges from 7.5 to 20 (evalu-
ated by SEM and AFM measurements), so the ratio of  should be above 25. Using the Equation 
3:3, the two moduli are deconvoluted in the following way. 
  
The titanate NWs have a rectangular cross-section, of aspect ratio between 0.7 and 2, that can be 
conveniently characterized by an equivalent diameter, . The use of  permits more direct 
comparison with the results of other authors obtained on nanowires with circular cross-section. The 

 values shown in Figure 3:8a for 25 titanates as a function of the . were calculated from the 
linear part of the  curves, typically restricted to the 50–150 nN force range (or 25-35 nm 
displacement range), well below the rupture point. The reason for not going too high in loading, 
was to avoid damaging the NWs, which were later submitted to thermal treatment, to transform 
them into anatase. Making use of Equation 3:4, the plot of  versus  in the inset to Figure 
3:8a allows us to extract  and . The slope gives  while the intercept gives directly . We ob-
tained:  and . Despite the considerable error bar, the pres-
ence of  (of a non-zero slope) is evident in these measurements. 
 

 

Figure 3:8 a) Measured bending modulus  for 25 different titanate NWs with different equivalent diame-
ters between 26 and 95 nm; in the inset the  as a function of  for determination of  and 

, according to equation (2); b) Sketch of the crystal structure of titania NW, in order to illustrate the  and 
 moduli extracted from the left panel. 
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Other publications on Na2Ti3O7 NWs, report an elastic modulus  for the NWs of 33±7 GPa (101) 
and between 37–250 GPa (102).We believe that their low value and the large dispersion is due to a 
non-accounted presence of shear modulus in their measurements. To the best of our knowledge, 
our result is amongst the first ones to report  for layered titanate NWs. We think that this effect of 
diameter dependence of the flexural modulus as due to inter-layer shear found for our system in 
Figure 3:8b, which could be important for other layered or composite nanostructures too. The only 
other report on mechanical response of layered titanate nanoribbons somehow similar to ours is 
that of Humar et al. (103), which values are however surprising:  reaches 260 GPa, but  is in the 
0.01 GPa range (hundred times smaller than ours). Actually, the very low value for  is coming 
probably from the shear among nanoribbons in a bundle, and not among the layer of the same rib-
bon, measured by us. It has to be mentioned that the  vs diameter trend shown in Figure 3:8a is 
similar to the one reported by Chen et al. (91) for ZnO NWs. Beyond the fact that they have covered 
a broader diameter range, ZnO has no layered structure, so they attribute the decrease of the modu-
lus to binding energy balance in a core-shell model. So our data and their interpretations look to us 
quite unique and consistent. 
 
 

If one is dealing with functional NWs, exposed to continual mechanical loading cycles, it is im-
portant to check the fatigue behavior of the material. A NW was submitted to a fatigue cycle with 
the result shown in Figure 3:9a. The red curve represents the first 600 force-release cycles up to F= 
300 nN. The overlap of different cycles is remarkable: the NW did 600 cycles and still remained per-
fectly elastic, with the absence of noticeable hysteresis. The following cycles, in turquoise for the 
load and in blue for the unload, show a lower force than previous one (red) for the same displace-
ment and a marked hysteresis. In the subsequent #602 loading/unloading cycle (dark green for the 
loading and light green for unloading) one can observe a dramatic change in the bending modulus 
with a drop of factor 3. We interpret these changes as a gradual rupture of the layers upon mechani-
cal loadings composing the NWs. Presumably, the shear, translated into friction between the layers 
has a role in the breaking of the individual layers. In the end, the sample did not oppose any re-
sistance to the AFM tip, the NW was ruptured. The SEM image in Figure 3:9b illustrates the end 
result. 
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Figure 3:9 Fatigue-test of the titanate NW. a) The force – release cycle has been applied multiple times, show-
ing the gradual decrease of the slope (stronger and stronger deflection) due to the consecutive ruptures of the 
titanate layers, until the final rupture of the NW; b) SEM image showing the rupture in the middle of the 
NW. 

 

 

The surprising observation of elastic behavior under repeated cycles very near to the rupture point 
can qualify our titanate NW as superelastic fiber in the sense that the elastic behavior is maintained 
until the rupture. The results of our measurements, inferring a radius of curvature of 1.5-2.5 μm in 
elastic regime, merits few words. It has to be mentioned that this behavior has been observed for 
other NWs as well (gold NWs (90), CH3NH3PbI3 NWs (104)). However very little can be found 
about similar behavior on titante NWs. In our view, this behavior that we have called “superelastic”, 
borrowing the definition from others different systems, is a strong indication of absence of crystal-
line defects, like grain boundaries and dislocations. The presence of defects, would cause a depar-
ture from the elastic behavior, and would result in a higher fragility, as pointed out by the study of 
anelastic behavior versus defects presence for similar ZnO NWs reported by Cheng et al. in Ref. 
(105). This fully elastic behavior for nanosized fibers with defects free structure is pointed out also 
by the study of Dai et al. (106). Therefore, we can postulate that a good number of titanate NWs 
have a considerable high structural quality. The origin of the superelastic behavior of layered titan-
ate nanowires definitely deserves further, more in-depth structural and theoretical investigation. 
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For two NW we measured the mechanical properties at intermediate temperatures, too, a 200, 400, 
600 °C (Figure 3:10). Unfortunately, because of the multiple heating and cooling these fibers did not 
survive at 800 °C. However, we see a small change in the Young modulus with treatment tempera-
ture which justifies a direct study of the fibers after 800°C treatment skipping intermediate steps. 

 

Figure 3:10 Evolution of Young’s modulus of two fibers (one in red and the other in grey) as a function of 
temperature heat treatment. 

 

After full characterization of the titanate NWs at room temperature, they were submitted to a ther-
mal treatment up to 800°C in the air in order to transform them into anatase polymorph of TiO2. 
The temperature ramp rate was 20 °C/min and the samples were kept at 800 °C for one hour. One 
has to observe, that at such a high temperature, usually the bulk anatase transforms into rutile pol-
ymorph. But our structural investigations show, that the anatase nanowires preserve their structure 
even at this high temperature. A representative SEM imaging of this transformation is shown in 
Figure 3:11a (titanate) and Figure 3:11b (anatase). The shrinkage of the NW upon this transfor-
mation is clearly visible, since the layered texture is lost and the anatase has a uniform structure. 
Shrinkage due to recrystallization into the anatase phase introduces mechanical stresses in the struc-
ture, enhanced by the mismatch of NW-substrate thermal expansion coefficient and despite great 
care in handling, only 15 out of 25 samples survived the heat treatment. 
These were exposed again to bending measurements, and the values of  are reported in Figure 
3:11c, where for the sake of comparison, the titanate NWs are plotted, as well. One can notice that 

 is much higher for the anatase NWs, due to the absence of the shear modulus in the mechanical 
response, so  corresponds to . It is known from indentation measurement, that for the bulk, 



Mechanical response of individual layered titanate nanowires 

69 

anatase single crystal . The anatase NWs reach this range, although the high 
abundance of lower values testifies that during the recrystallization a considerable amount of defects 
were created, which reduce its elastic response. 

 

Figure 3:11 SEM image of a typical titanate NW a) Before and b) after the thermal treatment at 800°C which 
transforms it into the anatase phase; c) Histogram of the bending modulus ( ) measured on 15 NWs at 
room temperature in the titanate and anatase forms. 

 

 

Motivated by the results exposed in the previous section, we wanted to investigate the trend of the 
bending modulus before and after the Cu ion-exchange on the NW’s. The charge balance in the 
gallery spacing, may affect the size of this spacing, which we know that can vary, shrink or expand 
depending on the conditions. Any variation, shrinking or expansion may enhance of weaken the 
modulus. It is not known yet, so we perform the first tests below. 

The intercalation takes place in the titanate phase in most of the cases (107)-(109), as depicted in 
Figure 3:12. In order to perfom the ion-exchange and study the effect of copper intercalation of the 
gallary spacing of NW’S the following experimental procedure was used: Cu(NO3)2  H2O was the 
source of Cu2+ ions. In a typical synthesis 5 ml of H2Ti3O7 suspension (with 100g/l trititanate 
nanowires dispersed in distilled water) and respective amounts of distilled water solutions of 
Cu(NO3)2  H2O were mixed for 1h and washed 3 times with distilled water in order to remouve the 
excess Cu ions, which were not intercaled into the gallery spacing. 
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EDX analysis revealed that the typical Cu:Ti atomic ratio was 3:97. STEM image revealed that the 
distribution of Cu ions are farly homogenious in the gallary spacing, Figure 3:13. 
The sample for the nanomechanical measurement was prepared in the same way described in 
Section 3.3.1.1. 
 

 
Figure 3:12 Schematic of titanate nanowires ion-exchanged with Cu2+. a) Before ion-exchanged; b) after ion-
exchanged. 
 
 

 

Figure 3:13 STEM/EDX images of a NW (left) showing uniform presence of titanium (center) and copper 
(right). 
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Bending modulus results for three differents NW’s are exposed in Table 3:2: 

Table 3:2 Nanowires bending modulus before and after Cu ion exchange. 

NW’s #  (in GPa) before ion-exchange  (in GPa) after ion-exchange 

1 17.3 ± 5 12.7 ± 3 

2 18.8 ± 5.2 34.2 ± 6 

3 25.8 ± 4 18.9 ± 3 

For fiber 1 and 3 the bending modulus decreases after ion exchange of 26%, while for fiber 2,  
increases 45%.  
These are preliminary results, hence they do not give an ultimate conclusion how the Cu ionic-
exchange affects the structure of the gallery spacing and consequently the mechanical properties. 
More detailed work including combined TEM, XRD analysis is needed to shed light of the effect of 
ionic change on the  of this layered oxide-type compound. 
 
 

We performed mechanical measurements on titanate NWs using an AFM-based bending test. In 
this layered structured material, we have given evidence of the presence of a low shear modulus of G 
= 1.5±0.8 GPa, which strongly influences the mechanical response of these NWs, despite the high E 
of 67±25 GPa. The low G may play a role in the fatigue of the NWs. The thermal transformation 
and recrystallization of the titanate into anatase NWs, without shear behavior, increase E towards 
the bulk value. 

Owing to the small radius of curvature coupled with the superior mechanical strength of titanate 
and anatase nanowires against repetitive bending stress conditions, these materials may serve as 
building blocks of future flexible energy devices, environmental decontamination systems, super 
thermal-insulators, sensors, catalyst supports and fiber-reinforced plastics, metals and ceramics. 
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A striking feature of our nano-system is that the size of the supported gold nanoparticle re-
mains quite stable even after treatment at higher temperatures. In the case of the 2D system i.e. 
when the NWs are laying on the surface, I verified that the nanoparticles deposited over the wide 
side of the nanowire, have a moderate size growth versus temperature, limited by the width of the 
nanobelt, which is between 30-100 nm. However, the gold nanoparticles deposited on the edge of 
the nanobelt show a remarkable size stabilization mechanism. I found out that even at temperatures 
as high as 800 °C their size doesn’t change significantly, staying in the 1-10 nm range. The size stabi-
lization is suggested to happen due to various mechanisms: intrinsic geometrical effect and strong 
metal support interaction (SMSI), which is enhanced by the presence of Ti3+ defects. SMSI is further 
reinforced, if the heat treatment is carried out in a reducing atmosphere rather than in standard air. 

 
I studied also the interaction between Au NPs with TiO2 NWs in 3D assemblies, i.e. pellets obtained 
by sintering powder of TiO2 NWs and Au NPs suitably reacted and ground, with different Au con-
centration. We investigated the mechanical properties and the optical properties (plasmonic colour) 
of several pellets. 
 

Supported metal nanoparticles are among the most frequently used catalyst in industrial-
scale heterogeneous catalysis. Figure 5:1 illustrates that there are only 12 elements that can be used 
as catalytic metals. The first metal nanoparticles used for catalytic applications were the 3d metals at 
the beginning of the 20th century with Fe for ammonia synthesis and Ni for hydrogenation of un-
saturated fats, Co for gasoline and Cu for methanol synthesis. Then, in the middle of the 20th centu-
ry, 4d metals like Rh, Pd and Ag were used for chemicals production. Ir and Ru found just a few 
applications for industrial processes. Later, at the end of 20th century Pt, a 5d metal, entered in use as 
a catalyst for environmental protection and fuel cell development. Osmium was excluded because of 
its toxicity, while gold nanoparticles have been recently discovered to have a unique catalytic activity 
for CO oxidation. 

The high-temperature calcination, which often is part of the fabrication method, and the 
necessity of high-temperature regeneration during the operation, may severely degrade the perfor-
mance of the device based on metal nanoparticles. One of the factors heavily affecting the perfor-
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mance is the nanoparticle size growth, due to sintering processes at high temperature, which nega-
tively effects the catalytic activity. Sintering may be induced by various intrinsic factors: nanoparti-
cle kinetics, their size (which impacts directly on the specific surface area), their shape, their compo-
sition. In addition, the interaction strength between the nanoparticles and the support on which 
they are deposited is also important, therefore, the composition and structure of the support itself 
significantly affect the sintering process. The most important process driving sintering is the Ost-
wald ripening mechanism, occurring among nearby particles of different diameters, and the migra-
tion and/or coalescence processes.  

The observation of strong stabilization of gold nanoparticles on titanate nanofibers is therefore very 
interesting phenomenon and may open the way for the application of TiO2 nanowires charged with 

Au nanoparticles as a new generation of sinter-resistant metal-nanoparticles-based catalysts. 
 

 
Figure 4:1 Catalytic metal elements. Fig. taken from Ref. (110). 

 

Since the 19th century, metal nanoparticles supported on various oxide supports are very im-
portant class of materials for the development of new technologies stemming from material sciences 
and in industrial chemical processes like heterogeneous catalysis (111)-(114). Nowadays, metal-
supported nanoparticles are used in the production of chemicals, pharmaceuticals, fuel cells for 
clean energy technology, for hydrogen production, solar energy harvesting and also for removal of 
pollutants (115)-(125). One of the crucial parameters for all these applications is to keep particles 
nanosize even after sintering process or other thermal process. Thermally driven size growth is one 
factor that can limit the practical application of certain class of nanomaterials is to increase the sta-
bility of the metal nanoparticles controlling size growth (126)(127); for example, a catalyst using 
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gold nanoparticles whose diameter size is 3 nm or below, becomes inactive when particles exceed 
the size of 6 nm in diameter (128). Most of these reactions take place at relatively high temperatures, 
above 300 °C indeed, and the nanoparticle sintering strongly reduces the catalytic activity, thus re-
stricting the practical applications (129)(128). Nevertheless, we have to notice that other factors, 
besides sintering, can lead to catalyst deactivation such as poisoning, leaching and strong metal-
support interaction (SMSI) (130)(131). 

Since the discovery of Haruta and Hutchings in the late 1980s (132)(133), supported gold nanopar-
ticles, having diameters of 3-5 nm, have attracted considerable attention because of their unique 
catalytic activity for oxidation, hydrogenation, hydrochlorination and carbon-carbon coupling reac-
tions (134)-(137). A Taketoshi and M. Haruta (110) studied gold nanoparticles smaller than 2 nm in 
diameter and less than 200 atoms and they showed that decreasing the diameter of the electronic 
structure also changes. When gold metal is in a bulk form, electronic levels are very close to each 
other, such that they form a continuous band. For a small size particle, the spacing between elec-
tronic levels is given by the following expression: , where  is the Fermi level energy and 
N is the number of atoms in the particle (138). When the energy level space becomes larger than the 
thermal energy , the particle can loses its metallic behavior. At room temperature, the critical 
spacing has been calculated: .  
 

Figure 4:2 Electronic structures of gold depending on its size. Fig. taken from Ref. (110). 

Gold nanoparticles have poor thermal stability compared to the platinum-group-metal (PGM) cata-
lysts making very challenging to stabilize them in small sizes, hence restricting their practical appli-
cations (110)(119)(139)-(141). For these reasons heterogenous gold catalysis arrived late and the 
commercial use is so far very limited. Baker (142) by in situ electron microscopy did direct observa-
tions of particle mobility and he suggested that the onset of mobility happens for temperatures close 
to the Tammann temperature (143) ( [ ]); in fact, this temperature is the one where at-



Metal nanoparticles interaction with TiO2 nanowires 

76 

oms on a surface become mobile and this atom's motion induces the mechanism for particle mobili-
ty. Gold nanoparticles have a relatively low melting point, around 1065 °C for bulk and 327 °C for 
nanoparticles with a diameter of 2 nm (144). It is known that gold nanoparticles have a size-
dependence melting temperature, this last being much lower for nanoparticle than for bulk material 
(145)-(148). In addition, for nanoparticles of fixed size, the sintering rate increases exponentially 
with temperature (130) and at fixed temperatures, the sintering rate slows down with time dramati-
cally (149). 
Therefore, understanding the sintering processes of gold nanoparticles and preventing sintering is 
an important issue in the topic of nanocatalysis. 

Sintering is the process where small clusters form into larger clusters. The consequence of this phe-
nomenon in a catalytic system is (i) the loss of the active surface (150), (ii) reduction of low-
coordination atoms at corners and at the edges, (iii) a variation of the electronic structure which can 
lead to a different reaction path (151). This process remains still not well understood. Detailed 
works using advanced techniques such as in situ microscopy and spectroscopy allow us to observe 
sintering in real-time at high temperatures and subnanometer resolution (129)(152)(153). Summary 
Table 4:1 resume the advanced techniques for study the sintering process (154). Theoretical models 
are used for modeling the sintering process. At the beginning of the 20th century, the model was 
based on the Gibbs-Thompson relation, which correlates the chemical potential with the inverse of 
the particle diameter. But this formula was valid mainly for large particles. Campbell et al. (150) 
discovered in 2002 that sintering is very dependent on the coordination of surface atoms. In the case 
of gold nanoparticles, the challenge is to stabilize 100  and 111   terminations because they tend 
to form thermodynamically stable cuboctahedrons. Yuan et al. explained this facet-dependent sin-
tering behavior by density function theory calculations (155).  
Moreover, as demonstrated by experiments, metal nanoparticles sintering path can depend on the 
size of the particle (156). 
Finally, as it will be shown in our results, the sintering kinetics is dependent on the surrounding 
atmosphere. Supported metal nanoparticles sinter rapidly under an oxidative atmosphere, e.g. O2 
and air, while in vacuum or reducing and inert atmospheres e.g. H2, He, Ar, the sintering process is 
much slower. 
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Table 4:1 Summary of the in-situ techniques for sintering process study. Taken from Ref. (43). 

Nanoparticles sintering is a complex phenomenon and catalyst nanoparticles are mainly driven by 
the reduction of the forces the total surface free energy of the system. When the chemical potential 
of a metal nanoparticles atom increases, the sintering process is accelerated, as discussed in the re-
view paper by Y. Dai et al. (154). The formula that best describes the chemical potential in presence 
of adhesion energy at particle/support interface Eadh for a large hemispherical particle of R in radius 
(see Fig. 2B in (154)) is reported to be (157): 
 

 Equation 4:1  

 

However Dai et al. (154) reports also that experimental investigations of μ(R) for metal nanoparti-
cles of late transition metal on oxide supports, which is our case (Au on TiO2) have shown that the 
chemical potential increases faster with decreasing particle size than predicted by Equation 4:1, spe-
cifically when they have an average diameter smaller than 6 nm. They report also a precise fit of the 
data, according to the following relation (158): 
 

 Equation 4:2  
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In any case, lowering the free energy of the nanoparticles (or μ) by increasing the adhesion force at 
the nanoparticle/support interface is the way to reducing the sintering phenomenon. 
 

Sintering dynamics can be described by two mechanisms: Ostwald ripening and particle migration-
coalescence.  

Ostwald ripening (159) was described for the first time in 1900. Larger particles grow with interpar-
ticle transport of mobile molecular species driven by differences of surface energies. This mecha-
nism has been proposed for metal nanoparticles sintering for nanoparticles with distinguishable 
diameters. Scientists have investigated and observed Ostwald ripening in various systems. For ex-
ample, Challa et al. (160) observed using in situ TEM that small nanoparticles were immobile but 
exhibits remarkably sintering into larger ones via Ostwald ripening process. Numerous researches 
showing Ostwald ripening to be a primary mechanism (161) of sintering for different metal nano-
particles like Pd, Au, Ni, Cu under reactions condition and heating are observed in situ measure-
ments (153)(156)(160)(162)-(165).  
The particle migration-coalescence process involves the Brownian motion of metal nanoparticles on 
the support surface leading to the formation of larger particles when small particles are close to each 
other. Yuan et al. (155) investigated by in situ TEM sintering process of gold on anatase TiO2 and 
they observed the small nanoparticles migration and coalescence in order to form larger particles 
(see Figure 4:3). Then the larger particles sintered with the small particles via Ostwald ripening pro-
cess; this experiment confirmed that both different mechanisms of nanoparticles sintering act sim-
ultaneously on a sample. 
 

 
Figure 4:3 a) Sketch of migration-coalescence and Ostwald ripening sintering; b) Series of TEM images at 500 
°C showing the sintering behavior process of Au NPs on a TiO2 (101) surface. The red and blue dashed cir-
cles show the initial position of Au NPs and their change, while green arrows show the moving direction of 
the Au NPs. Fig. taken from Ref. (155). 
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To differentiate between coalescence and Ostwald ripening is not always easy, as the sintering some-
times can be due to both phenomena. However, several suggestions were put forward to differenti-
ate these two competing phenomena. One approach is based on the particle size distribution (PSD) 
to identify the sintering pathway (129). Granqvist and Buhrman (166) suggested that particle coa-
lescence gives a log-normal size distribution with a long tail for large particle sizes. By contrast, 
Ostwald ripening shows a distribution with a tail for small particle size. However, for particles hav-
ing a diameter between 6 and 10 nm, it is difficult to use the shape of the PSD to follow the sintering 
pathway (149). In fact, migration-coalescence always results in a decrease of the particle number, 
and on the other hand at the beginning of the Ostwald ripening effect the number of particles is the 
same, and the smallest particles can disappear before one can detect any measurable changes in par-
ticle size for the larger particles. Comparing PSD before and after sintering could lead to large error. 
For this reason, as we previously mentioned, in situ measurements are considered to be the most 
reliable methods. 
In literature few reviews sum up the sintering mechanisms of metal nanoparticles during a catalytic 
activity (129)(154)(167). Hansen et al. (129) observed catalysis at high temperatures and under 
working conditions, via in situ TEM and Monte Carlo simulations. They divided the process into 
three phases. 
Phase I): a rapid loss of catalytic activity (surface area) is observed, due to Ostwald ripening where 
small particles disappeared causing a strong reduction of the catalyst activation.  
Phase II): sintering process decreases because of small particles have disappeared. There is a combi-
nation of particles migration-coalescence and Ostwald ripening.  
Phase III): the catalyst tries to reach an equilibrium performance but other parasitic phenomena can 
become important at high temperatures.  

These understandings have encouraged scientists to develop several strategies in order to stabilize 
metal nanoparticles against Ostwald ripening effect and against migration coalescence. Different 
strategies, like strong metal-support interaction (SMSI) and confine metal nanoparticles in mesopo-
rous materials or channels, are schematized in Figure 4:4.  
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Figure 4:4 Schematics of various architecture for various preparation of metal-nanoparticles-based catalysts 
stabilized against sintering. Fig. taken from Ref. (168). 

Of the above phenomena, we are particularly concerned about SMSI, since it has visible effects in 
our experiments.  
SMSI has been reported for the first time in the 1970s by Tauster and Fung (169)(170) to explain the 
suppression of CO and H2 adsorption between platinum (Pt) nanoparticles and TiO2 after high-
temperature treatment. Classical SMSI happens when the Pt nanoparticles are covered/encapsulated 
by a layer of oxide that migrated from the support. This physical oxide barrier on the surface of the 
nanoparticles, see Figure 4:4 top left case, prevents any sintering. Treatments in the oxidative or 
reductive atmosphere have extended the SMSI from the classical concept also to non-metal oxide 
support for example via calcination in an inert gas with transformation into oxide support of metal 
hydroxide or via wet chemical method at ambient temperature. A further extension of classical 
SMSI happens also when reducible oxide support may fix the metal nanoparticle without a physical 
barrier, just enhancing electronic SMSI.  
The TiO2 substrates are among the most extensively used substrates for nanoparticles, thanks to 
easy accessibility and their excellent reduction/oxidation properties, in particular the easy removal 
of lattice oxygen from the surface. 
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Metal oxides, and in particular TiO2, have been used as support for Au nanoparticles as catalyst, as 
an alternative to carbon-based supports, for example for the oxidation of alcohol and alkanes as 
reported by Carabineiro (171). Gold has proved to be more active and selective as a catalyst than 
other noble metals, but small size nanoparticles is a necessary condition to achieve high reactivity. 
Chen et al. (172) showed promising properties as catalyst for hydroformulation of vinyl acetate of 
Au-Rh nanoparticles supported by titanate nanotubes and they pointed out the nanoparticles sys-
tem must have high dispersion and moderate size particles (5-13 nm average size and 10-26 nm 
maximum size). 
Marques et al. (173) reported the enhancement in high hydrogen production from aqueous glycerol 
by using gold nanoparticles distributed over titanate nanotubes. The photocatalyst properties are 
improved by the homogenous nanoparticles distribution and stabilized reduced size (9.6 nm). 
The use of Au NPs exceeds the domain of chemicals production: for example, Loiseau et al. (174) 
have shown promising results of titanate nanotubes with engineered gold nanoparticles for improv-
ing the effectiveness of oncological radiotherapy. 
In the track of all very recent studies previously reported, our research aims at stabilizing Au NPs at 
small sizes, thanks to the interaction with titanates nanowires, with a reliable and relatively simple 
method. 
 

We have deposited, via a sputtering method, a few nanometres of a gold thin film on H2Ti3O7 nan-
owires on a SiN substrate. Heat treatments have been carried out in a controlled atmosphere (air or 
hydrogen) at various temperatures up to 800 °C in order to reproduce operating conditions for var-
ious applications previously mentioned. After each temperature step, the sample has been removed 
from the furnace, after natural cool down for visualization by means of TEM and consequent analy-
sis. To support our analysis one sample sintered in vacuum at 900 °C has been analysed via Electron 
Spin Resonance (EPR) and one special SiN substrate with grooves covered with TiO2 on which gold 
NPs have been grown at 400 °C and then analysed with TEM. 

 

Following the initial thermal treatment at 200 °C in the air, the homogeneous and dense 5 nm thick 
gold film breaks up into separate, well defined gold nanoparticles. As a result of increasing the tem-
perature by 200 °C each time, the morphology of the NP changes. Their size increases and their 
number is reduced. We have followed the evolution of the size distribution of the Au NPs laying 
above and nearby one H2Ti3O7 NW deposited on the TEM substrate. The series of TEM images of 
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our sample, taken right after the Au film deposition and after each treatment step, are shown in Fig-
ure 4:5a. At first glance, we notice that particles are regrouped in two main families. One family is 
composed of particles showing a considerable size increase and reducing the number with increas-
ing temperature, while the second family is composed of particles maintaining approximately con-
stant size and number after being subjected to a high-temperature heat treatment. From the picture, 
one can clearly see that the NPs of the first family are laying on the SiN substrate and above the wide 
face, that we will call top-wall of NW (whose shape is actually more similar to a belt), see Figure 
4:5b. Another feature is that most of the size increase happens following the 400 °C treatment. The 
second family is composed mainly of particles that stick to the narrow face of the NW, i.e. side wall 
of the nanobelt. For this family, we can visually detect a clear reduction of the number of particles, 
with a non-negligible size increase only after 800 °C treatment. 

 

 
Figure 4:5 Gold NPs on a titanate NW as a function of heat treatment done in the air a)TEM pictures; b) 
sketch of a nanowire showing the three families; c) and d) histogram distribution of gold nanoparticles diam-
eter and statistics at 200 °C and 800 °C, respectively. 

 
 
The histograms in Figure 4:5c and d give quantitative information on the size increase versus heat 
treatment for the two families above discussed. Actually, in the plots, we have distinguished parti-
cles laying on the SiN substrate from particles laying directly above the H2Ti3O7 nanobelt, on the top 
wall, therefore three families are actually presented. 
Histograms in Figure 4:5c and d are complemented by the statistics reported in the table. Both par-
ticles on the substrate and the top wall more than triple their average diameters <d>. However, par-
ticles on the top wall remain noticeably smaller and more uniform than particles on the substrate. 
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Particles pinned on the side wall are very stable in size, and number, with a <d> increase less than 
30% remaining almost all well below 10 nm. 
The most surprising observation happened on the NPs anchored to the side wall, therefore we have 
investigated in more detail their behavior. In Figure 4:6 we indicated with red circles 10 nanoparti-
cles on the TEM image of Figure 4:5. We have individually tracked them, measuring their size after 
each thermal treatment. In the graph of Figure 4:6 b the diameter versus temperature for each of 
them is plotted. Clearly, up to 400 °C, the particle size is very stable; we noticed a small increase af-
ter 600 °C treatment followed by a further size enlargement after 800 °C heat treatment. However, 
the size increase is very modest, less than 5% in average diameter when passing from 400 °C to 800 
°C heat treatment. 
 

 

Figure 4:6 a) TEM pictures of ten gold nanoparticles laying on the side wall of the fiber as a function of tem-
perature; b) Diameter evolution as a function of the temperature of ten gold nanoparticles circled in red in 
(a). 

 

The evolution of the side wall NPs for another NW, with larger statistics N200 °C = 66 and N800 °C = 25 
is reported in Figure 4:7. In this case, the relative size increase is larger about 50% after 600 °C and 
140% after 800 °C. However, the initial diameter is very small, <d> = 3.67 nm, such that the average 
size after the maximum temperature still remain <d> = 8. 66 nm, very similar to the previously dis-
cussed sample. 
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Figure 4:7 Histogram distribution of gold NPs’s diameters located on the side wall of the NW after heat 
treatment in air. 
 

We have investigated also the effect on particle size growth of a reducing atmosphere by carrying 
out thermal treatment in hydrogen gas. In Figure 4:8a we show the “time-lapse” TEM images after 
heat treatment under the H2-atmosphere steps 200 °C to 800 °C. 

 

Figure 4:8 a) TEM images of gold NPs on a titanate NW as a function of heat treatment done in hydrogen; b) 
Gold NPs statistics for particles on the side wall of the NW. 
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Actually, we found out that NPs treated under hydrogen are definitively more stable than the ones 
treated in the air. Their size is smaller since the NPs formation at 200°C, with <d> = 2.2 nm, there is 
no sintering observed at all. The sample population remains 150 nanoparticles, after each heat 
treatment, and the size increase is limited to an astonishing value of 10%, with modest increase of 
the size variance from 40% to 70%. All this is well depicted by the histogram in Figure 4:9. (with the 
same scale as the histogram of Figure 4:7 to easy comparison). Complete statistics for all 150 nano-
particles on the side wall is reported in the same Figure 4:8b, too. The average size of 2.4 nm after 
800 °C is to be compared with the 8 nm average size of the NPs treated in the oxidant atmosphere. 
We believe that this exceptional stability at such a high temperature is due to the enhancement of 
the classical SMSI effect that is known as electronic SMSI as discussed in the next section. 

 
Figure 4:9 Histogram distribution of gold NPs’s diameters located on the side wall of the NW after heat 
treatment in hydrogen. 
 

From the fact that NP pinned on the side wall of our H2Ti3O7 NW, particles are much more stable in 
diameter than particles laying on the top wall of the NW, we may conclude that the predominant 
mechanism is of geometrical nature. However, NPs remain less than 10 nm in size, despite the fact 
that the height of the side wall is about 20-30 nm. So we suspect that the geometrical effect is partic-
ularly strong near the corner and less effective in the middle of the top wall. To verify this hypothe-
sis, we have tried to mimic these conditions (the shape and aspect ratio of titanate nanowires) by 
depositing gold on microfabricated SiN grooves covered with TiO2. The TEM picture in Figure 
4:10a, depicts that after 400 °C treatment group of small gold nanoparticles, about 10 nm in size, 
concentrate nearby the corner of the grooves. This experiment may confirm our hypothesis, that 
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geometrical effects may restrict the sintering mechanism. However, the geometrical effect is not the 
only one affecting our system. Temperature driven Ostwald ripening and particle coalescence are 
opposed also by the SMSI effect. The most important evidence is shown in Figure 4:10b, where we 
see a particle that is covered by the titanate layer. The presence of titanate is also confirmed by the 
EDS spectrum, Figure 4:11b. Also, we point out the results of an experiment in a reductive atmos-
phere, Figure 4:10b, a clear indication of strong classical SMSI (168). The fact that in reducing at-
mosphere NPs are considerably smaller also at 200 °C is probably an indication that SMSI fights 
Ostwald ripening at the very beginning of NP formation. 

 

Figure 4:10 a) TEM image showing Au NPs stabilized by the edge of the TiO2 tranche; b) TEM image of 
Au/TiO2; c) EPR spectra of a sample sintered at 900 °C in vacuum. 

 

 

As mentioned at the beginning of the chapter SMSI can be enhanced by a non-classical mechanism 
like electronic SMSI (168). Ti3+ are evidenced by a more sensitive measurement via electron para-
magnetic resonance (ESR) on titanate and gold powder sintered in vacuum at 900 °C is reported in 
Figure 4:10c. Signal with g = 1.95 which is attributed to bulk Ti3+ defects (175) is present in the sam-
ple.  
We believe that the presence of Ti3+ defects is a clear indication of the electron SMSI mechanism 
taking place between the gold and the fiber itself. It remains to explain why SMSI is more effective 
on the side wall than on the top wall of the NW. Particles on the top wall remain small than particles 
on the substrate however the difference in diameter is not even a factor two. 
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Figure 4:11 a) STEM and EDX images of Au NPs on a NW heat-treated at 800 °C in the air; b) EDX on an Au 
NP, showing the presence of Ti element. 
 

 

The following question question can be raised: is this a specific phenomenon to Au TiO2NW system 
or may be a general mechanism potentially valid to other metal as well? 
In order to test this, Iridium (Ir) has been deposited onto the titanate nanowires, instead of Au. Heat 
treatment has been done directly at 800 °C, without intermediate temperature steps in hydrogen. As 
can be seen in Figure 4:12b the Ir NPs, after the 800 °C, remain small, too: <d> = 4.5 nm and a vari-
ance of 73%. This result confirms that Ir NPs stabilized by our NWs behave very similarly to Au 
NPs. These results may suggest that the side-wall stabilization may occur to large variety of metallic 
nanoparticles. 
 
 
Nevertheless, many questions remain open and deeper and more systematic studies are needed to 
clearly disentangle the various factors resulting in this side-wall stabilization. However, we want to 
conclude on the positive note; our NWs system provides a mechanism to stabilize Au NPs against 
temperature-induced sintering: a large number of NPs show a diameter smaller than 10 nm even 
after 800 °C treatment of 30 min. 
We believe that our stabilization mechanism works for all noble metals which can be very important 
for use in catalysis to substitute Platinum as a catalyst with more effective metals like Au and Ir. 
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Figure 4:12 a) Iridium NPs on NWs as-deposited and after 800 °C heat treatment in hydrogen, the scale bar is 
the same; b) Histogram distribution of Iridium NPs’s diameters located on the side wall of the NW after heat 
treatment in hydrogen at 800 °C. 
 

 

Gold is one of the metals with the longest tradition in the jewelry and in the watch industry. How-
ever, it is mostly used in the alloyed form, because pure gold is a relatively soft metal. 

In jewelry the purity of gold alloy is traditionally indicated with a carat number: 24-carat indicates 
pure gold, 18-carat indicates 75% gold weight content (18/24) in the alloy, and so on. 

The alloying element affects the mechanical properties and the colour of the metal alloy. Among the 
mechanical properties which are more important for our application (watch and jewelry industry) 
are the resistance to deformation and scratches. 

We have investigated the mechanical effect of Au NPs anchored to our TiO2 NWs, and we have ob-
served also the coloration effects, mainly due to plasmonic effects.  

The work presented in this section 4.7 has been carried out in collaboration with a Swiss industry 
with the scope of exploring the applicability of our nanotechnology to cutting edge watch and jewel-
ry industry. 

 

Gold NPs of 10-30 nm size have a strong light absorption. Colloidal gold suspensions with spherical 
particles in water show an intense red color: the gold nanoparticles have strong absorption of light 
which peaks around 520 nm in aqueous solutions. The origin of this color of metallic nanoparticles 
is the localized surface plasmon resonance. 
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The real origin of nanoparticle coloration was unknown up to the early 20th century when theoreti-
cal studies clarify what is today known as the plasmonic effect (photon-electron coupling). The 
plasmon, generated from the collective oscillation of the free electrons, can be described by the clas-
sical Maxwell’s equation. The plasmon is the oscillations of the metal electron gas resulting under an 
external oscillating electric field. Surface plasmons are waves that spread over the surface of a con-
ductor. These plasmons can resonate with a natural frequency that is determined by particle param-
eters such as material shape, size, and the dielectric nature of the surrounding environment.  
For NPs whose dimension is far below the wavelength of the incident electron magnetic waves, 
plasmons oscillate locally around the particles, therefore it is called localized surface plasma reso-
nance. The conduction electrons in the nanoparticles move all in phase upon excitation with inci-
dence light and polarize the particle surface (see Figure 4:13). Since the electrons are displaced from 
their equilibrium position, the surface charge distribution generates a restoring force on the dis-
placed electrons, resulting in oscillation with a certain frequency, known as the plasmon resonance 
frequency. Of course, light with the same frequency as the plasmon resonance is absorbed.  
 

Figure 4:13 Light incident on a metal nanoparticles and their conduction band electrons start to oscillate. 
Image souce: Wikipedia. 

This collective absorption of light waves from nanoparticles gives a color to the nanoparticle system. 
The color can be changed, and even selected by changing the size and the spacing between NPs, 
which control the plasmon resonance. 
In Ref. (176) is reported a study of colloidal nanoparticles of plasmonic noble metal (gold and silver) 
that exhibit localized surface plasmon resonance resulting in significant scattering and absorption in 
the visible spectrum. The plasmon excitation can be widely tuned by arranging multiple nanoparti-
cles nearby, for instance, by forming one-dimensional (1D) chain structures, to take advantage of 
the interparticle near-field plasmon coupling effect. By modifying the plasticity of the polymer, they 
demonstrated that the plasmonic shift and colorimetric change respond to a large range of stresses.  
They demonstrated that a gold nanoparticles chain-polymer composite film shows a colorimetric 
response to mechanical forces see Figure 4:14a. This change in color is caused by a shift of the plas-
monic band, which can be correlated to the applied mechanical stress. 
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Figure 4:14 a) Illustration of film and compression test results. Adapted from Ref. (176); b) Schematic of an 
ideal plasmonic absorber. Fig. taken from Ref. (177). 

 
 
In certain cases, a nanoporous substrate can be used to trap gold nanoparticles. If the nanoparticles 
have different sizes and aspect ratio the light absorption can happen in a very broadband and high 
efficiency. For example, it has been reported in (177) that nanoporous template (substrate) of alu-
mina Al2O3 when filled with gold nanoparticles the absorbance can reach 99% in the visible and 
near-infrared spectra. Because of the broad size and broad distribution of nanoparticles, various 
types of surface plasmon phenomena play a role (localized surface plasmon resonance and surface 
plasmon polariton) in increasing the coupling between light and particles giving rise to this broad-
band, very efficient absorption.  
This is the reason why under certain conditions distribution of gold nanoparticles in a substrate can 
be seen as completely black color, see Figure 4:14b.  
 

We have dispersed gold NPs in our TiO2 system and from this we have fabricated pellets of different 
carats and we have demonstrated color control capability. 

The TiO2 NWs preparation has been already described in section 2.2.3.1. Here we focus on the gold-
TiO2 synthesis. 

We started from 24-carat pure gold whose SEM image is shown in Figure 4:15a. According to the 
final target carat, the concentration balance of TiO2 and Au is determined, according to Table 4:2. 
The synthesis happens in a reactor charged with 100 l of distilled water at 85 °C. A solution with 
TiO2 NWs well blended using ultrasounds is added to the distilled water and then gold in the ionic 
phase is added, too. Finally, a surfactant is additioned for controlling the size of the nanoparticles, 
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see Figure 4:15d. After about 6 hours the material has sedimented and we can proceed with filtra-
tion and cleaning stages followed by grinding step to produce the powder with micron-size grains. 

Figure 4:15 a) SEM image of 24-carat gold grains; b) TEM picture of gold nanoparticles, their average 
diameter size is 30 nm; c) Photograph of a batch of 200 g of TiO2 NWs; d) Picture of the reactor for gold-
titanium dioxide synthesis in our nano laboratory. Differents steps of the synthesis are shown as a function of 
time. 

We have chosen to study Au/TiO2 composites having various metal to oxide ratios: in particular 18, 
12 and 1.5-carats.  
In Figure 4:16a and b TEM and SEM image, respectively, of Au/TiO2 composite, depicts a fresh 
sample composite after the liquid phase preparation. 
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Figure 4:16 Gold/titania composite with 75w%Au. a) TEM image of the nanoparticles after the liquid phase 
preparation; b) SEM image of the as-synthesized powder before heat treatment. 

From TEM and XRD analysis, we know the gold NPs average size, about 30 ± 3 nm (Figure 4:15b), 
therefore we can calculate the average spacing of the gold NPs for the various concentrations. The 
nominal distance between Au NPs for the three carats that we have studied is shown in Figure 4:17. 
In a few special cases we have treated the TiO2 NWs solution with ball planetary milling: in this way, 
the nanofibers lost their monodimensional characteristic. 

Figure 4:17 Au-Au theoretical distance over a TiO2 NW according to the carat. 
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Table 4:2 Summary of Au and TiO2 weight percentage and their theoretical density according to the carat. 

Carat Au wt% TiO2 wt% th (g/cm3) 

18 75 25 9.7 
12 50 50 6.5 
1 4.2 95.8 4.0 

From the powder, see the picture in Figure 4:18, we have prepared a variety of pellets, using the in-
struments described in section 1.2. By applying uniaxial press we obtained pellets of 12 mm in di-
ameter and thickness in the range of 0.7 - 1.5 mm. Pellets produced with SPS have a diameter of 20 
mm and thickness of in the range of 1.3 - 2mm. All samples are eventually dry polished by hands 
with various grades of SiC papers. 

Temperature and pressure are optimized to maintain NPs spacing, especially after sintering, avoid-
ing gold nanoparticle aggregations. This is very challenging because gold is ductile and is very prone 
to Ostwald ripening and coalescence under high temperature and pressure. 

Figure 4:18 Photograph of Au-TiO2 ready to be sintered. From left to right: 18, 12 and 1.5 carats, respectively. 

We start discussing the 18-carat samples since it is the standard alloy for the jewelry and watch in-
dustry. Out of the many samples prepared, we discuss results on the two samples whose characteris-
tics are reported in Table 4:3. These samples are among the best performing in terms of colorimetry, 
porosity and microhardness. 
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Table 4:3 Summary table of 18-carat samples 

Sample 

# 

Sintering 

method 

Tsintering 

(°C) 
Mass  

(g) 

Thickness 
(mm) 

Diameter 
(mm) 

  

(g cm3) 

Porosity 
(%) 

Micro hard-
ness (HV)1 

B2022 SPS 900 4.06 1.3 20 8.76 0.1 320±8 

41 HUP 130 1 0.8 12 7.75 0 253±6.7 

This sample has been produced by SPS according to the cycle depicted in Figure 4:19. This sample 
has shown almost no porosity and good hardness value, in line with expectations for the watch 
industry. 

Figure 4:19 SPS cycle for 75wt%Au B2022 sample. We can observe 5 different zones. 1: 50 MPa pressure is 
initially applied to the sample at low temperature (< 400°C), with a 2.4 mm displacement of the pistons. 2: 
The temperature rises steadily up to 700 °C at a constant piston position. 3: Above 700 °C the pistons start to 
move again to keep constant pressure, strongly densifying the pellet (total movement of 1.2 mm). In this 
temperature range occurs the phase transformation from anatase to rutile. 4: Temperature ramp stops at 
around 900 °C with 5 min temperature plateau in which the pistons make a further small 0.3 mm 
displacement due to creep. 5: Finally temperature is dropped and pressure is released in about 5 min. 

                                                        
1 Micro hardness Vickers : F= 0.5 kg, t=12 sec. 
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After polishing, the sample appears in an interesting “kaki” tone, an unconventional gold color, see 
Figure 4:20a inset. In order to investigate the microstructure by TEM, a 100 nm sample lamella has 
been cut using a focus ion beam (FIB). The microstructure is visible in Figure 4:20a and the 
magnification in b and c. From the TEM image analysis, we observed that the Au grain size ranges 
between 100 and 600 nm, while for TiO2 grain size is around 200 nm. 
In Figure 4:20b one can first observe that gold domains are polycrystalline containing grain 
boundaries. Also, dislocations are visible inside the gold grain, due to FIB cut, with a morphology 
typical for an FCC structure, while in Figure 4:20c Moiré fringes are well visible. The same lamella 
was imaged in the bright field see Figure 4:20d by a means of a TEM JEOL 2200FS for nano 
diffraction mapping2. The image has been analyzed for grain orientation of Au and TiO2, as shown 
in e and f: the random orientation shows the lack of preferential texture. 

Figure 4:20 Au/TiO2 composite with 75wt%Au. a) TEM micrograph of a lamella cut by FIB out of the pellet 
after sintering. The pellet is shown in the inset; b) Magnification of the yellow square of the image in a); c) 
HR-TEM image of a lamella detail, showing Au and TiO2 crystallization and Moiré fringes at the interface 
between the gold and titanium dioxide; d) Bright-field TEM image of the lamella; e) and f) Gold and TiO2 
grains orientation, respectively, of Figure d). Each color corresponds to a particular orientation (same color 
code for gold and TiO2). 
                                                        
2 The Automated crystal orientation mapping (ACOM‐TEM) with the NanoMegas ASTAR system, uses a 
TEM to collect and index nanodiffraction patterns over a scanned area. NanoMegas ASTAR system is 
mounted of JEOL TEM 2200FS having a spatial resolution of 5 nm and a probe diameter of 2 nm. Measure-
ments done by courtesy of Dr. T. LaGrange, CIME. 
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From XRD measurements TiO2 is in the rutile phase with a low content of anatase phase like it has 
been also shown for the pristine TiO2 sample sintered at the same conditions in section 2.3.2.2. 
Crystallite sizes have been calculated : ,  and 

. 
Finally, we have carried out micro and nanoindentation. In Figure 4:21a it is shown a micro Vickers 
indentation; once the pyramidal tip is removed from the sample, the surface shows a strong plastic 
deformation with no crack. Then we proceed with the grid of nano hardness measurements. A 
matrix 4  4 of nanoindentations whose results are reported in Figure 4:21b, has been carried out on 
the sample surface. The loads curves do not perfectly overlap, a signature of the sample 
inhomogeneity, mostly because the tip is touching a soft gold grain and other times a TiO2 grain. In 
all cases we notice a plastic behavior, with a large permanent deformation even at loads well below 
100 mN, showing a predominance of the very soft gold properties over the ceramic TiO2 behavior. 
 

Figure 4:21 a) Optical microscope picture of indentation for Vickers hardness measurements, showing the 
plastic deformation after the measurement campaign; b) 16 nanoindentation measurement cycles, on 
different positions in the sample, showing the load force on the sample as a function of the displacement into 
the surface on different positions. 

 

The sample shown in Figure 4:22, has been manufactured with the HIP method at a fairly low tem-
perature of 130 °C. Despite this unusually low sintering temperature, the sample has shown very 
good mechanical characteristics, beyond our expectations, especially for the hardness. The charac-
teristics of this sample are reported in Table 4:3. Another markable feature of this sample is the pre-
dominant purple coloration, a really unconventional gold. 
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Figure 4:22 Sample 41 sintered at 130 °C. 

 

Samples with intermediate gold content, i.e. 50wt% Au which is the minimum usually considered in 
jewelry, have been produced. In Table 4:4  we report the characteristics of two among the most in-
teresting samples.  

We can note that the SPS processed B2133 sample has an unusually large diameter, 40 mm. These 
types of samples were manufactured to understand the scale-up suitability of our process and hav-
ing in mind a specific proprietary application. What we can say here is that the microstructure and 
crystallite sizes of this sample are pretty much the same as a sample produced with the same process 
and with standard 12 mm diameter. It is particularly interesting the very low porosity and the good 
hardness value of 350 HV. 
 

Table 4:4 Summary table of 12-carat samples 

Sample Sintering 

method 

Tsintering 

(°C) 
Mass  

(g) 

Thickness 
(mm) 

Diameter 
(mm) 

  

(g cm3) 

Porosity 
(%) 

Micro hard-
ness (HV)3 

B2133 SPS 900 15 1.75 40 6.63 0.1 350±10 

374 HUP 250 0.9 1.5 12 6.61 7.8 320±7 

                                                        
3 Micro hardness Vickers : F= 0.5 kg, t=12 sec. 
4 TiO2 NWs has been treated with ball planetary milling before being loaded in the reactor. 
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Sample 37 has been manufactured with a special pre-process: titanate NWs has been crushed in a 
ball planetary milling as mentioned at the end of section 4.7.2.1. The scope was to decrease the po-
rosity and increase the sample hardness. Actually, looking at Table 4:4, we see that the porosity is 
not as good as expected, however, the microhardness measurement gave 320 HV which is a fairly 
good value for a sample produced with HIP at relatively low sintering temperature. In Figure 4:23a 
we can observe a TEM image of a 100 nm thick lamella cut out from the pellet using FIB. The crys-
tallite size from XRD has been evaluated  and . In this 
sample, we carried out a mechanical machining test. The same special shape illustrated in Figure 
4:23b were obtained by laser cut from sample 37. The mechanical workability has been found very 
good: various shapes are obtained with good accuracy and no cracks were detected at the edges. 

Figure 4:23 Sample 37 sintered at 250 °C. a) TEM image of the microstructure; b) Differents laser cut shapes 
on the sample. 
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This sample has been produced with SPS method, sintered at 900 °C under 50 MPa. Its 
characteristics are reported in Table 4:5. 
 
 
 

Table 4:5 Summary table of 1-carat sample 

 

Sample Sintering 

method 

Tsintering 

(°C) 

Mass  

(g) 

Thickness 

(mm) 

Diameter 

(mm) 

  

(g cm3) 

Porosity 

(%) 

Micro hard-

ness (HV)5 

B2019 SPS 900 2.5 1.5 20 3.9 0.14 820±5 

After polishing, the sample shows in an interesting “black-mirror” appearance, see inset in Figure 
4:24. The orange square in the inset shows the position where a 100 nm thick lamella has been cut 
out of the pellet by the FIB technique. An SEM image of the lamella is shown in Figure 4:24a and b 
and in this last one the sparsed gold NPs are clearly visible in the titania matrix. By means of TEM 
we have magnified local spots of the lamella, see Figure 4:24c and d, to put in evidence the structure 
of gold NPs and titania grains. It appears that despite the high sintering temperature, gold NPs 
remain rather small. From XRD measurements the crystallite sizes have been found : 

 and . An interesting observation stemming from Figure 4:24d is that 
the distance between gold NPs ranges from 100 to 200 nm, which is in fairly good agreement with 
our theoretical predictions reported in Figure 4:17. 

                                                        
5 Micro hardness Vickers : F= 0.5 kg, t=12 sec. 
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Figure 4:24 Au/TiO2 composite with 4.2w%Au. a) SEM image of the lamella cut by FIB. The pellet is shown 
in the inset, and the lamella position is the orange square in the inset; b) Front view SEM image of the lamella 
before the transfer on the TEM grid. The bright points corresponds to gold NPs in the dark Ti oxide; c) and 
d) TEM micrographs of the lamella. 

An important observation is related to the mechanical properties, i.e. hardness. Despite the fact that 
the composite contains 4.2 wt% of very malleable noble metal, it shows a remarkable 800 HV Vick-
ers hardness. This value approaches the typical hardness values of defect-free monocrystalline rutile 
titania. In Figure 4:25a cracks along the diagonals of the pyramidal Vickers indent put in evidence 
the ceramic behavior of the pellet. A matrix 4  4 of nanoindentations, whose results are reported in 
Figure 4:25b, has been carried out on the sample surface. The 16 loads curves perfectly overlap (they 
look like a single curve in the plot), showing a pretty good surface homogeneity of the pellets.  
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Figure 4:25 a) Optical microscope picture of indentation for Vickers hardness measurements, showing the 
ceramic fracture behavior of the sample; b) 16 nanoindentation hardness measurement cycles, on differents 
positions in the sample, showing the applied load force as a function of the displacement into the surface. 

 
 

We measured the electrical resistivity as a function of the temperature of three samples, the two 18- 
carats of Table 4:3 and the one of 1-carat of Table 4:5. Results are reported in Figure 4:26, with the 
18-carat sample behavior in the left plot while the 1-carat sample in the right plot. 
The resistivity of all samples shows a monotone increase for temperature above 50 K, which indi-
cates a metallic behavior for electron transport. This is somehow expected for the 18-carat sample, 
where 55at% are Au, but, remarkably, the metallic behavior is predominant over the semiconductor 
also for the 1-carat sample which contains less than 2at% Au. However, it is to be noticed the much 
higher resistivity value of this 1-carat sample, about 500 times the one's 18-carat sample.  
The situation is different for temperatures below 50 K. The two 18-carats samples maintain the me-
tallic behavior with a resistivity smoothly reaching a minimum value plateau. Using the typical  
notation for metals, , we see that B2022 sintered at 900 °C has 
better conduction properties: , while sample 41 sample has a , besides having a 
slightly higher resistivity at 300 K. The very low RRR value are typical of heavily alloyed material or 
strongly impured metal, which is certainly our case.  
The 1-carat sample shows a weak, however, well visible, increase in resistivity when lowering the 
temperature below 50 K. We think this is a sign of the predominance of the semiconductor behavior 
of TiO2, see Figure 2:11, over the metallic behavior of the gold, not surprising given the very sparse 
presence of gold in the TiO2 matrix. 
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Figure 4:26 Resistivity curves versus temperature. a) 18-carats; b) 1.5-carat. 
 
 

Our titania NWs have interesting properties for applications as a catalyst, one of the frontiers of 
nanomaterials, since they can be used as support for metal NPs. NPs of noble metals and gold, in 
particular, is very effective as a catalyst, for example, for CO oxidation, if the size of the particles 
remains small also after the thermal treatment that is usually associated with the manufactured for 
filters and other devices. We have investigated the behavior of gold NPs deposited on our titania 
NWs and we found out that size as small as 3-5 nm can be preserved for gold NPs even after 400 °C 
treatment in air. In a reducing atmosphere (hydrogen) size stabilization remains also at 800 °C. Our 
preliminary analysis points out to a very effective edge stabilization (Au NPs laying on the side of 
the NWs and touching the substrate), as well as to Ti3+ defects enhanced electronic SMSI effect. 
We have investigated also the interaction of gold NPs with our TiO2 NWs in bulk form and we have 
found very interesting properties for applications, for example, in the watch industry or jewellery. 
Composites pellets of various carats have been investigated and we demonstrated the possibility to 
tune colors and mechanical properties of the gold/titania pellets in a very interesting range. 
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Photocatalysis is defined as the ability of a catalyst to generate electron-hole pairs (e- - h+) by means 
of the absorption of photons with energy bigger than the difference between the conduction and 
valence bands (band gap Eg  3.2 eV for anatase). In the case of TiO2, when it is illuminated under a 
UV light (   387 nm), a photo-generated e- and h+ pair is formed. A few electrons and holes mi-
grate to the semiconductor surface without recombination and starts redox reactions with oxygen, 
water and other organic and inorganic species on the surface of the catalyst leading to the destruc-
tion or degradation of polluants, as depicted in Figure 5:1 (178)(179). The electron then becomes a 
reducer and the hole a powerful oxidizer. To prevent recombination of e- and h+, efficient photoca-
talysis needs a strong electron acceptor like O2 or H2O2 (180). The highly reactive transitory species 
that are generated by illuminating TiO2 and play an important role for the photocatalytic degrada-
tion of organic polluants are: hydroxyl radical ( ), superoxide radical ( ) and hydrogen perox-
ide (H2O2). These highly reactive oxygen species (ROS), formed during UV activation, enable inac-
tivity of different kind of bacteria like Escherichia coli (181), Salmonella typhimurium, Pseudomonas 
aeruginosa and Enterobacter cloacae (182). But numerous studies shows that  is the main im-
portant oxidant specie responsible for bactericidal effect, leading to membrane permeability modifi-
cation and thus causing the cell death (183)(184). 

Compared to the bulk form, nanosized TiO2 particles are much more reactive because of their in-
creased surface-to-volume ratio. 

Figure 5:1 Schematic of the photocatalytic process. VB and CB are the valence and conduction band, respec-
tively. 
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In this section we describe an experiment that has been carried out in order to assess the effective-
ness of titania NWs to decompose DNA chains for biological applications. 

 

We used a commercial DNA pUC19, which after treatment with an enzyme remains open, not 
supercoiled, with a length of 913 nm. A 10 ml dispersion containing of TiO2 anatase NWs with a 
concertation of 0.81 mg/ml was prepared; Figure 5:2 shows a schematic of the consecutive experi-
mental steps. 10 μl of titania NW dispersion was mixed in a test tube with 10 μl solution of DNA 
with a concentration of 2 ng/μl. A countercheck control solution was prepared mixing DNA solu-
tion with distilled water in another test tube. Both test tubes were centrifuged and shaken and sub-
mitted to a 365 nm UV radiation. The lamp power was set to 16 mW/cm2 and positioned at a dis-
tance of 58 mm above the liquid surface. The radiation treatment was carried out with a following 
cycle: 30 sec of irradiation session followed by 2 min of shaking and rotation without irradiation. 
This cycle avoids overheating that may induce unwanted breakage of the DNA chain. To make sure 
of keeping a constant temperature, avoiding spurious DNA decomposition, the test tube is partially 
immersed in a water pool acting as a thermal sink. 
 

Figure 5:2 Experimental step for DNA visualization under AFM, from left to right: mother solution of 0.81 
mg/ml TiO2 NWs dispersed in water; test tube containing DNA and TiO2 NWs; exposition of the test tube 
immersed in a water bath, to UV radiation for 30 second sessions; test tube is shaken for homogenize the 
solution in between irradiation sessions; centrifugation of the test tube in order to separate DNA from TiO2 
NWs; swab of DNA supernatant; deposition of DNA supernatant on a mica substrate; visualization of the 
sample via AFM. Figures adapted from Cyprien Mercier (EPFL, LPMC, internal presentation). 

The UV irradiation cycles lasted 3, 5, 10 and 15 minutes. However, since TiO2 NWs and DNA have 
different size, DNA is one order of magnitude thinner than titania NWs, separation of TiO2 from 
DNA was necessary, allowing DNA observation with an AFM. The separation was done by centrif-
ugation at 10,000 rpm for 5 minutes. Then 2 μl of the supernatant containing the DNA (while TiO2 
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NWs precipitates), is mixed with 2 μl of MgCl2 (10 mM) and 4 μl of distilled water. This final solu-
tion is deposited on a mica substrate which has an extremely smooth surface, with sub nanometer 
roughness. The sample was dried with nitrogen and imaged with AFM, where one could observe in 
a very local area the presence or the absence of DNA.  
The AFM system used is a NX10 Park and measurements have been done in tapping mode with a 
PPP-NCSTR tip with a curvature radius < 10 nm. 
An alternative method, global rather than local as in the case of AFM, was employed to measure the 
presence of DNA chains: the gel electrophoresis. The DNA migrates through the agarose gel, by 
electrophoresis, according to the applied voltage and to the DNA size and characteristics, according 
to the following formula: 
 

 Equation 5:1  

 
Where  is the speed,  the electric field,  the net charge and  the frictional force. 
The position of DNA is evidenced by means of a suitable dye. The method is illustrated in Figure 
5:3. 

Figure 5:3 Gel electrophorresis process. Fig. taken from Ref. (185). 

 

We made a first campaign with four samples treated at 0, 3, 5 and 10 min of total UV illumination. 
We submitted to the same treatment also four control samples that underwent the same process 
without UV irradiation. Results are reported in Figure 5:4, where the AFM images show that after 
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10 min UV illumination, DNA mixed with TiO2 NWs has completely disappeared, while it is well 
visible in the control sample. These results are however not conclusive since it was not always re-
producible, in one case out of three presence of DNA was still detected. Various factors may affect 
the measurements for example DNA strands on mica substrate on random way; impurities may also 
mask the DNA; human factor during the collection of the DNA supernatant from the test-tube. In 
addition, it was questionable if DNA was really destroyed or simply disappear from the surface layer 
of the test tube because it stuck to TiO2 NWs sediment during centrifugation. Finally, the local visu-
alization of the intrinsic of AFM may mask global effect. 
 

Figure 5:4 AFM images of DNA increasing the UV illumination time for control sample and sample 
containing TiO2 NWs. Figures adapted from Cyprien Mercier (EPFL, LPMC, internal presentation). 

 
 
Therefore, we decided to carry out test with long radiation cycle, up to 15 minutes and observation 
of DNA presence with gel electrophoresis, which allows a global visualization, as above mentioned. 
Thanks to this technique we could check that the DNA effectively remains in the supernatant part 
after centrifugation and is not present in the deposit in the test tube. 
The results of various illuminations times are reported in Figure 5:5. One can observe that after 10 
minutes UV illumination, TiO2 photocatalyst has a detectable, although small effect: the quantity of 
DNA is only partially reduced. This may explain the non-reproducible measurement of AFM which 
is very local. However, after 15 minutes the DNA is fully decomposed, no trace remains, see right 
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side of Figure 5:5. The comparison between the test tube solution and the solution with titanium 
nanowires as photocatalyst is quite striking. 
 
 

Figure 5:5 Gel electrophorese markers of solutions exposed at different illuminations times; for each couple 
we have the control solution of DNA in H2O and our experiment solution DNA in H2O with TiO2 NWS. Fig-
ures adapted from Cyprien Mercier (EPFL, LPMC, internal presentation). 

We have demonstrated that anatase NWs can be quite effective catalyst in DNA destruction via UV 
illumination. From our measurements a 15 min illumination is required to fully destroy the DNA 
strands. However, this is a first step, a proof of principle. More systematic investigations are re-
quired in order to optimize the process, making faster and more efficient the DNA decomposition. 
 
 

A very special application of our TiO2 NWs relies on the photocatalytical generation of high level of 
ROS upon UV illumination and on a high electric constant of the material. This last is extremely 
important to enhance wettability by water droplets by carrying germs. A TiO2 based-filter, of high 
efficiency for protective masks and air conditioning has been recently proposed (186) also to cope 
with the recent Covid-19 crisis.  

As above mentioned, the basic principle is the one exposed in Section 5.1. The titania NWs film can 
be made in a shape of a filter paper, whose pore size can be suitabiliy tuned, supported by a simple 
frame obtained via 3D printing. Figure 5:6 shows the TiO2 filter and report scheme of the UV assist-
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ed photochemical process that results in destruction of the organic metals in proximity of the NWs, 
as illustrated Section 5.1. The presence of water is essential: for this reason, the high dielectric con-
stant of TiO2 = 70-80 is a key feature. A high value is important also to enhance the filter capability 
of our TiO2 paper since it facilitated wetting of the filter surface by droplets of water or saliva, which 
is known to be one of the most important medium carrying Covid-19 germs. 

The filter can be easily regenerated by exposing to UV. In this way, one can avoid the tons of waste 
that can be envisage with the use of millions of masks per day, with big benefit for the environment 
and logistics. Such a TiO2 NWs based lying sterilizable masks might be reused more than 1000 
times, indeed.  

 

Figure 5:6 a) The upscale of the syntehsis showing titanate NWs production; b) TiO2 NWs filter paper result-
ing from the spreading and thermal treatement process (73); c) SEM image of the filter with the sketch of 
germs to be filter out; d) Schematic of the photocatalytic process on a TiO2 NWs. 
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A prototype of the mask based on TiO2 NWs filter paper and fixed with 3D printer is illustrated in 
Figure 5:7 with an example of a person wearing the mask. It should be added that such a nanopo-
rous photocatalytic filter can be used for other purposes, like air conditioners and water purifica-
tion. One of the co-authors (Dr. Endre Horváth) has successfully tested this approach in experi-
mental water-purification plants in Switzerland and South Africa. 

The kilogram-scale production of TiO2 NWs can be improved to ton-scale credibility to its massive 
application potentials. 

 

Figure 5:7 a) Photo of a prototype of a mask in which the TiO2 NW filter paper is fixed to a 3D-printed frame; 
b) after use under 365 nm UV illumination; c) Photo of the mask in real conditions (courtesy of the pre-
launch start-up Swoxid). 

 

 

In this section we present the photocatalytic activity of few nanocomposites gold/titania 3D pellets 
of different carats. 

The photocatalytic activity of nanocomposites gold/titania 3D pellets were evaluated by means of 
discoloration of the methylene orange (MO) dye, under UV light irradiation (wavelength centered 
at 365 nm, and with an irradiance of 16 mW/cm2). Methyl orange is a typical organic molecule to 
evaluate the photocatalytic efficiency of a given catalyst. Using the absorption at 464 nm as a marker 
of the MO concentration, we plotted the concentration of MO, proportional to the absorbance of 
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the solution according to the Lambert-Beer law, as a function of the irradiation time; the concentra-
tion value is taken every 10 minutes. Samples of our pellets, listed in Table 5:1, are placed in a small 
beaker with 7 ml of 10 mg/l MO solution, see Figure 5:8. Because samples are porous and they ab-
sorb the liquid, we waited half an hour before starting the UV exposure. 

 

Figure 5:8 Experimental setup showing the UV source on the top of the beaker containg a pellet in the MO 
dye. Figures adapted from Guillemette Bourdiec and Elisa Vidal-Revel (EPFL, LPMC, internal presentation). 

 
Figure 5:9a shows the photocatalytic activity of the three samples with different noble metal content; 
for comparison, the decrease of pure MO (i.e. with no pellet) under illumination is reported. Sample 
B2027 exhibits a considerable photocatalytic activity and after 90 min the initially orange solution 
became almost colorless under UV light, indicating the significant degradation of MO. Because 
sample B2027 is the most active, the experiment has been repeated three times and we can observe a 
decrease of the activity at each irradiation,  
Figure 5:9b. To investigate how we can counteract this saturation of the effectiveness of the 18-
carat-pellet as photocatalyst with multiple usages, we studied the behavior of B2027 in an acidic 
methyl-orange solution of pH = 3.5. Actually,  
Figure 5:9b shows that when the sample is in a MO acid solution, it behaves like the first time we use 
it (green curve on the Figure), i.e. regeneration in acid solution is effective. Finally, we have com-
pared sample B2027 with sample B2029,  
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Figure 5:9c, that have sample metal content. The photocatalytic activity of B2029 is like the one of 
B2027 at its second use. 

Table 5:1 Summary of samples studied for the photocatalytic activity. 

Sample  # Picture Au wt% TiO2 wt% Porosity % 

B2027 
 

 

75 25 28.6 

B2017 
 

 

0 100 22.6 

B2018 
 

 

4.2 95.8 43.4 

B2029 
 

 

75 25 28.2 

 
Figure 5:9 Photocatalytic activity of 3D gold/titania pellets compared to the discoloration of pure MO under 
UV illumination. (lines are to guide the eye). a) Sample B2027, B2017 and B2018; b) Sample B2027 shows a 
decrease of activity (A, B, and C correspond to first, second and third measurements). The sample is then 

                                                        
6 All samples have been sintered via SPS method. 
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treated in acid; c) Comparison between sample B2027 and B2029. Figures adapted from Guillemette Bour-
diec and Elisa Vidal-Revel (EPFL, LPMC, internal presentation). 
 

We have investigated the effectiveness of out TiO2 pellets, with and without gold NPs, as photo-
catalyst for degrading methyl orange. We found that the 18-carat pellets (i.e 75wt% Au) are very 
effective photocatalysts and by treatment, in acid solution, the pellet can be easily regenerated and 
its effectiveness preserved for multiple cycles. These experiments depict that these type of photo-
catalytic cermet composites may serve as new generation of UV sterilizable bioinert alloys for medi-
cal application (dentistry, implants and pacemakers) and jewellery and watches. 
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TiO2 is one of the most popular oxides in the field of advanced materials and has a wide range of 
applications, in particular in its nanoparticle form for photocatalytic applications. With the progress 
in nanotechnology applications and material synthesis, H2Ti3O7 nanowires are gradually appeared in 
prototypes and demonstrators, either in titanate or as a precursor of TiO2 nanowires in the anatase 
phase. The anisotropic nanofilamentary form of TiO2, (i.e. nanofibers, nanowires, nanobelt, nano-
tubes) introduced at the end of the last millennium, increase dramatically the amount of surface 
atoms able to react with the environment. 
 

TiO2 nanowires are often used in 2D or 3D architectures and, depending on the application, and 
during the preparation of these architectures heat treatment is required.  
In this thesis, I discovered the crystal phase and morphological evolution of TiO2 nanowires, pro-
cessed with specific thermal treatment, as a single filament or as a bulk assembly. The study covered 
characterizations of TiO2 nanowires in pristine form or as a support of metal nanoparticles. 

I have investigated the coarsening behavior of single-crystalline titanate (H2Ti3O7) nanowires both 
when alone, suspended over a micron hole of the SiO2 support and when laying entirely on the sup-
port, comparing them to the behavior of 3D assemblies of the same composition. Two temperature-
dependent geometrical transformation phase changes have been identified, both for single nanowire 
on the substrate (2D system) and for nanowire pellets (3D). During the first phase change (titanate 
to anatase recrystallization, above 200 °C and up to 600 °C) significant shrinking of the height of the 
nanowire is observed. During the second regime, at sintering temperature of 600-1000 °C an anom-
alous coarsening manifested as an increased surface area of the individual nanowires deposited on a 
surface. In addition to the strong surface effects, in the 2D system, we noticed an unexpected and 
unusual stabilization of the metastable anatase phase and the absence of the rutile phase even above 
900 °C. In contrast, for 3D assembly of nanowires, from 600 °C, the classical Ostwald ripening parti-
cle coarsening is observed, accompanied by typical, thermodynamically favorable anatase to rutile 
phase transition at 900 °C.  

As far as the mechanical stability of 2D and 3D architectures is concerned, we found that the 3D 
pellets of sintered anatase nanowires, show considerably higher microhardness values when com-
pared to sintered bodies composed of nearly spherical nanoparticles. After sintering at 600 °C the 
pellets have a hardness value of 115 HV (44% porosity) while, after 900 °C sintering increases mi-
crohardness value up to 941 HV (1.6% porosity), actually very close to the one of TiO2 single crystal. 
I performed mechanical measurements on single titanate nanowires (2D architecture), too, by 
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means of AFM-based bending test. I have evidenced the layered structure of our nanowires, with a 
relatively low shear modulus value: G = 1.5±0.8 GPa. To the best of our knowledge, it is the first 
time that the shear modulus has been measured on this type of layered nanowires, whose flexural 
behavior is dominated by its low shear modulus despite a high elastic modulus, evaluated as: E = 
67±25 GPa. Once transformed and recrystallized into anatase NWs, the shear between layers is in-
hibited and E goes above 100 GPa, not far from the bulk value.  

The titania nanowire 2D system, have shown quite peculiar characteristics as support of gold nano-
particles. We have found that size as small as 3-5 nm can be preserved for gold nanoparticles even 
after 400 °C treatment in air. In a reducing hydrogen atmosphere, the gold nanoparticle size stabili-
zation was observed at temperatures as high as 800 °C. All our preliminary results support an effec-
tive edge stabilization phenomenon as the main source of the inhibition of the noble metal particle 
coalescence. The Ostwald ripening was significantly reduced for Au nanoparticles laying on the side 
of the NWs and touching the SiN substrate. We evidenced also stabilization due to Ti3+ defects en-
hanced electronic SMSI effect. 
I carried out a complementary study about the interaction of gold nanoparticles with TiO2 nan-
owires in bulk form. Composites pellets of various carats have been sintered and thoroughly investi-
gated. The possibility to tune colors in a wide range, from violet to green, as well as very good hard-
ness properties, of our gold/titania pellets have been demonstrated. 
 

Finally, I focused my attention on heterogeneous photocatalytic applications, showing that TiO2 
nanowires are an effective catalyst to decompose organic matter during light-induced redox reac-
tions. In particular, we demonstrate that TiO2 NWs in aqueous solution effectively destroy DNA 
chains after suitable (10-15min long) exposition to UV irradiation. If one uses TiO2 NWs in the 
form of paper filters integrated in face masks and respirators, similar damage may be triggered upon 
UV illumination to destroy viruses and bacteria. The characteristic of this facial mask would be the 
easy regeneration with simple UV exposition, such as it can be reused hundreds or thousands of 
times, cutting down the economical cost and reducing the environmental impact as compared to the 
currently used disposable plastic microfiber based masks trashed in million quantities per day dur-
ing the ongoing Covid-19 pandemic. I also investigated the catalytical effectiveness of our TiO2 in 
3D architecture. TiO2 – gold composite pellets were effectively discolored methyl orange model 
molecules in photoinduced test reaction. Importantly, we found that the 18-carat pellets (i.e 75wt% 
Au) are not only efficient, but robust, hence it can be easily regenerated and reused in multiple cy-
cles, a basic requirement toward real-world application. 
The results of my thesis work have contributed to the fabrication of novel, mechanically more stable 
titanium oxide nanowire-based coatings and 3D functional ceramics, which is a prerequisite for 
safer and durable potential products. The detailed characterization we carried out on the 3D system 
(pellets) and 2D architectures and the basic building unit, to single fiber, has allowed determining 
the material's mechanical properties as well as its interaction with various metal nanoparticles. 
However, a few characterizations are still missing to complete the work. For instance, the toughness 
values of the titania/gold nanoparticle pellets is unknown today. Mechanical toughness is indeed 
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very important for applications in jewelry, and this use case served as of the main motivation for 
this study. Our bulky 3D system is indeed very special being sintered from two nanocomponents, 
TiO2 NWs and Au NPs, where both the oxide and the metal retained nanoscale crystallite sizes and 
the end of the sintering procedure with low porosity. Theoretical works predict interesting tough-
ness phenomena, decent hardness values, while the ability for such a ceramic-metal (cermet) com-
posite to undergo plastic deformation. Such properties are long-sought and it may open new appli-
cations if properly pursued. 
The 2D NWs system supporting noble metal NPs are ideal potential candidates for catalytical appli-
cations like car exhaust pipe and fuel cells. I hope that follow-up works inspired by the basic science 
data reported here will successfully demonstrate the practical applicability of the observed sinter-
resist system. As far as the photocatalytic applications concerned, the most pertinent and promising 
use case appears to be the reusable antiviral facial mask concept. However, to fully validate our sys-
tem in a real condition we would need to effectively determine the filtration efficiency according to 
the present standard, measuring the filtering efficiency versus particle size especially for viruses 
which are well below the micron size the high efficiency of our system is still to be fully demonstrat-
ed. Another point probably less controverted but still very important is to measure the regeneration 
efficiency under UV cycles and the maximum number of cycles that can be safely applied. More 
tests under real operating conditions are needed to make sure of the NWs cloth integrity is not 
changing in time, no cracks appear during wear. In other words, a rigorous procedure for passing 
from proof-of-principle to a pre-industrialization phase is needed in the near future. 
 
Anyway, despite the fact that significant amount of experimental work that is still ahead to assess 
the technical and economic sustainability in operative conditions for each of the above-mentioned 
applications, in my thesis study I laid down the foundation of the innovation potential of these ma-
terials, that they may serve as building blocks of future flexible energy devices, environmental de-
contamination systems, super thermal-insulators, sensors, catalyst supports and fiber-reinforced 
plastics, metals and ceramics. 
The tech transfer potential of one of the breakthrough application, the nanoporous, reusable and 
antiviral face mask use case is currently planned to be exploited via the activities of a pre-launched 
EPFL supported start-up. I am glad to be part of the journey and I sincerely hope that my present 
and future work will contribute in the accomplishment of the mission and vision of the startup to 
commercialize such an effective, low cost, recyclable, environmentally sustainable filtering masks to 
battle against the present Covid-19 and any future pandemics. 
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The appendix aim is to give more details about the technique that were used during the experi-
mental analysis. 

Densities of all 3D pellets samples were measured by the water immersion method. Theoretical den-
sities of: 

TiO2 anatase :4 g/cm3 

TiO2 rutile : 4.23 g/cm3 

Au : 19.3 g/cm3 

Are used to evaluate the densification ratio. 

Archimede’s formula is: 

 Equation 1 

Where  is the sample density,  is the sample mass measured in air,  is the sample 
mass measured by immersion in water and  is the density of water at the temperature of the 
measurement.  

For very porous samples this method is not very appropriate because it overestimates the sample 
density which presents open porosity. During sample immersion in deionized water, the liquid pen-
etrates into the pellet and leads to an increase of the weight. 

The open porosity (OP) and corrected density were estimated using the following equations: 

 Equation 2 

And 

 Equation 3 

 is the weight of the wet sample.
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