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Popular science summary

Objects that have at least one dimension in the nanoscale are often referred to as
“nano-” or “low-dimensional” materials in the scientific community. To give an idea
of how small nano is, a nano-sized object next to a single hair would look like a blade of
grass standing next to a skyscraper. In the last three decades, nanomaterials have been
in the spotlight of fundamental and technological advances thanks to their extraordi-
nary properties. Most of these properties stem from the fact that nanomaterials expose
a considerable amount of surface to the surrounding environement: 1 g of spherical
gold nanoparticles with a radius of 10 nm have a total surface area of about 16 m².
Nanomaterials of precious metals like gold and palladium have been involved in the
progress of numerous fields of science, such as electronics, optoelectronics, catalysis
and biomedicine, to mention but a few.

Tremendous efforts from scientists all over the world have been made to learn how to
fabricate gold and palladium nanomaterials, as well as to understand their formation,
to learn and control their unique properties. In this thesis, a fabrication route is pre-
sented, which makes use of the so-called “template method”. The template method
consists in filling vertically aligned cylindrical nano-pores with metal, to obtain or-
dered arrays of nanoparticles or nanowires.

Little is known about the effect that the template method has on the properties of the
nanomaterials. Based on our every-day experience, we could imagine that an object
growing inside a nano-pore would deform and assimilate the shape of its container,
just like the cubic tomato in Fig. 1, which grew inside in a box.

Figure 1: This tomato grew encased in a square box and deviated from its natural pathways of growth. Are
nanowires grown in nano-porous templates subjected to a similar deformation? Part of this thesis
aimed to answer this question. (Photo credits: moonimage/Flickr)

vi



Some studies suggest that nanomaterials which were deformed just like the tomato
above, have different properties than the ordinary undeformed ones. One way to
quantify the extent of the deformation is to use x-ray diffraction. X-ray diffraction is
a well-established technique that helps us to determine the distance between atoms.
Nowadays, one can operate x-ray diffraction instruments routinely in a laboratory and
learn about nanomaterials after they have been fabricated and often extracted from
the environment where they formed. This approach is called an ex situ measurement.

Ideally, an x-ray diffraction measurement could run while the nanomaterials are form-
ing atom by atom. However, the x-ray sources of conventional laboratories are too
weak and the measurements are too slow, compared to the time-scale of the fabrica-
tion. Trying to capture the formation of nanomaterials with a common x-ray source
would be like attempting to record a movie of a gymnast doing their routine by sketch-
ing frames by hand.

On the other hand, in synchrotron research facilities, very intense x-ray beams are
generated. In fact, they are so intense that it becomes possible to perform experiments
in situ, meaning that we can see the nanomaterials forming atom by atom in real time.
In this thesis, synchrotron radiation was used to unravel the mysteries of the growth
of nano-objects in confined environments.
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Sommario divulgativo

Gli oggetti che hanno almeno una dimensione nella nanoscala vengono spesso chia-
mati dalla comunitá scientifica “nanomateriali” o materiali a “bassa dimensionalitá”.
Per dare un’idea di quanto piccoli sono gli oggetti di cui stiamo parlando, un nanoma-
teriale messo accanto a un capello avrebbe lo stesso aspetto di un filo d’erba accanto
a un grattacielo. Negli ultim trent’anni, i nanomateriali sono stati al centro dello svi-
luppo scientifico fondamentale e tecnologico, grazie alle loro proprietá straordinarie.
La maggior parte di queste proprietá deriva dal fatto che i nanomateriali hanno una
quantitá notevole di superficie a contatto con l’ambiente circostante: 1 g di nanopar-
ticelle sferiche di oro con diametro di 10 nm espone una superficie totale di 16 m². I
nanomateriali di metalli preziosi come l’oro e il palladio sono coinvolti nel progresso
di diversi campi scientifici come elettronica, optoelettronica, catalisi e biomedicina,
per menzionarne solo alcuni.

Scienziati da tutto il mondo hanno ottenuto risultati eccezionali per sintetizzare na-
nomateriali di oro e palladio, ma anche per capire la loro formazione, per poter com-
prendere e controllare le loro uniche proprietá. In questa tesi é stato utilizzato il cosid-
detto metodo “template”. Questo metodo consiste nel riempire nano-pori di forma
cilindrica, allineati verticalmente, con metalli preziosi per ottenere matrici ordinate di
nanoparticelle e “nanowires”.

L’effetto del metodo template sulle properietá dei materiali é quasi del tutto ignoto.
In base alla nostra esperienza di tutti i giorni, potremmo immaginare che un oggetto
che cresce in un nano-poro si deformi e assimili la forma del suo contenitore, proprio
come il pomodoro in Fig. 2, che é cresciuto in una scatola cubica.

Alcuni studi suggeriscono che i nanomateriali che hanno subito deformazioni come
il pomodoro hanno proprietá diverse rispetto a quelli non deformati. Un modo di
quantificare questa deformazione é la diffrazione di raggi x. La diffrazione di raggi
x é un metodo scientifico consolidato che ci aiuta a determinare la distanza tra gli
atomi. Al giorno d’oggi, misurazioni di routine sono possibili in laboratori di fisica per
studiare i nanomateriali dopo la loro sintesi e dopo che sono stati estratti dall’ambiente
in cui si sono formati. Questo tipo di approccio é chiamato ex situ.

viii



Figura 2: Questo pomodoro é cresciuto confinato in una scatola e la sua forma é diversa da quella di un normale
pomodoro. I nanomateriali che crescono sotto nano-confinamento sono soggetti allo stesso tipo di
deformazione? Lo scopo di parte di questa tesi é di rispondere a questa domanda. (Photo credits:
moonimage/Flickr)

Idealmente, una misurazione di diffrazione di raggi x puó essere effettuata mentre i
nanomateriali si stanno formando atomo per atomo. Tuttavia, le sorgenti di raggi
x dei laboratori convenzionali sono troppo deboli e le misurazioni sono troppo lente
rispetto ai comuni tempi di fabbricazione. Se provassimo a catturare la formazione dei
nanomateriali con una sorgente di raggi x comune, sarebbe come provare a registrare
il video di un esercizio di ginnastica olimpica disegnando i frame a mano libera.

Tuttavia, in un sincrotrone, vengono generati raggi x ad elevata intensitá. L’intensitá
di questi raggi x é cosí alta che é possibile effettuare misurazioni in situ, il che significa
che é possibile seguire la formazione dei nanomateriali atomo per atomo in tempo
reale. In questa tesi, la radiazione di sincrotrone é stata usata per svelare i misteri della
crescita di nanomateriali sotto confinamento.

ix
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Chapter 1

Introduction

“What would happen if we could
arrange the atoms one by one the
way we want them?”

R. P. Feynman [1]

1.1 Motivation and background

Nanoscale materials of inorganic matter exhibit size-dependent physical-chemical prop-
erties that have enabled novel applications in computing, photonics, energy and biomed-
ical technologies, in the last three decades [2–5]. The origin of the extraordinary qual-
ities of nanomaterials lies in their size, composition and shape [6–9]. The idea that
such aspects could be controlled in a systematic manner has driven the efforts of sci-
entists and engineers from various communities such as physics, chemistry, materials
science, surface science, etc.

The uniqueness of nanomaterials, compared to bulk materials, is due to the fact that
they expose a higher fraction of atoms on the surface and that the charge carrier
motion is confined to a smaller volume. Some of the size-dependent properties of
nanomaterials include their lower melting point [10–12], possibility to trap crystalline
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phases that are otherwise unstable in bulk [13] and widening of the band gap (in semi-
conductors) [14]. In noble metal nanomaterials whose size is smaller than the free
electron mean free path, strong plasmon absorption bands arise from the collective
oscillation of the electron gas on the nanomaterial surface [15–17]. In addition, noble
metal nanocrystals exhibit unprecedented catalytic properties, due to the dominance
of electronic surface states and the tunable size-dependent functionalities [18–22].

In this thesis, the focus is on Au- and Pd-based nanomaterials. Several research articles
and reviews describe and characterize the most various bottom-up synthesis routes to
fabricate nanoscale Au and Pd materials [19, 23, 24]. In most colloidal methods, the
Au or Pd nanocrystals are synthesised in a liquid solution containing surfactants (or
similar amphiphilic molecules) aggregates, whose role is to act as “nano-reactors” to
guide the size and the morphology of the nanoscale metals and the same time to
stabilize them in solution [25]. After the synthesis, the fabricated nanoparticles go
through a stage of removal of the surfactants from their surfaces [26] (often referred
to as “de-capping”), to enable applications where the availability of surface sites is
relevant, e.g., in catalysis. In the scientific literature, this synthetic approach is called
the soft template method [27].

An attractive alternative to the traditional colloidal synthesis is the hard template
method [28–34]. The hard template method is a bottom-up technique where a mem-
brane of vertically aligned nano-pores is filled with solid material, leading to the for-
mation of nanoparticles, nanorods or nanowires with controlled size and morphology.
This method is particularly advantageous since (i) it does not make use of surfactants,
thus de-capping stages are not needed; (ii) it leads to ordered arrays of nanostructures,
which is a sought-after feature in functional device applications [35]; (iii) the nanos-
tructures can potentially be released in a solution, by selectively dissolving the tem-
plate, exposing their extended surface area. Different methods aiming to fill the pores
of a template have been proposed, which make use of gas- or liquid-phase solutions.
The gas-phase fabrication routes are often based on chemical vapour deposition [36],
while the liquid-phase ones often involve electroless- [37–39] or electro-deposition
[28, 29].

However, studies that involve the template-assisted fabrication of nanostructures often

4



neglect the effect of growth in confined space. Although in literature some morpho-
genesis studies of materials under confinement can be found [40], only few of them
are focused on nano-size-dependent effects [41, 42]. These studies support the hy-
pothesis that the formation of material in nano-pores leads to a disturbance of the
natural pathways of growth of a particular material and thus to mechanical deforma-
tions. The idea that we could control the mechanical deformation of nanomaterials
by an appropriate template choice is particularly attractive in fields where the strain
state is particularly relevant, such as in device design and catalysis [43, 44].

One way to investigate the strain state is by studying the atomic ordering and the
pore filling using x-ray scattering methods. In principle such meausurements can be
performed ex situ by using a laboratory source and a powder diffractometer. However,
in order to study any anisotropy effect due to the confinement, a diffractometer with
more rotational degrees of freedom, such as a surface diffractometer, is preferred. In
principle, one could study the formation of nanostructures in a template in real-time
while they are being synthesised. However, to measure a powder diffraction pattern
using a laboratory source, with sufficient signal-to-noise ratio, measurement times in
the order of at least 10-20 min are necessary. Such time scales are incompatible with
the pace of the template-assisted growth. Thanks to the high brilliance of synchrotron
radiation the time scale of the measurement is 1-5 s, which enables a whole class of in
situ measurements.

1.2 This thesis

In this thesis, a method for the electrodeposition of Au and Pd in templates of nano-
porous alumina is presented. The size, morphology and composition of the electrode-
posited materials has been investigated by electron microscopies. Furthermore, x-ray
scattering methods, both in situ and ex situ, have been used to explore the atomic or-
dering. Chapters 2 and 3 consist of an introduction to the materials and methods for
the template preparation and the electrodeposition, explaining the underlying chal-
lenges and characteristics. Chapter 4 is a brief review of the characterization methods
employed, while Chapter 5 consists of a summary of the results and an outlook into
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future experiments. A collection of publications and manuscripts enclosed in the
printed version of this thesis contains the main findings.
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Chapter 2

Fundamentals of nano-porous

anodic aluminum oxide templates

2.1 Introduction

When aluminum is exposed to ambient atmosphere, it is spontaneously coated by a
thin layer of oxide (between 1.4 and 2.5 nm thick [45]). Further oxidation is prevented
by the presence of this native oxide layer. However, when aluminum is “anodized”,
i.e., electrochemically oxidized in aqueous solution, a thicker layer than the native one
can be formed, as it was first discovered by H. Buff (1857) [46]. Based on the nature of
the electrolyte employed, a barrier-type or a porous-type oxide can be produced [47],
as schematized in Fig. 2.1. Barrier-type AAO is usually formed in neutral electrolytes,
while porous-type AAO is formed in acidic electrolytes [48]. In both cases a simple
two-electrode setup like the one in Fig. 2.2 is used.

Masuda & Fukuda (1995) [49] found that under certain conditions of electrolyte com-
position, temperature and electric field, NP-AAO grows in a self-ordered hexago-
nal structure, with pores aligned with the surface normal of the aluminum substrate
[49, 50]. It was later found by Nielsch et al. (2002) [29] that the self-ordered growth
can only be sustained when the combination of pH, potential and electrolyte leads to
a porosity of at least 10% and the volume expansion of alumina to aluminum is about
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Native oxide

Al substrate

Porous-type oxide Barrier-type oxide

Acidic electrolyte Neutral electrolyte
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Height of the original substrate
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Figure 2.1: Based on the pH of the anodizing electrolyte, the alumina can grow as a porous- or barrier-type
oxide. In the porous-type, the pore diameter (Dp), the inter-pore distance (Dint) and the thickness
of the barrier layer (tb) depend on conditions of anodizing voltage, electrolyte composition and
concentration.

1.2. The inter-pore distance Dint, the pore diameter Dp and the thickness tb of the
oxide layer at the bottom of the pores, called the barrier layer (cfr. §3.1.1), are directly
proportional to the electric potential U and are influenced by the choice of electrolyte
[51]. Several experimentally derived equations relating U to Dint, Dp and tb exist in
literature for the most used anodizing electrolytes (sulphuric, oxalic and phosphoric
acid) [52].

The NP-AAO template in an aqueous solution can be modelled as an electric cir-
cuit [53, 54] like the one in Fig. 2.3. Here, the barrier layer and the pore wall are each
described by a resistor and a capacitor in parallel. The resistance of the electrolyte
Re in the pore is usually higher than that of the bulk solution Rsol as ion migration
and mass transport in a nano-porous medium are subjected to a higher diffusional
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Figure 2.2: Illustration of an electrochemical two-electrode setup employed in the anodization of aluminum.

resistance [55].

The pores organize spontaneously in a hexagonal structure and the extent of the order
depends on the anodization time. Longer anodization times lead to larger ordered
porous domains and, as the newly formed oxide is produced at the bottom of the
pores, the lower region is more ordered than the upper part. To fabricate a more
uniformly ordered NP-AAO, the so-called two-step method can be used [50]. In this
method, a first long (e.g., 10 h) anodization step yields a disordered hexagonal porous
structure. Then, the oxide is selectively removed, usually by the action of a mixture of
H3PO4 and H2CrO4, which results in an aluminum substrate patterned with hemis-
perical nano-concaves. Subsequently, a second anodization step is performed where
the pore formation is guided by the presence of the nano-concaves and thus leads to
a well-ordered NP-AAO template.

2.2 Electrochemical synthesis

NP-AAO templates are fabricated in the anodization of aluminum in a two-electrode
electrochemical setup like the one illustrated in Fig. 2.2. The working electrode con-
sists of a polished aluminum anode, while the counter-electrode is an inert electrode,
e.g., a graphite rod or a Pt mesh. The electrolyte solution consists of a diluted acid,
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Cb Rb

Re

Cpw

Rsol

Al substrate

Rpw

Barrier layer

Pore

Solution

Figure 2.3: Equivalent circuit describing a template of nanoporous alumina exposed to an electrolyte solution.
Cb and Rb are the capacitance and the resistance of the barrier layer, Cpw and Rpw are the capac-
itance and the resistance of the pore wall, Rsol and Re are the resistance of the bulk solution and
the electrolyte inside the pore, respectively. Diagram based on models found in refs. [53, 54].

e.g., sulfuric, phosphoric or oxalic acid [49, 50, 56].

The high electric field employed in the anodization drives the electrochemical re-
action as well as the migration of Al3+ cations and O2– or OH– anions across the
electrolyte/oxide/metal interface [57–59]. The key reactions that occur during the
anodization are illustrated in Fig. 2.4. At the metal/oxide interface of the working
electrode, the following reactions occurr [52]:

Oxidation of aluminum
Al(s) −−→ Al3+(ox) + 3 e– (R1)

Formation of anodic oxide at the metal/oxide interface
2 Al3+(ox) + 3 O2–

(ox) −−→ Al2O3(s) (R2)

While at the oxide/electrolyte interface the following reactions are possible:

Dissociation of water
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H2O(l) ←−→ H(aq)
+ + OH–

(aq) (R3)
or

H2O(l) ←−→ 2 H(aq)
+ + O2–

(ox) (R4)

Formation of anodic oxide at the oxide/electrolyte interface
2 Al3+(ox) + 3 O2–

(ox) −−→ Al2O3(s) (R5)
or

4 Al3+(ox) + 6 OH–
(aq) −−→ 2 Al2O3(s) + 6 H(aq)

+ (R6)

Heterolytic dissociation of water
2 H2O(l) −−→ O2–

(ox) + OH–
(ox) + 3 H(aq)

+ (R7)

Furthermore, the following “side” reactions, which will decrease the current efficiency
of the anodic oxide growth, occur simultaneously with reactions R1-7, at the elec-
trolyte/oxide interface:

Heat-induced and/or field-induced oxide dissolution
Al2O3(s) + 6 H(aq)

+ −−→ 2 Al3+(aq) + 3 H2O(l) (R8)

Ion ejection from oxide to electrolyte
Al3+(ox) −−→ Al3+(aq) (R9)

Oxygen evolution
2 O2–

(ox) −−→ O2(g) + 4 e– (R10)

The overall anodic reaction can be described as [60]:

2 Al(s) + 3 H2O(l) −−→ Al2O3(s) + 6 H(aq)
+ + 6 e– . (R11)

As the NP-AAO grows and the oxide growth front proceeds into the substrate, the
aluminum anode is consumed. However, the aluminum oxide can be formed at the
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Figure 2.4: Summary of the key anodic reactions involved in the electrochemical synthesis of Al2O3. The reac-
tions apply to both the growth of barrier- and porous-type oxide.

oxide/electrolyte interface, upon the migration of Al3+ under the action of the electric
field. Since the anodic oxide is less dense than the aluminum, the total thickness of
the NP-AAO and the underlying aluminum will be larger than the dimensions of the
original substrate. Approximately, 60% of the total NP-AAO thickness will extend
outside the original substrate surface.

At the very beginning of the anodization in acidic electrolyte, a compact barrier oxide
film is formed. Tensile stress, imperfections and impurities are believed to cause cracks
in the oxide and a local increase of the electric field. The electrolyte penetrates the
cracks and the higher electric field polarizes the Al-O bonds, promoting the field-
assisted dissolution of oxide [48, 51]. The cracks develop into small disordered pores,
which grow in diameter or merge with neighbouring pores [61, 62]. Progressively, the
pores rearrange to a steady-state self-ordered growth.

The origin of the steady-state pore formation is still an object of debate. Experi-
mental evidences showed that the oxide growth proceeds at the metal/oxide interface
only and that Al3+ ions migrating to the electrolyte/oxide interface are ejected to the
solution without contributing to the oxide formation [63]. Two models have been
proposed to explain this evidence. In the first model, the pore formation is driven by
mechanical stress, due to electrostriction and volume expansion, which causes a vis-
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cous flow of oxide from the pore bottom to the pore walls [64]. In the second model,
the growth is driven by a field-assisted oxide decomposition at the oxide/electrolyte
interface and oxide formation at the metal/oxide interface. The simultaneous progress
of the metal/oxide and the oxide/electrolyte interfaces into the aluminum substrate
determine the pore formation [61, 62]. The nature of the self-organization is not fully
understood, although it has been proposed that if there is any oxide flow stress, repul-
sive forces between neighboring pores could mitigate the mechanical deformations.
These repulsive forces are believed to drive the self-organization [29, 65].

2.3 Functionalization of NP-AAO

The possibility to grow nanomaterials using NP-AAO as a template is an outstanding
application that has been increasingly attracting the interest of research groups in the
last 20 years. The template-assisted synthesis of nanostructured functional materials
is a relatively simple and cost-effective way of fabricating identical ordered nanos-
tructures with well-defined size and shape. It is a bottom-up method that overcomes
many drawbacks of state-of-the-art lithography and has potential applications in the
assembly of hierachical architecture for device applications [52].

The synthesis of nanomaterials in hard nano-porous templates is robust and repro-
ducible and it is particularly advantageous as the size and the shape of the synthe-
sised nanostructures is dictated by the size and the shape of the pores [66]. Exten-
sive research has been done on nano-porous systems as templates for the synthesis of
metals, as well as polymers and semiconductors [52, 66, 67]. The fabrication can be
approached with different techniques such as chemical vapor deposition, physical va-
por deposition, sol-gel deposition, reactive ion etching and electrochemical/electroless
deposition. In this thesis NP-AAO templates were used to fabricate Au and Pd nanos-
tructures by means of electrochemical deposition.
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Chapter 3

Electrodeposition into nano-porous

anodic aluminum oxide templates

3.1 Electrodeposition in NP-AAO: challenges

3.1.1 Barrier layer

At the bottom of each pore there is a layer of Al2O3 referred to in literature as the
“barrier layer”. The thickness of the barrier layer depends on the electrolyte and the
potential used in the anodization. Although this layer is electrically insulating, elec-
trons can tunnel through it if it is sufficiently thin, or hop between impurity states and
ionic defects in the oxide [68, 69]. Fig. 2.3 represents the circuit model of a NP-AAO
template in an aqueous solution. Generally, the conductivity and the capacitance of
an aluminum oxide film are inversely proportional to its thickness. Here, since the
pore walls are several microns thick, it is often approximated by an infinite resistance
Rpw and a zero capacitance Cpw. On the other hand, The resistance Rb and the
capacitance Cb of the barrier layer cannot be neglected. To increase the chances of
a successful electrodeposition, one could decrease the thickness of the barrier layer
(as discussed later in §3.2) and use an AC potential to induce a displacement current
through the capacitor Cb.
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3.1.2 Solubility of NP-AAO

The Pourbaix diagram in Fig. 3.1 shows the possible stable phases predicted by ther-
modynamics as a function of pH and potential of the aqueous electrochemical system
with an Al electrode [60, 70, 71]. From this diagram it appears that Al2O3 is in-
soluble in solutions with a pH in the 4-8 range: in acidic or alkaline environment
the NP-AAO templates could dissolve. Therefore, one should keep in mind that the
electrodeposition bath chosen should have a compatible pH to avoid damaging the
template. If damage happens, the electrolyte will wet the Al underlying the NP-AAO.
The Al substrate has a much lower resistance than the one of the barrier layer, thus
most of the current will flow through the exposed Al substrate, obeying Kirchoff’s
current law. At this point the pores will stop being filled and the metal will uniquely
be deposited in the damaged regions.
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Figure 3.1: Pourbaix diagram of aluminum, correlating the conditions of pH and potential to the possible
thermodynamically stable phases.

To avoid damaging the template one could (i) choose an electrodeposition bath with
neutral pH and (ii) thermally anneal the template. Annealing the NP-AAO has
proven to mitigate the deterioration by acids as strong as HF [72].The pH neutral-
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Figure 3.2: SEM micrographs of a template of porous alumina anodized in H2SO4 before (a) and after (b) pore
widening in 5 w%H3PO4 at 30 ◦ C for 6min. The isotropical wet-etching effect results in a thinning
of the barrier layer from an initial value tbi to a final value tbf .

ity can be achieved by, e.g., a phosphate buffer solution. A buffer solution has the
additional advantage to maintain pH neutrality during the electrodeposition pulses
(see §3.3.2), where H+ (OH– ) can be produced at the working electrode during the
anodic (cathodic) pulses.

3.2 Template preparation strategies

The electrically insulating barrier layer at the bottom of the pores is one the main
factors hindering the electrodeposition in NP-AAO. Several authors have proposed
methods to thin or even remove the barrier layer and some of these methods are here
reported.
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3.2.1 Pore widening

The pore widening consists of a wet-chemical etch, usually by the action of an aqueous
solution of H3PO4, where the pores are partially dissolved [73–75]. Since the etch is
isotropical, the alumina dissolution leads to thinner pore walls and barrier layer. The
etching rate is proportional to the temperature and the acid concentration; the total
amount of alumina dissolved is time-dependent. Therefore, it is common to heat a
solution, while stirring it, to a certain temperature and then immerse a sample of NP-
AAO for a fixed amount of time. In this thesis, a solution of 5 w% H3PO4 heated
at 30 ◦ C was used. Fig. 3.2 shows the effect such pore widening protocol on a
template fabricated in H2SO4, before (a) and after (b) pore widening for 6 min. The
etching leads to an increase of pore diameter and to a decrease of the barrier layer
thickness tb from an estimated initial value of 25 nm to an estimated final value of
12 nm (the derivation of this value is shown in Paper IV), as illustrated in Fig. 3.2
(c) and (d). It has been proposed that pore widening causes the exposure of anions
encapsulated in the inner walls of anodic alumina [76]. These anions have proved to
enhance tunneling effects of conduction across the anodic oxide [77], thus facilitating
the electrodeposition. One should bear in mind that an excessive etching duration
can be detrimental to the integrity of the template. The pore widening method has
been used in the synthesis of the Au nanostructures in Paper IV.

3.2.2 Electrochemical barrier layer thinning

It has been proved that the thickness of the barrier layer is proportional to the anodiz-
ing potential. For NP-AAO templates anodized in different electrolytes, it was found
that tb/∆U ≈ 1.2 nm V−1 [78], where tb is the thickness of the barrier layer and
∆U is the anodizing voltage. The electrochemical barrier layer thinning is based on
this principle: at the end of the anodization, the applied potential is slowly reduced
stepwise to an arbitrary value like in Fig. 3.3 [28, 79]. The final anodizing voltage will
define the final thickness of the barrier layer. In contrast to pore widening, this leads
to the formation of Y-shaped dendritic branches at the bottom of the pores. Con-
sequently, any deposition of metal in the template will lead to branched nanowires.
This preparation method has been used for the fabrication of Pd and Au nanowires
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Figure 3.3: Applied potential (black) andmeasured current density (red)measured during a typical anodization
and subsequent electrochemical barrier layer thinning. The dashed line denotes the start of the
electrochemical barrier layer thinning.

in Papers II and IV, respectively.

3.2.3 Removal of the NP-AAO from the native Al substrate

Fig. 3.4 describes the steps involved in the barrier layer removal. The NP-AAO tem-
plate can be removed from its native aluminum matrix by exposing the substrate to
a selective etchant, e.g., a mixture of 0.1 M CuCl2 in 20% HCl [80], or saturated
HgCl2 [81]. The back of the barrier layer can be directly exposed to 5% H3PO4 for
sufficient time to form openings in the membrane (note that in contrast to the pore
widening method in section §3.2.1, this does not necessarily lead to a larger pore di-
ameter). In order to proceed to electrodeposition, a metal layer of Au, Ag or Pt needs
to be sputtered or evaporated on one of the sides of the membrane, which will act as
the working electrode [81, 82]. Although the absence of a barrier layer facilitates the
electrodeposition, the increased number of steps in the production of the template
and the handling of a thin and brittle alumina membrane (thickness ranging from 10
to 50 µm) potentially increases the difficulty of the fabrication. In addition, adhesion
thin layers (e.g., a 5 nm Ti layer [83] or a 20 nm Cr layer [84]) are often required to
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Figure 3.4: Stages in the removal of a NP-AAO membrane from its native Al substrate.

ensure the adherence of the electrode metal to the membrane. The addition of non-
noble metals can potentially contaminate and alter the electrochemistry of the system
during the electrodeposition and in possible applications.

3.3 Electrodeposition strategies

3.3.1 Limitations of DC and AC electrodeposition

DC electrodeposition in NP-AAO templates is most commonly viable when the bar-
rier layer has been completely removed [81, 82, 84] (see §3.4), because of its high
resistance (ranging from 1010 to 1015 Ω [53]). However, there are cases where the
template has not been separated from the aluminum matrix and DC electrodeposi-
tion has proved to work, prior electrochemical barrier layer thinning by stepping the
potential down to 1 V [85]. Nonetheless, the continuous application of electric poten-
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tial causes template damage due to ohmic heating or aluminum oxide (or hydroxide)
dissolution.

In contrast, the electrodeposition process and the template integrity benefit from
AC methods. When an AC potential is applied, displacement currents are gener-
ated across the barrier layer, as the metal/oxide/electrolyte interface acts as a capacitor
[53, 54]. Furthermore, since aluminum is a valve metal, its oxide has rectifying prop-
erties: it only allows conduction when a cathodic potential is applied [52, 86]. This
implies that any metal cation in a pore can be reduced during the cathodic half-waves
but the deposited metal cannot be oxidized during the anodic half-waves. Although
AC methods are beneficial to the electrodeposition process, it leads to relatively small
crystallite sizes of the deposited metal, damage of the template cause by ohmic heat-
ing (since high potentials are required, e.g., 20-35 Vpeak−to−peak), poor and irregular
pore-filling [87]. Therefore, more advanced methods like pulsed electrodeposition
were developed.

3.3.2 Pulsed electrodeposition

Pulsed electrodeposition is a well-suited and efficient method to electrodeposit metals
in NP-AAO templates. It consists in periodically applying a single AC potential wave,
of typical frequency ranging from 100 Hz to 1 KHz, followed by a rest time, which
ranges from 100 ms to 1 s [28, 88]. The potential and the current density deriving from
a typical electrodeposition pulse are plotted in Fig. 3.5. During the cathodic half-wave
the metal cations in the pores are reduced and the pore is thus depleted of reagent.
During the anodic half-wave, the capacitance of the barrier layer is discharged. The
rest time is introduced to allow replenishment of metal cations in the pores by means
of diffusion. Paper II contains a simulation of how the concentration distribution
along the pore length changes as a function of time, during the rest period. In con-
trast with DC and AC methods, pulsed electrodeposition is not mass-transfer limited,
provided that the rest time is long enough. It has been found in the case of Cu elec-
trodeposition in NP-AAO, that the deposited material has superior pore-filling when
a square wave is used, instead of a sine wave, and that it is beneficial to start the pulse
with a cathodic half-wave rather than an anodic half-wave [87].
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Figure 3.5: The cathodic (negative) half-waves of potential drive the electrodeposition of Au (black curve) and
the resulting current density (red) is calculated from the voltage measured across a shunt resistor
in series with the cell.

One should bear in mind that the electrodeposition is not the only reaction that is
initiated by cathodic potentials. The hydrogen evolution reaction (HER, see §3.5)
takes place at the working electrode when negative potentials are applied. In Paper V,
the exposure of Pd nanowires in NP-AAO to hydrogen evolved during the electrode-
position led to the formation of Pd hydride phases.

3.4 Release of the nanostructures from the NP-AAO template

Noble metal nanoparticles or nanowires are of particular interest in fields such as
heterogeneous catalysis because of their superior surface-to-volume ratio, as several
interesting chemical transformations happen at the surface. Therefore, it might be
desirable to release the encapsulated nanostructures in NP-AAO templates to enhance
the accessibility to their surfaces and enable their applications. A solution of 1 M
NaOH can be used to selectively dissolve the templates, as they are soluble outside
the pH range of 4 to 8 (as discussed in §3.1.2).

In contrast to most colloidal synthetic routes for the fabrication of Au or Pd nanopar-
ticles, the hard template method does not involve the use of surfactants. This is es-
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500 nm

Figure 3.6: TEM image of Au nanoparticles released from the NP-AAO template.

pecially advantageous because it means that they do not need to undergo additional
steps of de-capping, i.e., removal of surfactant to clear the surface, to enable, e.g.,
their catalytic properties.

3.4.1 Dispersed nanostructures in solution

Fig. 3.6 shows a TEM micrograph of Au nanoparticles released from a NP-AAO
template. They were first released in a 1 M NaOH solution upon dissolution of the
template, then 20 µL of solution were poured onto a TEM grid. With the hard
template method, a precise control of size and aspect ratio is possible. However, to
compete with the colloidal methods in terms of nanoparticle yield, working electrode
areas of approximately 1-2 m2 are necessary.

3.4.2 Up-standing arrays of nanostructures on a substrate

The hard template method has the exceptional advantage of yielding an ordered array
of aligned up-standing nanostructures, such as those shown in Fig. 3.7. The steps of
fabrication of these arrays are shown in Fig. 3.8. First, the pores were filled completely
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500 nm

Figure 3.7: Top view of a forest of Au nanorods released from NP-AAO.

and the electrodeposition was continued to plate the template with a film of approx-
imately 150-200 nm thick. The template was flipped upside down, positioned on a
conductive substrate and selectively dissolved in 1 M NaOH. In our case, a piece of
carbon tape was used as a conductive substrate for imaging purposes with electron mi-
croscopy. As an alternative to dissolving the template, one could grow Au nanowires
until they emerge from the pore, like the ones in Fig. 3.9.

3.5 Electrochemical evolution of hydrogen

The electrodeposition of metals is not the only reaction that is driven by cathodic
potentials in aqueous environments. For instance, the hydrogen evolution reaction
(HER) [89], which is the half-reaction of water splitting, occurs simultaneously to
electrodeposition when the cathodic half-waves of potential represented in Fig. 3.5
are applied to the working electrode, yielding H2:

2H(aq)
+ + 2 e– −−→ H2(g).

The use of renewable sources of energy to drive the HER potentially leads to a sustain-
able source of hydrogen fuel for zero-emission fuel cells [90, 91]. Furthermore, storing
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Figure 3.8: Steps involved in the fabrication of an up-standing array of Au nanowires.

electrochemically produced hydrogen in the solid form, in conditions of room tem-
perature and ambient pressure [92, 93], is an innovative way of using the excess energy
produced by intermittent green sources of energy such as solar and wind power. For
this reason, extensive research is conducted on catalyst design aiming to minimize the
overpotential needed to drive the HER and, often, nanomaterials are involved in the
design of such catalysts [94, 95].

Pd-based materials and nanomaterials, for example, are known to have a high activity
towards HER and to absorb large quantities of hydrogen in their crystal lattice [96].
The nano-size and the superior surface-to-volume ratio are also a way of contrasting
the high costs of Pd: with an equal volume, Pd nanomaterials expose a larger number
of surface active sites compared to bulk materials, leading to the enhancement of
performances.

In Paper V, evidences of Pd hydrogenation during the electrochemical growth in NP-
AAO have been found. They suggest that NP-AAO functionalized with Pd nanowires,
is a promising framework for the design of devices dedicated to the electrochemical
production and storage of hydrogen.
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3.6 Size-dependent strain under confinement

In the scientific literature, a size-dependent lattice deformation in Sn nanowires elec-
trodeposited in NP-AAO templates has been reported [97, 98]. The authors of this
finding showed an expansion of the lattice constant in the direction of growth, which
is inversely proportional to the pore radius. The tensile strain was attributed to a com-
pression along the pore radius, due to the confinement, and a resulting elongation, due
to the Poisson effect, along the nanowire axis. This studies suggested that the strain
state of nanowires in NP-AAO can be tuned by selecting the pore radius, which is an
attractive idea in many fields where the interatomic distances of the nanostructures are
critical, e.g., in electrocatalysis [43, 99]. In fact, “strain-boosted” electrocatalysis has
proven to enhance the activity, stability and selectivity of noble metals for the oxygen
reduction reaction [100–102], hydrogen evolution reaction [103] and CO2 reduction
[104, 105].

However, very little is known about the stress building up during the templated elec-
trodeposition, which causes such strain. In addition, the tensile strain reported in this
study was extracted from conventional powder x-ray diffraction patterns (measured
in the Bragg-Brentano geometry), where the scattering vector is normal to the sample
surface. In order to access information on the direction of confinement and to verify
the hypothesis that the strain along the pores radius is compressive, diffractometers
with more rotational degrees of freedom are needed, such as the (2+3)-type surface
diffractometer described in Paper I.

In the aforementioned work, the expansion was attributed to surface stress and growth
stress. While the principles that govern surface stress are well-known, very little is un-
derstood about growth stress in confined environment. In the case of thin films on
substrates, growth stress is caused by defects such as vacancies, interstitial atoms and
dislocations, and it is constant under identical conditions of growth (pH, reduction
potential and temperature) [106]. Therefore, it has been speculated that the size-
dependent component of the surface stress is only due to anisotropic surface stress ef-
fects and that the growth stress is constant as a function of pore radius [98]. However,
there are not enough experimental evidences to support this hypothesis and it is also
unclear what the inter-play is between the stress and the cristallinity of the nanostruc-
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tures [107]. Furthermore, it has never been considered that the growth stress could be
due to deviations from the natural pathways of growth of a nanowire, as a response to
the confinement along the radial direction. The stress and strain fields of a deformed
object under constrains are well-described for macroscopic objects, but there is a lack
of such studies at the nanoscale [108].

500 nm 1μm 

a b

Figure 3.9: SEM micrographs: top view (a) and side view (b) of Au nanowires emerging from a NP-AAO tem-
plate anodized in H2SO4.

Evidences of uniaxial size-dependent lattice expansion are in contrast with previous
observation on unconstrained nanostructures, as anisotropic lattice contraction is the
dominant effect amongst nanomaterials [109–112]. The anisotropic contraction is
well explained by the bond-order-length-strength model as due to the coordination
deficiency of the surface atoms, compared to the bulk atoms [113]. In fact, it has
been shown in atomistic simulations that the surface atoms of a bulk-terminated Au
nanowire reconstruct, causing a shrinking in diameter and length [114]. As many as-
pects about the growth in confined environment are unknown, in situ techniques are
required to observe inter-atomic distances and the crystallinity of templated nanos-
tructures during their formation.
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Chapter 4

Experimental methods

4.1 X-ray diffraction

Due to the penetrative nature of x-rays into matter, x-ray based techniques are the
most advantageous to study and characterize encapsulated nano-materials, such as the
nanowires introduced in Chapter 3. This is especially true in the hard x-rays (20-40
keV) and high energy x-rays (60-100 keV) regimes, as photon attenuation by absorp-
tion decreases as a function of energy [115]. X-ray scattering methods at such high
energies, are a class of photon-in-photon-out techniques that are particularly suitable
for in situ studies under electrochemical conditions. For this reason x-ray diffraction
has been the primary technique employed in this thesis, as it gives information on the
structure and the inter-atomic distances of the studied material, in a non-destructive
manner.

4.1.1 General concepts

The underlying physics that describes the nature of x-ray diffraction is well-known
and its basic concepts have been first described more than a century ago. This section
is a brief summary of these concepts and is based on textbooks describing the subject
[116–118].
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Figure 4.1: Vector representation of elastic scattering by an electron.

In the classic description, an electromagnetic wave with a wavelength in the x-ray
regime strikes an electron, which is assumed to be free. The electron acts as an oscilla-
tor subjected to an external force and it is therefore subjected to an acceleration. Thus,
it radiates a spherical wave of the same wavelength as the one of the incident wave.
This is true only under the assumption of elastic scattering. The scattering differential
cross-section of this photon-electron interaction is given by

dσ

dΩ
= r20|ϵ̂ · ϵ̂′|2, (4.1)

where ϵ̂ and ϵ̂′ are the polarization vectors of the incident and scattered wave, and r0

is the classical electron radius, also known as the Thomson scattering length:

r0 =

(
e2

4πϵ0mc2

)
= 2.82× 10−15m. (4.2)

Similarly, an atom can be illuminated by an x-ray. In this case, the scattering ampli-
tude is calculated by summing up the contributions arising from the single electrons
in the atom. In an atom with electron density ρ(r), the contribution arising from
the volume element dr is therefore −r0ρ(r)dr and the scattering length of the whole
atom can be expressed as

− r0f
0(Q) = −r0

∫
ρ(r)eiQ·rdr, (4.3)
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where eiQ·r is the phase factor attributed to the scattering vectorQ = k’-k, represented
in Fig. 4.1, which relates the incident wavevector (k) the the scattered one (k’). Since
we are only considering elastic scattering, |k| = |k’|.

When the energy of the incident x-rays is near the energy of an atomic absorp-
tion edge, the scattered amplitude deviates from that described in equation 4.3. The
energy-dependence of the scattering amplitude is described by the dispersion correc-
tion factors f ′(ℏω) and f ′′(ℏω):

f(Q, ℏω) = f0(Q) + f ′(ℏω) + if ′′(ℏω). (4.4)

While the real part of f(Q, ℏω) describes the scattering length, the imaginary part is
an expression of the x-ray attenuation by absorption.

In a crystalline material, atoms are arranged in a periodic structure which consists of
a unit cell repeating itself in space. If we denote the position of the j-th atom inside a
unit cell with the vector rj and the position of the n-th unit cell with the vector Rn,
the position of any atom in the crystal lattice is denoted by the sum Rn + rj . The
scattering amplitude is hence described by the structure factor F (Q, ℏω), expressed
as

F (Q, ℏω) = −r0
∑
j

fj(Q, ℏω)eiQ·rj
∑
n

eiQ·Rn . (4.5)

The structure factor F (Q, ℏω) depends on the symmetry of the crystal, on the unit
cell basis vectors (a1, a2, a3) and on a set of integers (nx, ny, nz) through the following
equation:

Rn = nxa1 + nya2 + nza3. (4.6)

The second term in equation 4.5 is non-vanishing only when
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Q · Rn = 2π × integer. (4.7)

To find a solution, we describe any lattice site by a reciprocal lattice vector

G = ha∗1 + ka∗2 + la∗3, (4.8)

where (h,k,l) are integers (called the Miller indices), and (a∗1, a∗2, a∗3) is the reciprocal
lattice unit cell basis, related to the direct space unit cell basis through the relation
ai · a∗j = 2πδij , where δij is the Kronecker delta. The scalar product between G and
Rn yields

G · Rn = 2π(hnx + kny + lnz) = 2π × integer. (4.9)

which means that the solution to equation 4.7 is the following expression, known as
the Laue condition, i.e., the only condition at which diffraction occurs:

Q = G. (4.10)

The structure factor in equation 4.5, may be expressed as

F (Q) =

∫
V
ρ(r)eiQrdr, (4.11)

where ρ(r) is the electron density and the integral is extended over the whole volume
V of the crystal. It should be noted that the structure factor in equation 4.11 can
be seen as the Fourier Transform of the electron density. The Fourier Transform is a
useful mathematical construct to relate the periodicity of a crystal lattice to the spatial
frequency, which belongs to the domain of reciprocal space.

Another way of expressing the diffraction condition is given by Bragg’s law, which
describes the constructive interference between two scattered waves:

32



d

ϑ ϑ

dsinϑ

Figure 4.2: The Bragg formulation of diffraction describes the condition at which two scattered waves con-
structively interfere, in a mirror-like fashion.

mλ = 2d sin θ (4.12)

where m is an integer, d is the separation between the atomic planes of interest and θ

is the diffraction angle. A particular grain is said to be in the “Bragg condition” when
the path difference of two adjacent scattered waves is a multiple integer of the x-ray
wavelength. As the codomain of sin(θ) is the interval [-1,1], d ≥ mλ

2 , which means
that the smallest observable inter-atomic distance is limited by the wavelength of the
radiation used, divided by two. As x-rays have usually a wavelength comparable with
most inter-atomic distances, they are the kind of electromagnetic radiation compatible
with diffraction experiments. Although Bragg’s law does not provide information on
the intensity of the diffracted x-rays, the square modulus of the structure factor is
proportional to the diffracted x-ray intensity at any Q allowed by the symmetry of
the system:

I(Q) ∝ |F (Q)|2. (4.13)
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4.1.2 Powder x-ray diffraction

The construct based on infinite crystals discussed in the previous section does not
match the reality of every crystalline system. Often, the order of the crystal lattice
is broken by grain boundaries, amongst other kinds of defects. In a powder sample,
several grains with random orientation are illuminated by an x-ray beam. Statistically,
a certain number of these grains will happen to be in the Bragg condition (see §4.1.1).
This will not give rise to a diffraction pattern with discrete Bragg reflections, but it will
generate a diffraction ring, as represented schematically in Fig. 4.3. In this scenario,
the scattered wavevector k’ lies on the surface of a cone (known as the Debye-Scherrer
cone) [119, 120].

If the orientation of the grains is purely random and isotropic, the intensity distri-
bution along the ring will be homogeneous, while in textured materials the intensity
is heterogeneously distributed. Therefore, the intensity along a diffraction ring is an
expression of the preferential orientations of the grains.

A more descriptive intensity proportionality, compared to the one shown in equation
4.13, is

I(Q) ∝Mhkl|F (Q)|2PL(Q)V Thkl, (4.14)

whereMhkl is an integer that depends on the symmetry of the crystal and on the (hkl)
reflection, P is the polarization factor, L(Q) is the Lorentz factor, V is the interaction
volume (which depends on the experimental geometry) and Thkl is a factor that de-
scribes any preferential orientations. In a perfectly isotropic powder, Thkl = 1 for
every (h,k,l).

Powder x-ray diffraction is often performed in transmission geometry, using samples
of flat plates and capillaries. Traditionally, point detectors are employed, which scan
around the diffractometer centre using the Bragg-Brentano [121] or Debye-Scherrer
[122] geometry. In the first case, both the sample incidence of the x-rays on a flat-
plate sample and the detector angle are simultaneously scanned, in a so-called θ− 2θ

scan. In the second case, the detector is scanned while rotating around the capillary
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Figure 4.3: Some of the randomly oriented grains in a powder specimen fulfill the Bragg condition and give
rise to diffraction rings.

axis. In this thesis, most of the work was done in the grazing-incidence geometry,
where the incidence angle is fixed and an area detector is either scanned around the
diffractometer centre or stands statically, facing the centre of the diffractometer.

4.1.3 Grazing-incidence geometry

The grazing-incidence geometry is an experimental configuration where the x-ray
beam illuminates a specimen at small incidence angles, in order to control the pen-
etration depth [118]. It is often used in surface x-ray diffraction to enable surface-
sensitive experiments. In this thesis, however, the interest is oriented towards nanos-
tructures encapsulated in nano-porous alumina and therefore, the grazing-incidence
geometry is used as a tool to select an appropriate penetration depth to illuminate the
nanostrucutres. The refractive index of the material is the link between the grazing-
incidence angle and the x-ray penetration depth.

In the x-ray regime, the refractive index can be expressed as

n = 1− δ + iβ, (4.15)

where δ is an expression of the scattering length and β is an expression of the atten-
uation length. The refractive index is related to the dispersion-corrected scattering
amplitude (equation 4.4) through the following:
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n = 1− 2πρatr0
k2

[f0(0) + f ′ + if ′′], (4.16)

where ρat is the atomic density of the material (number of atoms per unit volume)
and k is the wavenumber.

By comparing equations 4.15 and 4.16, we find the following relations for δ and β:

δ =
2πρatr0[f

0(0) + f ′]

k2
(4.17)

β = −2πρatr0f
′′

k2
(4.18)

In addition, β is related to the attenuation coefficient µ through the following:

β =
µ

2k
. (4.19)

Usually, δ and β are in the order of 10−5 and 10−6, respectively. This means that n < 1
and that total external reflection is possible when, e.g., x-rays travel from vacuum, or
air, towards any investigated material.

Snell’s law of refraction can be used to calculate the critical angle αc, i.e., the angle
that yields total external reflection, which is related to the material constant δ:

αc ≊
√
2δ. (4.20)

In the total external reflection condition, the incident wave exists in the form of an
evanescent wave inside the material. The amplitude of such evanescent wave is damp-
ened exponentially and the 1/e penetration depth Λ depends on the incidence angle
αi as follows [123]:
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Figure 4.4: Penetration depthΛ of hard x-rays with an energy of 20 keV and high-energy x-rays with an energy
of 67 keV into a semi-infinite slab of Al2O3, as a function of incidence angleαi divided by the critical
angle of total external reflection αc.

Λ−1 =
k√
2
{(2δ − sin2 αi)− [(sin2 αi − 2δ)2 + 4β2]1/2}1/2. (4.21)

The penetration depth Λ expressed in equation 4.21 is plotted in Fig. 4.4 as a function
of the incidence angle αi divided by the he critical angle of total external reflection
αc, calculated for beam energies of 20 keV and 67 keV, using tabulated values for δ
and β. The overall penetration depth at high-energies (67 keV) is higher than in the
hard x-rays regime (20 keV), due to the lower rate of interaction with matter.

The grazing-incidence geometry is particularly advantageous for the study of interfaces
compared to, e.g., electron microscopy, due to the fact that (i) it averages information
on sample size and morphology over a large area (the area illuminated by the x-ray
beam), whereas microscopy only provides information on a selected small area, (ii) it
does not require any particular sample preparation to study buried or encapsulated
interfaces, while in electron microscopy a cross sectional area needs to be milled or a
lamella needs to be extracted, and (iii) it allows in situ investigations under electro-
chemical conditions (and other sample environments).
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4.1.4 Strain

The mechanical deformation of crystalline materials can be extracted from a diffrac-
tion pattern. The cause of such deformations can be an applied external load, residual
stress or growth stress. The latter is the case in nanowires grown in confined environ-
ment.

Compressive or tensile deformation along a particular crystallographic direction re-
sults in an uniform variation of the lattice constant. This is the case of homogeneous
strain. If the distance d between atomic planes vary, so will the diffraction angle pre-
dicted by Bragg’s law (equation 4.12), leading to a shift of the peak positions from the
theoretical bulk value of the unstrained material d0, schematically represented in Fig.
4.5 (a) and (b). The strain can be then calculated as

ϵ =
d− d0
d0

. (4.22)

On the other hand, if the deformation leads to an uneven distribution of lattice con-
stants, caused by an interstitial defect, vacancy or dislocation, as shown in Fig. 4.5 (c),
a distribution of diffraction angles will fulfill Bragg’s law and the width of the diffrac-
tion peaks will be affected. In this case, the strain is said to be heterogeneous [119].
In the assumption that the diffraction peak is described by a Voigt profile, the root-
mean-square heterogeneous strain ϵRMS will contribute to the Gaussian component
of the width by an amount Γs, expressed by equation 4.23:

Γs = 4ϵRMS tan θ. (4.23)

One should notice that, while the homogeneous strain can be positive or negative
(depending if the strain is expansive or compressive), the heterogeneous strain is a
measure of the overall deformation of the material, regardless of the strain direction.
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Figure 4.5: Schematic of the unstrained material (a), material undergoing homogeneous compressive strain
(b), material with a defect that causes heterogeneous strain.

4.1.5 Crystallite size

Different crystallographic orientations meet at grain boundaries, as discussed in §4.1.2.
The size of a grain, or crystallite, τ affects the Lorentzian component of the peak width
as described by Scherrer equation [124]:

τ =
kλ

∆2θ cos θ
, (4.24)

where k is a dimensionless constant dependent on the shape of the crystallites (usually
close to unity), λ is the wavelength of the incident x-rays, ∆2θ is the width of the
diffraction peak expressed in radians, and θ is the peak position. In diffraction patterns
reported as a function of the scattering vector Q, τ can be expressed as a function of
the width of a peak ∆Q as

τ =
k2π

∆Q
. (4.25)

A common source of error in the estimation of the crystallite size is the spectral width
of the source. Bragg’s law (equation 4.12) works in the assumption that the incident
x-rays are perfectly monochromatic. In reality, even monochromatic x-ray beams have
a finite spectral widths ∆λ. Differentiating Bragg’s law with respect to λ, it can be
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found that the spectral width has an impact on the spectral peak width ∆θs:

∆θs =
∆λ

λ
tan θ. (4.26)

The Lorentzian component ΓL of the diffraction peak width is a sum of the contri-
bution from the crystallite size and the spectral width:

ΓL =
kλ

τ cos θ
+

∆λ

λ
tan θ. (4.27)

If we multiply every term in equation 4.27 by cos θ, we obtain

ΓL cos θ =
kλ

τ
+

∆λ

λ
sin θ. (4.28)

A plot of ΓL cos θ as a function of sin θ is called a Williamson-Hall plot [125]. With a
linear fit of the Williamson-Hall plot, it is possible to separate the width contribution
of the crystallite size (inversely proportional to the intercept) from the spectral width
(proportional to the slope). An example of such analysis can be found in Papers I and
IV.

4.1.6 Rietveld refinement: basic concepts

In the previous sections, we have seen that a lot of structural information is encoded
in powder x-ray diffraction patterns. One way to access this information is Rietveld
refinement. It consists in fitting the diffraction pattern with a theoretical model based
on parameters such as: symmetry group of the phases present in a specimen, lattice
constants, strain (both homogeneous and heterogeneous), size of the crystallites and
preferential orientations. The area of the fitted peaks is not arbitrary but it has math-
ematical constraints based on the square modulus of the structure factor, fulfilling
the proportionality in equation 4.14 [126–129]. The background can be part of the
refinement, too, by including the coefficients of a Chebyshev polynomial as fitting
parameters. A multitude of other parameters affecting the diffraction pattern can be
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part of the refinement, such as the crystallographic occupancy, which describes the
probability that a particular lattice site is occupied or not by an atom.

Rietveld refinement is based on a non-linear least square iterative algorithm that aims
to minimize the difference between the observed intensity yobsi and the calculated
model ycalci of the i-th data point as in the following equation:

M =

N∑
i

wi{yobsi − 1

c
ycalci }2, (4.29)

where the sum is extended to all N data points of the diffraction patter, wi is a statis-
tical weight and c is a scale factor.

The convergence of equation 4.29 by means of non-linear least square algorithm needs
an input of initial parameters that are not so far away from the solution [130]. In
particular, it is necessary to provide an input of how many phases are expected in the
pattern and their symmetry group. A good initial value of the lattice parameters is
also required.

The quality of the refinement is usually assessed by figures of merit, such as the profile
residual [131]

Rp =

N∑
i

|yobsi − ycalci |∑N
i yobsi

× 100, (4.30)

the weighted profile residual

Rwp =

N∑
i

wi
(yobsi − ycalci )2∑N

i wi(yobsi )2
× 100, (4.31)

and the goodness of fit, which depends also on the number of refined parameter p,

χ2 =
N∑
i

(yobsi − ycalci )2

n− p
. (4.32)
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(a)

(b)

Figure 4.6: Rietveld refinement of a LaB6 powder in a capillary (a), measured in the Debye-Scherrer geometry
with an area detector (see Paper I); Rietveld refinement of Pd nanowires in NP-AAO template (b),
measured in the grazing-incidence transmission geometry (see Paper V).

Fig. 4.6 shows two examples of Rietveld refinement. The data in Fig. 4.6 (a) was mea-
sured using a (2+3)-type surface diffractometer and an area detector, after vertically
aligning a capillary of LaB6 in the centre of the diffractometer. The measurement was
performed using an x-ray beam energy of 20 keV, with a size of 100 µm × 300 µm
(horizontal× vertical). The detector was scanned in the horizontal plane in an angular
range from 4◦ to 60◦. The data in Fig. 4.6 (b) was measured during the electrodepo-
sition of Pd in situ. The difference between the observed intensity and the calculated
model (the residual) is also reported in Fig. 4.6. In addition to the evaluation of the
figures of merit like Rp, Rwp and χ2, it is important to visually inspect the residual.
A good Rietveld refinement should show fairly constant residues.
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4.2 Small-angle x-ray scattering

The structure factor expressed as the Fourier Transform of the electron density in
equation 4.11, suggests that any periodic structure gives rise to a diffraction pattern
(assuming that the wavelength of the radiation used is smaller than the period of
repetition). The limit of Bragg’s law (equation 4.12) for d −→ ∞ corresponds to
infinitesimally small θ. Therefore, large-scale periodic structures (10-100 nm) lead to
Bragg reflections at small θ angles (0.05-0.005◦ at 70 keV, or 0.18-0.018◦ at 20 keV).
Small-angle x-ray scattering (SAXS) consists in detecting Bragg reflections and diffuse
scattering in proximity of the transmitted x-ray beam, to learn about long-range order,
size and morphology of a material [132, 133].

SAXS has been used widely in soft-matter applications to study the structure of macro-
molecular compounds such as polymers, colloids, surfactants, proteins, etc., loaded in
glass capillaries [134]. For such applications, the transmission geometry is employed.
However, SAXS can be performed at grazing-incidence geometry, to enable surface
sensitivity (GISAXS). This is especially useful to investigate, e.g., arrays of nanoma-
terials on a substrate. The control over the penetration depth, discussed in §4.1.3,
allows investigations of buried interfaces, too. When the chosen incidence angle is
significantly above the critical angle of total external reflection, the system is better
described by the grazing-incidence transmission geometry, which is the geometry used
in Papers III, IV, V and VI.

4.2.1 Grazing-incidence transmission SAXS

The GISAXS patterns measured at angles close to the critical angle of total external
reflection are subject to artefacts, described by the distorted wave Born approximation
(DWBA) [135, 136]. Fig. 4.7 is a schematic of the contributions to a GISAXS pattern
arising from a two-slab sample: scattering (a), reflection of the incident beam at the
interface between the two slabs, followed by a scattering event (b), scattering followed
by the reflection of the scattered light (c), reflection of the incident beam, followed
by a scattering event and reflection of the scattered light (d). The DWBA helps to
predict the scattering amplitude and look beyond the distortion of the GISAXS pat-
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GISAXS

GTSAXS

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

(e) (f)

Figure 4.7: Schematic description of scattering events (represented by red dots) that occur in the GISAXS ge-
ometry, as described by the DWBA approximation [(a)-(d)], and in the GTSAXS geometry [(e) and
(f)]. Reproduced from Ref. [139] with permission of the International Union of Crystallography.

terns, to retrieve information about the sample size and morphology. Some computer
programs were developed to simulate and fit the GISAXS patterns affected by these
distortions, such as IsGISAXS [137] and BornAgain [138].

A simpler approach consists in performing GISAXS at an incidence angle that is sev-
eral times the critical angle, entering the grazing-incidence transmission SAXS (GT-
SAXS) regime [139]. In this geometry, the SAXS pattern is a contribution of scattering
events or reflection at the two-slab interface followed by a scattering event [Fig. 4.7
(e) and (f )]. This is referred to as the Born approximation (BA), which describes
conventional transmission SAXS data.

4.3 Electron microscopy

An electron beam is a kind of ionizing radiation that interacts with matter, transferring
energy to tightly bound inner-shell electrons in atoms. There are several secondary
processes caused by the interaction of electrons with matter, which are summarized
in Fig. 4.8. An electron beam interacting with a specimen can generate secondary
electrons, backscattered electrons, Auger electrons, characteristic and Bremsstrahlung
x-rays. If high accelerating voltages are used and if the sample is sufficiently thin, the
transmitted electron beam and scattering arising from the sample can be also detected.
The general concepts summarized in this section are based on textbooks describing this
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Figure 4.8: Schematic of the electron-matter interaction processes.

subject [140, 141].

4.3.1 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is primarily based on the detection of secondary
electrons while systematically scanning the surface of the sample with a focused elec-
tron beam. Typically accelerating voltages of the primary electron beam are in the
range 0.5-5 kV. The primary electrons penetrate into the material for some distance
before they collide and transfer energy to the surrounding atoms. The interaction vol-
ume of the primary electrons is the region from which secondary electrons, backscat-
tered electrons, characteristic x-rays and Auger electrons are generated. The penetra-
tion depth of this interaction is proportional to the accelerating voltage and inversely
proportional to the atomic number of the atoms in the specimen observed, therefore
the accelerating voltage can determine the surface sensitivity of the technique.

The secondary electrons are loosely bound to the atoms and escape from a region of
a few nanometers from the surface. In most SEMs, an Everhalt-Thornley detector is
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normally used to collect the secondary electrons, which consists of a scintillator (to
which a potential of ca. +10 kV is applied), inside a Faraday cage (to which a potential
of ca. +300 V is applied). The imaging of the specimen topography is conducted by
correlating the history of the scan to the history of the detected secondary electron
intensity.

Backscattered electrons can be used to visualize chemical contrast. While secondary
electrons are subjected to inelastic collision and leave the sample surface in any direc-
tion with an energy smaller than 50 eV, backscattered electrons are elastically scattered
towards the source. The probability of generating backscattered electrons is propor-
tional to the cross-sectional area of the interaction with the atoms, hence the number
of backscattered electrons is proportional to the atomic number Z. For this reason,
backscattered electron imaging provides a chemical contrast between high-Z and low-
Z atoms. However, since the backscattered electrons have an energy usually much
higher than 50 eV, and therefore interact less with the surrounding atoms, they of-
ten originate from larger interaction volumes, reducing the surface sensitivity of the
technique.

4.3.2 Focused ion beam (FIB)

Similar to SEM, focused ion beam (FIB) is a technique where a beam of Ga+ ions is
scanned on the specimen surface with typical accelerating voltages of 10-30 kV [142].
At such potential, the Ga+ ions sputter the surface of the material, causing the ejection
of ions or neutral atoms. FIB is mostly used for systematical milling of the material,
rather than for imaging purposes. FIB milling yields some neat cross-sections which
are well-suited for the observation and the analysis of buried or encapsulated inter-
faces. Often, to protect the specimen from excessive sputtering of material, a strip of
Pt is deposited by operating the FIB while a gaseous injection system (GIS) introduces
Pt in the chamber. Fig. 4.9 (a) is a schematic representation of the arrangements of
the operating conditions of a typical FIB-SEM. In this thesis work, an SEM equipped
with a FIB has been used to mill cross-sectional regions of NP-AAO after the elec-
trodeposition of metals, in order to assess the result of the electrodeposition in terms
of morphology of the material and aspect ratio of the fabricated nanowires, such as
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Figure 4.9: (a) Schematic of the operating conditions of a FIB-SEM, (b) a typical cross-sectional view of Au
nanowires in NP-AAO, obtained by FIB milling (see Paper IV).

those in Fig. 4.9 (b).

4.3.3 Transmission electron microscopy (TEM)

In transmission electron microscopy (TEM), the primary beam goes through a thin
sample, then the transmitted beam goes through a system of lenses and apertures in
order to project a magnified image of the specimen onto a fluorescent screen. Since the
accelerating voltages are high (200-300 kV), the de Broglie wavelength of the electrons
is significantly small and high resolutions are possible. A schematic of a typical TEM
setup is shown in Fig. 4.11. In addition, by inserting an aperture in one of the image
planes of the imaging lens, it is possible to perform selected-area electron diffraction
(SAED). Similarly to x-ray diffraction, electron diffraction allows us to extract struc-
tural information from the investigated specimen. In contrast with x-ray diffraction,
(i) the structural information is not averaged over a large area of the sample, but it
arises from the relatively small area selected and (ii) the kinematical approximation
no longer holds and multiple, dynamical scattering must be considered.

In this thesis, TEM and SAED have been used to characterize the Au and Pd nanos-
tructures electrodeposited in NP-AAO. Fig. 4.10 shows a typical TEM image of some
Au nanoparticles and a SAED pattern, arising from the fcc structure of Au.
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Figure 4.10: TEMmicrograph of Au nanoparticles grown in NP-AAO. The SAED pattern in the inset arises from
the circled selected area (see Paper IV).

4.4 X-ray fluorescence

X-ray photons with sufficient energy can interact with matter causing the photo-
emission of core electrons in an atom [118]. This can cause vacancies in the electron
orbitals, as shown in Fig. 4.12 (a). These vacancies can be refilled by electrons in
outer-shell orbitals, causing the release of energy in the form of a photon. The energy
of the emitted photon equals the energy difference between the orbitals involved in
the transition, as shown in Fig. 4.12 (b). This phenomenon is called x-ray fluores-
cence (XRF). In XRF, the Siegbahn notation is often used to denominate transitions
occurring from the various electronic shells [143]. For instance, transitions from L to
K shells are called Kα, while transitions from M to K shells are called Kβ . Silicon
drift detectors (SDD) are normally used to detect XRF spectra, or regions of interest
around a particular emission line.

X-rays are not the only ionizing radiation that causes emission of characteristic lines.
In fact, XRF can be stimulated by electron beams. For this reason, SEMs and TEMs
are often equipped with SDDs, to learn about the chemistry of the investigated mate-
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Figure 4.11: Schematic representation of the TEM in imaging and diffraction mode. (Image credits: Eric
Kvaalen, CC BY-SA 4.0)

rial. In the field of electron microscopy, XRF is often referred to as energy dispersive
x-ray spectroscopy (EDS or EDX).

4.5 Two-dimensional surface optical reflectance (2D-SOR)

Two-dimensional surface optical reflectance (2D-SOR) is a technique where the in-
tensity of optical light, reflected by a surface, is imaged by a camera through a micro-
scope. Although traditional SOR was measured with point detectors, recent advances
of the technique enabled observation of the reflecting surface with spatial resolution
[144–146].

Fig. 1 of Paper VII shows a schematic of a 2D-SOR setup used to measure the re-
flectance from a specimen surface under electrochemical conditions. The light from a
LED with a wavelength of 660 nm is reflected by a mirror beam splitter and focused
on the sample surface. The optical path goes through a system of lenses and towards
a camera. With this setup it is possible to measure optical reflectance with a spatial
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Figure 4.12: Schematic energy level diagram of an atom during fluorescent x-ray emission. (a) A photon is
absorbed by the atom and an electron is photo-emitted, leaving a vacancy behind. (b) The vacancy
is refilled by electrons in outer shells, stimulating the fluorescent emission.

resolution that depends on the magnification of the microscope.

In the 2D-SOR setup shown here, the incident light is normal to the surface. In this
geometry, the Fresnel reflectance coefficient is independent of the light polarization
and can be expressed as [147]:

R =

∣∣∣∣n1 − n2

n1 + n2

∣∣∣∣2, (4.33)

where n1 is the refractive index of the medium (in this case aqueous electrolyte) and
n2 is the refractive index of the investigated surface.

Since imaging of the pores is not possible with a conventional optical microscope, the
measured reflectance of each pixel arises from an averaging over regions of approxi-
mately 5 µm in size (the spatial resolution of a typical 2D-SOR frame). The existence
of such averaging effect is supported by the Maxwell-Garnett approximation for the
effective dielectric constant of composite materials [148, 149]. This theory predicts that
the dielectric constant of a membrane of NP-AAO containing metal nanoparticles,
has a dielectric constant ϵ expressed as
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Figure 4.13: Simulation of the reflectance of as a function of the refractive index of the reflecting medium n2.

ϵ− ϵ0
ϵ+ kϵ0

= fm
ϵm − ϵ0
ϵm + ϵ0

, (4.34)

where ϵ0 is the dielectric constant of the membrane, ϵm is the dielectric constant of
the metal, k is a parameter dependent on the shape of the nanoparticles and fm is
the volume fraction of the membrane occupied by the nanowires. The dielectric con-
stant of the material is related to the refractive index and therefore to the reflectance
through the proportionality n ∝

√
ϵ. Fig. 4.13 shows a simulation of the reflectance

as a function of the refractive index of the reflecting medium n2, calculated using
equation 4.33 substituting n1 with the refractive index of water nH2O=1.333. Here,
the reflectance increases as a function of the refractive index of the reflecting surface.
Therefore, as the pores are filled and the average refractive index of the material in-
creases due to the metal growing in the pores, one would expect an increase in the
overall 2D-SOR signal.

However, the 2D-SOR images collected during the electrodeposition of Au and Pd,
shown in Fig. 4.14 (a) and (b), reveal a decrease in the reflected intensity. This suggests
that reflection is not the only light/matter interaction occurring. Although the origin
of the reflectance decay is not fully understood yet, it could be explained by plasmon
absorption in the growing nanowires. In fact, existing studies on Au nanorods encap-
sulated in NP-AAO, have shown an overall increase in the UV/Vis absorbance spectra
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(a)

(b)

Figure 4.14: 2D-SOR images collected during the electrodeposition of Au (a) and (Pd). In (a), a vertical streak
progressively appears, due to exposure to a high-energy x-ray beam during the measurement.

as a function of the nanorods aspect ratio [150]. Therefore, one could speculate that
the light illuminating the sample surface is incrementally attenuated as the nanorods
grow. However, this hypothesis could only be verified by using spectroscopy, which
is beyond the purpose and potentiality of a 2D-SOR measurement.
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Chapter 5

Summary and Outlook

Part of this thesis consisted in establishing a reproducible protocol for the electrode-
position of Au and Pd into NP-AAO templates. Using the method proposed, ordered
arrays of nanowires embedded in NP-AAO were fabricated. In order to learn about
the structure of the fabricated nanowires, ex situGIXRD was used. Synchrotron x-ray
diffraction with a (2+3)-type surface diffractometer, equipped with an area detector
was used for the structural evaluation. A protocol for the data reduction was estab-
lished to obtain one-dimensional powder diffraction patterns from such diffractome-
ter. Thanks to the rotational degrees of freedom of the diffractometer detector arm,
we could measure Au and Pd nanowires in NP-AAO ex situ and learn about the strain
anisotropy of Au and Pd nanowires electrodeposited in NP-AAO. Compared to the
theoretical bulk values, the lattice constant of both Au and Pd was slightly smaller in
the direction of confinement (i.e., the the horizontal direction) and slightly higher in
the direction of growth (i.e., the vertical direction).

For a better understanding of the structure-function relation of the Au and Pd nano-
wires, we explored their growth in situ. During such measurements, conducted dur-
ing the electrodeposition of Pd, strain variations and phase transitions were observed.
On the other hand, during the growth of Au nanowires, a time-dependent strain
anisotropy was detected. These aspects of the growth were unnoticeable in ex situ
measurements and underline the importance of time-resolved in situ measurements.

53



An electrochemical flow-cell, specifically designed for x-ray measurements, was used
to perform in situ electrochemistry at synchrotron facilities. A part of this thesis work
consisted in combining such cell with 2D-SOR, to obtain a versatile setup to monitor
electrochemical processes in real time. Such setup is easily transportable and has been
used in combination with synchrotron measurements.

In addition to XRD, we followed in situ the electrodeposition of Au and Pd in NP-
AAO templates by using GTSAXS, which is sensitive to the long range order (50-500
nm) of the nano-porous domains. Such measurements revealed information on dy-
namics, time-scale and homogeneity of the pore filling.

I Quantitative powder diffraction using a (2+3) surface diffractometer
and an area detector

Although originally designed for surface x-ray diffraction, (2+3)-type diffractometers
can be used to measure powders, textured materials and interfaces. However, extract-
ing quantitative information from a scanning rotating area detector is not a trivial
operation. In order to extract a powder diffraction pattern from a stack of detector
images, a data reduction protocol was established. It consists in angle calculations
that assign a diffraction angle to each pixel of each detector image. An intensity bin-
ning operation, based on the pixel-angle assignment yields one-dimensional diffrac-
tion patterns, perhaps more familiar to the readers in the powder diffraction field. As
a proof of principle, we measured a standard reference material (LaB6), processed the
data using the presented angle calculations, applied the intensity correction factors
and performed Rietveld refinement to extract quantitative information.

II Electrochemical Fabrication andCharacterization of PalladiumNano-
wires in Nanoporous Alumina Templates

In this paper, ordered arrays of Pd nanowires were fabricated by electrodeposition in
NP-AAO. The templates were prepared in different conditions of anodizing solution
and anodizing potential. Both were treated by means of electrochemical barrier layer
thinning. The effect of such template preparation method on the morphology of
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the nanowires was studied by FIB-SEM. Furthermore, the diffractometer described
in Paper I was used to characterize the nanowires ex situ by means of GIXRD. This
technique revealed anisotropies in crystallite size and lattice parameters, attributed to
growth in confined environment.

III In situ scanning x-ray diffraction reveals strain variations in elec-
trochemically grown nanowires

The method presented in Paper II to fabricate Pd nanowires has been used in situ
growth studies, by means XRD with a submicron hard x-ray beam. Space-resolved
tensile strain variations as a function of pore depth were detected, revealing higher
strain in proximity of the branched nanowires bottom.

IV Templated electrodeposition as a scalable and surfactant-free ap-
proach to the synthesis of Au nanoparticles with tunable aspect ratios

In this paper, ordered arrays of Au nanostructures were fabricated by electrodeposi-
tion in NP-AAO. The templates were prepared by anodizing the aluminum in H2SO4

and treated by either pore widening or electrochemical barrier layer thinning. FIB-
SEM was used to study the effect that the templates have on the morphology and the
aspect ratio of the nanomaterials. Similarly to Paper II, we detected anisotropies in
crystallite size and lattice parameter, which depend on the template pore size.

V In situ hydride breathing during the electrochemical growth of Pd
nanowires

In this work, high-energy SAXS and WAXS were used to characterize the growth of
Pd nanowires in situ. The key finding is that the nanomaterials grow as Pd hydride,
due to the presence of hydrogen evolving at the metal/electrolyte interface. Further-
more, alternating sequences of electrodeposition to sequences of rest caused phase
transitions from β- to α-phase Pd hydride.
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VI Anisotropic strain variations during the confined growth of Au
nanowires

In this short communication manuscript, the electrochemical growth of Au nano-
wires in NP-AAO was followed in situ using the same setup as in Paper V. By using
WAXS, the evolution of the direction-dependent lattice parameter was monitored.
Small strain fluctuations in the direction of growth were found by alternating se-
quences of electrodeposition with sequences of rest, which revealed that the electric
field might influence the interatomic distances of the nanomaterials during their for-
mation. At the same time, SAXS revealed insights on heterogeneous pore filling dy-
namics.

VII An electrochemical cell for 2-dimensional surface optical reflectance
during anodization and cyclic voltammetry

The combination of electrochemical flow-cell with 2D-SOR is a powerful tool that
can be used for surface studies under electrochemical conditions. A demonstration of
such setup is here shown for different electrodes, under oxidising and reducing con-
ditions.

Outlook

The Au and Pd arrays of nanowires fabricated in the course of this thesis work, could
be used in future studies as devices under operando conditions. For instance, arrays
of Pd nanowires in NP-AAO could be used as the working electrode in an electro-
chemical flow-cell, to initiate Pd hydride phase transitions and observe the dynamics
of hydrogen absorption and desorption. This system is potentially a good framework
for the understanding of the stability of Pd hydride nanostructures, towards applica-
tions in hydrogen storage and sensing. In this regard, the behaviour of the Pd hydride
breathing could be investigated as a function of the electrolyte pH, since there are two
possible pathways of hydrogen absorption: upon dissociation of H2 and from H+.
Additionally, the hydride breathing could be observed in situ as a function of elec-
trolyte temperature to learn about the diffusivity of hydrogen in the nanowires under
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electrochemical conditions. Another aspect that should be investigated is weather or
not presence of a x-ray beam has in influence on the hydride formation.

Ideally, it should be possible to combine Pd with other alloying metals such as Ag,
to increase the resistance to embrittlement, reduce the cost and improve the mate-
rial performance [151, 152]. Pd can be potentially combined with other metals to
obtain metal nanowire heterestructure or multi-segmented nanowires. For instance,
one could deposit segments of metals with hydriding properties, such as V, Fe and
MgO, and deposit a top segment of Pd. This approach is inspired by studies making
use of multi-layered materials, where a top layer of Pd is deposited to facilitate the
reversible hydrogen absorption and desorption [153].

The Au nanostructures fabricated in this thesis work have potential applications in
many fields of science. It should be emphasized that the order of the nanowire arrays
is based on the self-organized honeycomb structure of NP-AAO. Since large areas
of Al can be anodized at once, the nanowire fabrication should be easily scalable,
for industrial purposes. Furthermore, both the Au and the Pd nanostructures were
fabricated in absence of surfactants or capping agents and are thus readily available
for applications, whereas in some colloidal synthesis methods a de-capping stage is
necessary. Although the nanostructures are encapsulated in NP-AAO, the template
can be selectively dissolved to expose the surface of the nanostructures for applications
where the availability of surface sites is relevant, e.g., catalysis.

Finally, it has been shown that the growth in confined environments leads to a size-
dependent anisotropic deformation of the unit cell. This is potentially a useful finding
in fields such as strain engineering, catalysis and devices design. However, it is still not
clear what the origin of the stress that causes such deformation is and if the strain is
released upon selective dissolution of the NP-AAO template. An in situ observation of
the lattice parameter could be performed to find this out, while releasing the nanowires
in solution.
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EDS Energy-dispersive x-ray spectroscopy
FIB Focused ion beam
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GIS Gaseous injection system
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PXRD Powder x-ray diffraction
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SXRD Surface x-ray diffraction
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XRF X-ray fluorescence
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