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Introduction

Nanoporous metals represent a unique class of materials with promising
properties for a wide set of applications in advanced technology. Their
combined self-supported monolithic form, high surface area, and high
electrical conductivity are only the most obvious peculiarities of this kind of
material. Since the beginning of an intensive work in 2001, nanoporous
metals have shown high potential and tunable properties. However, the
effective use in real applications is hampered by some challenging issues,
such as the difficult fabrication of low-cost metals in a nanoporous form, the
mechanical fragility and the low stability in certain working environments,
i.e. electrolytes or high temperatures, and by the lack of a full understanding
of the origin of some peculiar properties. The work presented in this thesis
has been done with the purpose to address these issues. The fabrication of
nanoporous metals and related composites has been studied to enlarge the
possible properties of the common nanoporous gold and copper, and at the
same time to find new strategies for the fabrication of nanoporous
aluminum, a promising material for its low-cost, low-density, high electrical
conductivity and corrosion resistance. Moreover, nanoporous gold thermal
stability and behavior toward the degradation of organic dyes were further
explored.
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Chapter 1

Theoretical Framework

Porous materials are commonly defined as materials constituted by solid
and void parts, called pores. Pores, that can be in turn occupied by other
substances or fluids, can exist in several less or more complex
architectures. Depending on their open or closed form, we can find isolated
cavities, ordered channels, or percolating networks of passages. Porous
materials possess unique properties which are strictly connected to their
structure, such as the pores volume fraction, their dispersion and
distribution inside the matrix, and chemical composition [1]. Their
exceptional versatility makes this kind of materials suitable in a wide range
of applications areas, such as insulation, construction, impact protection,
sorption, catalysis and membranes [1].

When the characteristic lengths of a material drop to the nanometer scale,
a significant part of atoms will be located at the surface, provoking dramatic
changes to its properties compared with the bulk counterpart. Since the
atomic fraction of atoms located at the surface changes with the
characteristic lengths of the nanostructure, properties are commonly related
to the characteristic lengths and can be modulated by tuning them. Among
nanostructured materials, nanoporous (NP) ones are made of pores whose
size can range from fractions of nm to 1 um. Depending on this, they are
grouped by IUPAC into three categories:

1 Microporous materials: pore diameter between 0.2 and 2 nm;
1 Mesoporous materials: pore diameter between 2 and 50 nm;
1 Macroporous materials: pore diameter between 50 nm and 1 pm.

Despite this definition, in literature, these terms are also widely used for
indicating different pore sizes 1 i.e., microporous materials are related to
pore sizes in the micrometer order of magnitude.

During last decades, NP materials took a very important place in many
technological areas, thanks to their unique surface chemistry, high surface
area, large pore volume and high control of the pore structures [2,3]. Among
them, NP metals constitute an important group with unique properties [4-6],
commonly defined as metallic materials with pore sizes smaller than 200
nm and a porosity of no less than 30% [6]. An NP metal can be thought as
randomly interconnected metal nanoparticles that form a continuous
structure of metal ligaments and pores [4-6]. They, therefore, possess
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typical physical and chemical properties of metal nanoparticles, with the
important differences that they can be produced in monolithic form and
easily handled; moreover, they are
need a suspension medium [4-6].

Fig. 1.1 Typical network of interconnected ligaments and pores of an NP metal produced by
dealloying [7].

NP metals exhibit partial disentanglement between characteristic lengths,
porosity degree and total surface area [4,8,9]. Different combinations of
these fundamental features can give rise to different sets of physical and
chemical properties, which make NP metal foams show a unique promise
in terms of property engineering and tailoring starting from fundamental
science.

NP metal foams have been extensively studied for their effective catalytic
and electrocatalytic activity and selectivity, or as membrane materials for
fuel cell application [5]. In addition, as electrochemical supercapacitors, they
can deliver high levels of electrical power and energy storage density
coupled with long operational lifetimes [10,11] or enact chemical and
electrochemical actuation [12]. Otherwise, they have been proven to be
stable substrates for electrochemical and optical sensing [13] and as
plasmonic platforms for Surface-Enhanced Raman Spectroscopy (SERS)
and Metal-Enhanced Fluorescence (MEF) [14-18]. In addition, NP metals
offer great perspectives as structural materials, thanks to their promising
mechanical properties matched with a low density [9,19-21].

NP metals can be fabricated in different ways, the most common being
dealloying [4]. Dealloying is a process in which, layer by layer, one or more
components of an alloy are selectively removed and the other components

not
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diffuse along the interface between the alloy and the surrounding
environment, to minimize their surface free energy [9]. In the proper
fabrication conditions, this process leads to the formation of a 3D network
of interconnected ligaments and pores with tunable characteristic lengths.
An example of this typical structure is shown in . Besides, the dealloyed
material maintains the microstructure! of the parent alloy, apart from NP
metals made from metallic glasses. In this case, the dealloying of the
amorphous precursor promotes the aggregation of the remaining metal
atoms into crystalline structures by surface diffusion [9,22].

NP Au is the most important and studied NP metal, thanks to its chemical
stability, to the complete solid solubility in Ag lattice i ideal for an NP metal
fabrication by dealloying i and to its unique properties. Several applications
have been found for NP Au, from catalysis to sensing to hanomechanics
[9,23].

In this chapter, the main fabrication methods, properties and applications of
NP metals will be discussed and the work done in the thesis will be
introduced.

1.1 Fabrication methods of nanoporous metals

As mentioned above, NP metals are commonly fabricated by dealloying. To
obtain unimodal pore size distributions, the ideal dealloying should be
performed from a single-phase solid solution composed of two or more
elements [9]. The elements should have a different tendency to be removed
from the alloy in particular conditions. This tendency is governed by the
electrochemical potential difference in the case of chemical/electrochemical
dealloying [24], by the difference in solubility in another melt metal in the
case of the liquid-metal dealloying [25], or by the vapor pressure difference
in the case of vapor-phase dealloying [26].

1n this field, the term microstructure can be referred to different aspects of the microscopic
structure of a material, i.e. to the morphology of ligaments/pores network or to all the features of the
crystalline phases present in a material, such as crystal structure and grains orientation and size. In
this thesis the term will be always used in the latter connotation.
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For an ideal dealloying, some critical points should be satisfied [9,24,27]:

A the dissolution rate of the dissolving element should be
comparable to the diffusion rate of the non-dissolving element.
The length scale of pores and ligaments can be controlled by
tuning the ratio between the two rates. This can be easily done
by modulating characteristic parameters of each dealloying
method, such as temperature, concentration of the corrosive
solution or pressure;

A the difference in the driving force should be large enough to tune
the two described rates;

A the dissolving element content in the precursor alloy should be
above a specific content, called the parting limit. Below this
concentration, the not-dissolving element would rapidly passivate
the surface after dealloying of few atomic layers;

A the non-dissolving element should not be oxidized during the
dealloying.

The dealloying mechanism has been particularly studied for the ideal case
of NP Au produced by an AuAg alloy.

However, NP metals can also be obtained by performing dealloying outside
these strict terms which would restrict the possible nanoporous metals to a
few, especially noble and high-cost metals. As a result, not all NP metals
present the typical bicontinuous network of ligaments and pores but can still
possess interesting properties and be suitable for advanced applications
[28-32].

The most common method to prepare nanoporous metals is the selective
oxidation of the less-noble elements of a precursor alloy, commonly called
Chemical or Electrochemical Dealloying , depending on whether or not
an external potential is used to allow or control the dissolution process. As
anticipated before, this method is remarkably suitable for the fabrication of
nanoporous noble metals, like Au, Pt, Pd, Ag, Cu from a precursor binary
alloy. Although with more efforts, nanoporous bare metals (such as Ni [33],
Ti [34], Al [31], Zn[35]) can also be produced by this method. However, the
efficient fabrication of these NP metals has not been achieved yet.

Later, another type of dealloying was conceived, the Liquid Metal

Dealloying (LMD) [25]. This method is based on the difference of solubility
in a melted metal between two or more elements of an alloy. The more
soluble elements can be dissolved in the metal, while the atoms of the less
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soluble alloy components can reorganize in the classical network of
interconnected ligaments and pores, in this case occupied by the melt
solution. After the shaping of the NP metal, the solidified solution of the
melted metal and the dissolved elements can be removed through a proper
chemical etching. This last process narrows the number of NP metals that
can be produced without being corroded. Moreover, the high temperatures
necessary for the use of metallic melts commonly lead to a large coarsening
of the porous structure, with characteristic lengths commonly higher than
200 nm [25,36,37].

Fig. 1.2 NP metals made by dealloying: a) NP Au made by chemical dealloying, scale bar: 100 nm
[38]; b): NP Ti made by Liquid Metal Dealloying, scale bar: 1 pm [25]; ¢c) NP Co made by Vapor
Phase Dealloying, scale bar: 200 nm [26].

The described methods present some economic and environmental
drawbacks in common, for example, the etching produces chemical waste
and the sacrificial metals are difficult to recover.

Recently, a type of dealloying based on the selective sublimation of an alloy
component was conceived [26]: indeed, when a difference in vapor
pressure between two alloy components exists, it is possible to promote the
sublimation of one component during thermal treatment in low-pressure
conditions. The introduction of this method, known as Vapor Phase
Dealloying (VPD), paves the way for the production of new NP metals, with
the important benefits that the chemical reactivity plays no role in the
process and that there is no need to use other chemicals, apart from the
alloy precursors. A limit of this technique is the restricted number of metals
that can be sublimated at relatively low temperatures (under 600°C).
Therefore, the number of NP metals that can be produced is limited by the
number of suitable precursor alloys. shows the typical morphologies of NP
metals produced by the three different methods.

Apart from dealloying, other routes are suitable for the fabrication of NP
metals, such as through controlled combustion of transition-metal
complexes [39] or soft and hard templating [40]. Among all the possible
methods, dealloying is surely the most important method [4] thanks to the
unique bicontinuous porous structure with tunable characteristic lengths
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that can be formed, its relative simplicity and generality and to the possible
conversion to large scale production. The vast majority of published papers
about NP metals regard materials fabricated through dealloying and the
number of published papers and citations per year has increased
exponentially since the pioneering work of Erlebacher et al. in 2001 [24].
Therefore, from this point on, the discussion will be referred to those NP
metals fabricated by dealloying, unless specified.

1.2 Properties and related applications of NP metals

NP metals show unique and exceptional properties that can find great
interest for applications in actuators, electrochemical, electronic and optical
sensors, electrochemical energy storage and conversion, green synthesis
of organic chemicals, automobile exhaust systems, drug loading and
release, photothermal therapy, and diagnostic.

1.2.1 Electronic transport properties and applications

NP metals show good electrical conductivity, which was found to be only 1-
2 orders of magnitude lower than that of their bulk counterpart [41]. In
addition, they can selectively undergo changes in electrical resistivity when
their surface state is perturbed: reversible changes of around 4% and 43 %
in double layer and specific surface adsorption charging regimes were
observed [42]. The latter effect has been ascribed to the chemisorbed
molecules acting as scattering centers for the charge carriers while the first
could be also caused by a change in surface charge density [43].

For this reason, NP metals can be used as electronic sensors. NP Au
nanowires have been used as sensors of octadecanethiol with a sensitivity
factor of 1.0-10-16 cm? and a change in resistivity of 3% when the molecules
adsorb on the sensor surface [44]. NP PdAg alloy with ligament size around
5 nm was instead proven as a fast and reliable sensor for the detection of
H2[45]. NP Pd, as bulk Pd, is known for its hydrogen storage capacity: when
H2 dissolves in Pd lattice, it changes the electrical resistivity of the material
[46].

1.2.2 Mechanical Properties

The mechanical properties of NP metals offer great opportunities: they
combine the properties and workability of bulk metals with a much lower
density. In addition, the nanostructured size of their ligaments gives NP
metals more strength than their bulk counterparts by at least one order of
magnitude or more [47], which increases with the decrease of ligament size,
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as shown in Fig. 1.3. The following scaling law relating yield stress ,, to
ligament size i has been proposed by several works [9,20,48,49]:

., Of h
"n r Eq. 1-1
where 0 and a are constants.
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Fig. 1.3 Hardness (blue and purple) and yield stress (orange) values for different ligament diameters.
p* is referred to the density of the different NP Au samples. Image taken from ref. [9].

Therefore, NP metals find great interest in the automotive and aerospace
sectors, where reliable lightweight high-strength materials are ideal for
enhancing the efficiency of the means of transportation while maintaining
performances and safety issues, and simultaneously boosting fuel economy
[50].

The enhanced strength of NP metals with respect to their bulk counterpart
has been ascribed to two mechanisms: firstly, the dispersion of pores and
channels across the solid metal brings a strengthening similar to dispersion
strengthening typical in solid dispersoids [9]; secondly, the nanostructured
size of metal ligaments influences the nucleation and migration of defects
under mechanical deformation conditions by suppressing the dislocation
activity and resulting in strengthening of the material [51].
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Unfortunately, the high theoretical strength expected for nanometric areas
of NP metals has never been achieved in macroscopic samples. Fabrication
methods invariably result in NP metal structures with a relatively high
density of cracks, which make the monolithic sample extremely brittle and
unable to bear external mechanical loads [527 56].

This is a point of serious concern for scientists, engineers, and
technologists, which hinders the use of monolithic NP metals in the various
areas of advanced science and engineering mentioned above.

For this reason, considerable efforts still have to be made to understand the
mechanical behavior of NP metals.

1.2.3 Coarsening

As anticipated above, NP metals exhibit coarsening of their pore/ligament
network during some processes like dealloying itself, thermal treatments, or
during their catalytic activity. This is caused by the diffusion of the metal
atoms at the surface. For this reason, dealloying of the same alloy in
different acidic or basic solutions brings to different length scales of pores
and ligaments by affecting the surface diffusion rate of the metals at the
interface. Coarsening can also be affected by the adsorption of different
gases at the surface during a thermal treatment, which here too change the

Fig. 1.4 Self-similarity in NP Au coarsening: from left to right, the 2D and 3D morphology of NP Au
samples treated at 300, 400, 500, and 600°C for 2h are shown [57].

In coarsening, we find one of those peculiarities that make NP metals so
appealing. It enables the fine tuning of the material characteristic lengths
from few nm to tens of um, which become even visible by optical
microscopy. This opens up the road to device design with optimized
performances for a specific application. However, from the other side, some
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applications require NP metals with nanometric characteristic lengths to
work at high temperatures or in long-cycles electrochemical processes. This
is a critical point because coarsening rapidly causes the increase of the
characteristic lengths and with this the drop of its performances, such as its
catalytic activity, SERS or MEF efficiency, the mechanical strength, and so
on. For this reason, this process has been intensively studied.

NP metal structure is thermodynamically metastable because of its high
surface area. For this reason, when the atoms have sufficient mobility, tend
to form larger ligaments and pores. The process has been found to proceed
in a self-similar structure, as shown in Fig. 1.4, without densification [57].
Nevertheless, other works reported the non-self-similar nature of the
process [58]. Kinetic Monte Carlo and Molecular Dynamics simulations
explained the coarsening evolution as a result of the complex geometry of
t he | i gnetwogknih which regions of positive, negative, and saddle
points curvature can be found. Taking into account these topologies, the
simulations indicated that coarsening evolve via pinch-off Rayleigh
instabilities to form larger ligaments and that inverse Rayleigh instabilities 1
a tunnel breaking up into a series of voids i can also occur, explaining the
presence of large voids within NP Au ligaments, observed by TEM [591 61].

In several papers, the ligament diameter _ of NP Au is found to grow with a
power law respect to the time 0[8,62,63]:

Q® h Eq. 1-2

where Qis a proportionality constant, £ is the coarsening exponent and O
is surface self-diffusivity. O can be written in the Arrhenius form, typical of
thermally activated processes:

0O 0Q h Eq. 1-3

Where O is a constant, O is the activation energy. Therefore,
becomes:

006 Q h Eq. 1-4
Whered D

However, there are sever al other reports i
relationship, even if there are no important differences in processing

conditions and morphology features of the NP metal [52]. This suggests the

occurrence of secondary processes during annealing and of hidden

parameters that heavily influence those processes.

10
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1.2.4 Catalytic properties and applications

NP metals show very interesting catalytic properties for different types of
reactions. For example, NP Au has been shown to be highly active towards
the oxidation of the poisonous CO, the selective oxidation of alcohols, or
the reduction of CO2. NP Pt can instead promote the reduction of Os2.
Several detailed reviews can be found about NP metals catalysis [9,641 66].
Here, we dwell on some of the most studied reactions, where the
relationship between NP metalsdstructure and catalytic activity has been
extensively explored.

NP Au has been found with a very high catalytic activity and selectivity for
several oxidation reactions, either in gas phase either in liquid phase. The
first oxidation reaction which gained huge interest was that of CO at low
temperatures, even down to -30°C [65]. Since then, it is still the most studied
reaction catalyzed by NP Au [64,66,67]. Later, other reactions such as the
oxidation of alcohols [68] and hydroxylamines [69], or the selective oxidative
coupling of alcohols to corresponding formates [70] were observed. In
particular, the very high selectivity and catalytic activity higher than that of
Au nanoparticles with the same feature sizes has attracted the attention of
researchers since 2006 [65]. Moreover, NP Au is not prone to
agglomeration, a phenomenon that causes the drop in the catalytic activity
of Au nanoparticles. These aspects make NP Au a very promising catalyst:
for example, its activity toward CO oxidation can be exploited in automobile
exhaust systems [65] and the catalytic activity and excellent selectivity of
towards organic reactions, such as methanol oxidation to methyl formate or
benzyl alcohol to benzaldehyde [68,70], make it suitable for green catalysts
in chemical synthesis. Commonly, any oxidation over the Au surface can
happen only with the presence of active oxygen at the surface. This is
believed to be the first and key step in any catalytic cycle for NP Au too [64].
How NP Au adsorbs and dissociates molecular oxygen is still under
discussion [64,71,72]. The high catalytic activity of NP Au towards oxidation
reactions is commonly associated with the high number of low-coordinated
Au atoms on the NP Au surface [9,73], attributable to the nanometric size
and curvatures of NP Au ligaments. Indeed, it has been calculated that the
number of low-coordinated atoms on NP Au ligaments is higher than that of
those present on Au nanopatrticles with the same sizes (see Fig. 1.5) [74].
Besides, when the structure coarsens to higher ligament sizes, causing a
decrease in the fraction of low-coordinated atoms at the surface, the
catalytic activity of NP Au falls until vanishing [64].

Usually, NP Au is produced from an Ag-rich precursor alloy and a residual
concentration from tens to 0.1 percent is always present in the dealloyed

11
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material [9,64]. Its role in the catalytic activity of NP Au is still unclear. Ag
sites could bind to oxygen more strongly than Au ones, promoting its
dissociation and so the oxidation of molecules adsorbed on Au sites.
However, this cannot explain itself the catalytic behavior of NP Au. Indeed,
NP Au produced with other strategies without Ag impurities, still present
high catalytic activity [75]. Since the surface state of Ag impurities is not
known, its influence on the catalytic properties of NP Au is difficult to
understand and more studies are still necessary for this purpose [64].

From the other side, the relevance of low-coordinated Au atoms for both the
catalytic activity and the selectivity is not in question. Besides, recent papers
reported that the catalytic activity of NP Au can be enhanced by promoting
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Fig. 1.5 Quantitative calculations for low-coordinated surface atoms on NPG ligaments and Au
nanoparticles. a) 3D atomic configurations of an NPG ligament and a truncated octahedral Au
nanoparticle. b) Relation between the number fraction of low-coordinated surface atoms and the
equivalent radii of Au ligaments and particles. c) Specific surface area as a function of the equivalent
radii of NPG ligaments and nanoparticles [74].

the formation of particular Au facets on the surface of NP Au through
chemical or electrochemical processes [21,76]. This type of surface
engineering can be performed both during dealloying, both after the

dealloying. It is therefore possible to renovate the surface structure after its

12
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changes during catalytic cycles, increasing the number of cycles NP Au can
be used.

While the origin of the catalytic activity of NP metals surely comes from the
nanostructured features of their ligaments, at the same time the
nanostructured size of pores hampers the mass transport through the
channels, slowing down the reaction rates. For this reason, NP metals with
multimodal pore sizes, as that shown in Fig. 1.6, are found to be better
catalysts, by combining the enhanced mass transport through larger pores
with the high catalytic activity arising from the nanostructured features
[77,78].

Fig. 1.6 NP Au with multimodal pore size distribution: a) low magnification SEM image with pores
of few um; b) higher magnification image of macro-ligaments of a) displaying nanometric ligaments
and pores [78].

Apart from NP Au, other NP metals have shown interesting catalytic activity,
such as NP Cu [79], NP Pd [80] and NP Ag [81]. As for NP Au, the low-
coordinated atoms are the source of the catalytic activity, and so the
characteristic lengths of the porous structure strongly influence the activity.
Notably, NP alloys have been studied recently and gathered great interest.
NP Au-Pd alloy was found to behave as a better catalyst than NP Au and
NP Pd for highly chemoselective 1,4-hydrosilylation of conjugated cyclic
enones with hydrosilane [82]. On the other hand, NP NiCu alloy possesses
high catalytic activity and selectivity for the non-oxidative dehydrogenation
of ethanol to acetaldehyde [83]. Recently, NP NiCuMnO was proposed as
a low-cost and stable catalyst for NO reduction and CO oxidation [84].

1.2.5 Electrocatalytic properties and applications for energy
conversion and sensing

N P met al s o high surface area, good el
interconnected ligaments and pores that allow chemical species to flow into

13
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the electrode, are ideal features for electrocatalysis. Besides, NP metals
have shown great efficiency, sometimes higher than commercial
counterparts, as electrocatalysts [4,85].

Fuel cells enable direct and spontaneous conversion of chemical energy
contained in fuel and oxidants to electrical energy. The advantages of these
devices are: low or zero emissions, high efficiency, flexibility in output power
levels that can be generated from the same system of cells, and high
stability. Among the various types of possible fuel cells, NP metals are
particularly promising as electrodes for polymer electrolyte membrane fuel
cells thanks to their outstanding electrocatalytic activity. Hydrogen-Fuel
cells, direct methanol fuel cells, and direct formic acid fuel cells have been
particularly studied. Pt or Pt-based catalysts are the most used and efficient
electrodes in fuel cells. However, Pt devices life is limited by poisoning from
carbonaceous species like CO, which adsorb on the metal surface and
dramatically decrease its efficiency. This aspect, in addition to the high costs
and limited reserve of Pt on earth, makes the search for efficient catalysts
with low or no loading of Pt a very active research area [4,86].

NP Au shows a great catalytic activity for methanol electrooxidation, that
can be further enhanced through the deposition of tiny amounts of Pt [87]
or a Pt layer [88]. From the latter, an electrocatalytic activity greater than
that of commercial Pt/C was achieved. NP Au-Pt electrocatalysts were
further studied to achieve optimal results with ultralow Pt loading and high
stability [5,89]. Moreover, the poisoning of the surface was greatly reduced
by suppressing the adsorption of carbonaceous species like CO thanks to
the catalytic activity of Au towards their oxidation. Other interesting results
were obtained from NP metals made of Pt alloyed with other elements like
Cu, Co, and Ni, whose presence is fundamental for the decrease of the
poisoning effect [90,91]. Recently NP Pd-based alloys were also proven to
be efficient electrocatalysts of electrochemical reduction of CO:2 to formate
[92]. Here too, alloying elements like Cu, Co, Ni and Ag were used for
making the electrocatalyst tolerant to CO poisoning and reducing the Pt
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loading. The electrocatalytic activity for hydrogen evolution reaction (HER)
of NP Ni films has been intensively studied for water splitting [93].
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Fig. 1.7 Schematic illustration of immunosensor assembling based on NP Au/graphene hybrid
platform and horseradish peroxidase-encapsulated liposomes as labels for the sensitive detection
of cancer antigen 15-3 [94].

The high surface area and electrocatalytic activity of NP metals are also
suitable for electrochemical sensing with high sensitivity and selectivity.
Nonenzymatic sensors for small molecules, such as glucose, hydrazine,
nicotinamide adenine dinucleotide (NADH), H202, and dopamine have been
designed with NP Au as an integral part of the device [13]. NP Au has been
used for the electrochemical detection of the organic pollutant p-nitrophenol
(p-NP) with high sensitivity and good selectivity [95]. Since the
electrocatalytic activity of NP Au comes from the surface atoms, a more
cost-effective NP metal made of Cu core and an Au shell was proposed for
the nonenzymatic sensing of glucose [96]. Moreover, other NP metals and
alloys, such as NP Ag, NP Pd, and NP PtAg, have been studied for this
purpose [971 99]. NP metals can also be used as supports for enzyme
immobilization to extend the sensing applications [100i 103], or for
antibodies immobilization in immunosensors (See Fig. 1.7) [94,104i 107].
NP PtCo alloy was used as substrate of an immunosensor for the enzyme-
free detection of zeranol, with a very high detection limit up to 13 pg/mL
[104].
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Fig. 1.8 SERS spectra of Rhodamine 6G (R6G) (a) and Crystal Violet (CV) (b) on NP Au with
different pore sizes: the enhancement factor increases as pore size decreases (c) [108].

1.2.6 Optical properties and applications

Thanks to their characteristic lengths, NP metals show interesting optical
properties that make them suitable for a wide set of applications in various
technological areas.

As for metal nanostructures, NP metalsdé op
from those of their bulk counterparts. Their uniqueness can be exploited for

detection of analytes through Surface Enhanced Raman Spectroscopy

(SERS), Metal Enhanced Fluorescence (MEF), and Infrared (IR) absorption

spectroscopy and for biomedical applications.
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Due to the nanometric size of the ligaments, surface plasmons' energetic
levels change with the size and shape of the ligaments and with the
surrounding environment, modifying the metal color. When excited at
frequencies near plasmon resonance absorption peak, Localized Surface
Plasmon Resonance (LSPR) occurs, resulting in a great enhancement of
the electromagnetic (EM) field at the metal/dielectric interface, which rapidly
decreases with the distance from the surface [109].

For this reason, molecules adsorbed on the metal surface perceive
enhanced EM field and can generate enhanced Raman signals of up to 1012
times. This effect is harnessed in SERS, where detection limits up to the
single-molecule can be achieved. NP noble metals, such as Au, Ag, and Cu
have been proven to be efficient SERS substrates. Since the SERS
enhancement factor (EF) is remark
metal nanostructures, the pore size plays a predominant role in the EF.
Several studies indicate that smaller pore sizes lead to stronger
enhancements (see Fig. 1.8) [13,108], although sometimes better results
are obtained by dealloying NP metals for more time, resulting in larger pore
sizes but with less, SERS-inactive impurities [13,16]. Apart from noble
metals, NP Al and NP AIMg alloy were proposed as SERS substrates in the
UV spectral range [110], where common NP noble metals are not suitable.
This can be patrticularly interesting in the field of sensing and catalysis, since
the major part of organic molecules shows major absorption in the UV range
[110]. SERS-based sensors made with NP Au have been explored for the
optical sensing of Hg?* traces with an ultralow detection limit of 1 pM,
comparable with the most sensitive optical detectors of Hg?*, with excellent
selectivity [111]. Another work reported that patterned NP Au nano-disks
can be used for in-situ monitoring of DNA hybridization through SERS [112].

Similarly to SERS, NP metals can manifest MEF, i.e. the fluorescence
enhancement of a molecule or nanomaterial deposited on a metal surface
[17,110,113]. As for SERS, the enhancement of the fluorescence is due to
the enhancement of the electromagnetic field near the plasmonic surface.
However, while for SERS the efficiency increases as the analyte-metal
distance decreases, in this case, the direct contact between the two
materials can bring to non-radiative charge transfer, and so to fluorescence
guenching. Therefore, a spacer between metal and analyte could be
necessary, according to the system [114]. NP Au with silica thin films was
produced and showed that an optimal distance between the metal surface
and Rhodamine 6G molecules should lie around 20 nm [114]. Instead, MEF
of quantum dots deposited on NP Au was exploited for the development of
a sensitive and quantitative H1N1 virus sensor, as shown in Fig. 1.9 [115].
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Fig. 1.9 Schematic illustration of virus detection using NP Au leaf (NPGL). The NPGL (a) and
quantum dots (QDs) (b) were firstly conjugated with anti-hemagglutinin (HA) antibodies (anti-HA Ab,
Y shape). Then anti-HA Ab-conjugated with NPGL and QDs form complex (c) in presence of HA on
the surface of influenza virus, finally enhancing photoluminescence (PL) intensity (d). Calibration
curve for quantitative determination of virus concentration (e). Image adapted from [115].

By tuning the plasmonic absorption of NP Au, it was observed that it can
also be used as a substrate for IR chemical and refractive index sensing
[116,117].

SPR is also responsible for NP metals photocatalysis. Localized surface
plasmons can also decay into charge carriers, called hot carriers, which can
be transferred to molecules or other species near the metal surface and
promote chemical reactions [1187 120].

In some cases, NP metals exhibit other very interesting optical properties,
such as extraordinary light transmittance of thin films [121] and
photothermal effect [122]. The latter is widely studied in biomedical
research, such as for drug delivery and cancer therapy. Recently, some
studies reporting also the use of NP metals for applications based on this
effect were released. NP Au nanowires motors were used for drug loading,
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transport, and delivery. NP Au disk arrays induce the inactivation of heat-
resistant bacteria through photothermal effect with NIR irradiation [123]. In
addition, drug-loaded NP Au nanoshells produced by a template method
showed a synergistic chemo-photothermal effect in in-vivo tumor therapy
[124].

1.2.7 Actuation

Materials that respond to a stimulus, such as an electrical potential, with a
reversible volume change can be used as actuators. There is a wide variety
of materials with different sets of properties of interest for actuation, such
as the common piezoelectric ceramics. Among them, materials with a very
high surface area, such as NP metals and carbon materials, are suitable for
actuation thanks to their high response to surface state changes. When the
interatomic bond strength at the surface change, the surface stresses of the
metal carry a mechanical strain. Typically, the surface stress is induced in
an electrochemical cell where the NP metal is an electrode, by a transfer of
charges to or from the space-charge region at the surface of the metal,
which constitutes a layer of the electrochemical double-layer. The change
in the local charge density results in a change of surface stress of the metal.
Strain amplitudes of up to 2 % can be achieved and even observed to the
naked eye. These values are outstanding, comparable to those of
commercial actuator materials [125]. Also in this case, smaller ligament
sizes lead to major effects, as shown in Fig. 1.10 [126].

Actuators made of NP Au [125], Pt [127], Au-Pt [128], Pd [129], Ag [130]
and Au-polymer composite [131] were fabricated. However, recently NP Ni-
based devices showed outstanding performances; that, in addition to costs
of fabrication very lower in comparison with those of noble metals, makes
this material very promising for future applications [150]. In this paper, for
the first time, a high level of long-term stability was achieved, with a 70 %
of strain retention after 10,000 cycles for the NP Ni actuator. Moreover, the
actuator manifested a very high reversible strain of about 2 % and one of
the higher work densities for actuators materials. Apart from
electrochemical actuation, some studies reported that other mechanisms
can promote actuation. Biener et al. found that the surface stresses of the
NP metal can be modulated in a chemical way, by alternating adsorption of
different gases at the surface [132]. With this method, they obtained a strain
amplitude of 0.5 %. Moreover, Yang et al. recently demonstrated that NP
Au photothermal effect can generate heat-mediated actuation in the
material [133].
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Fig. 1.10 Ligament size dependence of the charge-induced strain in nanoporous metals. The strain
amplitude recorded on five NPG samples with different ligament sizes decreases with the increasing
ligament size [126].

1.2.8 Electrochemical energy storage

The development of more efficient Li-ion batteries and supercapacitors
represent an integral part of the transition process to renewable energy
supply. NP metals, thanks to their good electric conductivity, high surface
area, and the particular convex/concave curvature of ligaments represent
promising materials for these applications as electrodes or supports for
electrode deposition.

Supercapacitors have attracted attention for their capability of energy
storage and extremely rapid charging and discharging. NP metals have
been widely investigated as electrodes for supercapacitors [4,10,134,135].
Supercapacitors with NP Au as electrodes were studied by Lang et al. [135]
with good performances both in KOH aqueous solution, both in ionic liquid
electrolyte, in which the system displayed improved operating voltage
range, from about 1 V to 2V. Supercapacitors based also on the much more
economic NP Ni were produced both in organic solvents [136] and in ionic
liquids [137]. Although NP metals have shown good perspectives as
supercapacitor electrodes, their performances can be still improved by
oxidation/oxyhydroxidation of the surface [28,138,139] or by the production
of hybrid systems with active materials in the surface of NP metals, such as
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metal oxides [11,140,141] and polymers [142]. Among all, NP Au/MnO:
hybrid system represents the most promising and studied system, for its
extraordinary high levels of power delivery with high-energy storage
densities [11,140]. An illustration of NP Au/MnO2-based supercapacitor is
shown in Fig. 1.11.

Nanoporous electrodes for Li-ion batteries are convenient for several
reasons: apart from their already mentioned advantages for any
electrochemical system, the nanoscale porosity comports the reduced Li-
ion diffusion length between electrolyte and electrode; moreover, the free
space occupied by pores supports large volume expansions during
discharging-charging processes. Thanks to their properties, NP metals
have been studied as electrodes, such as NP Sn/SnSb [143], or as 3D
scaffolds for the deposition of other electrode materials, such as metals
[144], metal oxides [145], metal sulfides [146] and insertion materials [147].
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Fig. 1.11 Fabrication of NP Au/MnO: composite by MnO:2 growth inside NP Au pores (a).
Supercapacitor device constructed with NP Au/MnO: films as electrodes, aqueous Li2SOs as
electrolyte, and tissue paper as separator (b). Photograph of NP Au/MnO2-based supercapacitor (c)
[11].
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1.2.9 Properties of Nanoporous Metals in Composite Structures

As already mentioned, NP metals as self-supported high surface area
materials with optimal electrical conductivity, represent ideal supports to
realize functional composite structures. These structures can be highly
interesting as they can be used for improving properties both of the NP
metal or the deposited material, or to trigger uniqgue phenomena that ca n
happen with just one of the two elements of the system. NP metals can be
combined with other substances, such as metal nanostructures, with metal
oxide nanostructures and organic compounds.

Metal nanostructures deposited on NP metals can result in stronger SERS
enhancements and broadened exploitable wavelength spectrum [148].
Moreover, as anticipated before, Pt nanostructures in form of clusters or
ultrathin layers can greatly enhance the catalytic or electrocatalytic activity
of NP Au [89].

Metal oxide nanostructures on NP metals can heavily influence their
properties. In addition to the already mentioned NP Au/MnO:2 system for
supercapacitors electrodes, metal oxide nanoparticles such as Al-O3 and
TiO2 can stabilize the NP metal, increasing the temperature ranges and
times in which the metal can be used without losing its properties. Besides,
catalytically active metal oxide nanostructures, such as TiO2 and
CuO/CuOg2, can enhance the activity of the NP metal, by adsorbing chemical
species which will selectively react thanks to the catalytic activity of the NP

metal [75,149,150]. This system, commonl y call ed Ai nver se

resembles the more common opposite system where metal nanoparticles
are deposited on metal oxide supports that are commonly necessary for
enabling the catalytic activity of the metal.

NP metals can be coupled also with organic compounds. They can be used
to functionalize the surface for specific catalytic and sensing applications
[151]. Polymers can also greatly enhance the macroscopic ductility of the
NP metals, as in the case of NP Au, which exhibited tensile ductility when
different polymers, such as epoxy resin and polyurethane were impregnated
in the metallic network [152]. These composites match the high strength of
NP Au with the macroscopic tensile ductility arising from the polymer
coating. NP Au coated with polyaniline has been shown to perform actuation
without the use of any electrolyte, thanks to the presence of sulfate anions
as dopants in the polymer matrix, which can tune the surface stress of the
NP metal [131]. This mechanism of actuation allows to 3-fold enhance the
strain rate of actuation, commonly limited by the low ionic conductivity in
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metal/electrolyte actuators. Moreover, it prevents coarsening during
electrochemical redox reactions.

Despite the fascinating outlook, the exit of NP metal-based devices in the
global market is hampered by some problems:

A At present, a substantial number of studies about NP metals and their
properties is restricted to a limited set of elements, such as Ag, Pt,
Pd, Cu, Ni, and mostly Au [5].

A Looking at the array of papers on NP metals, we can find wide
variability in the values of important properties and, more importantly,
in the relationship with other properties and the material structure.
This implies the existence of some hidden parameters which are not
taken into account while they probably greatly influence the
properties of the materials [8]. To solve some critical points, such as
the mechanical brittleness and thermal and electrochemical stability,
a deep understanding of the structure-properties relationship is of
paramount importance.

A NP metal foams exhibit unique properties when combined with other
materials, thanks to their interaction. More suitable composite
systems can be designed and the set-off interactions between NP
metal and the other component(s) should be pointed out and
understood to design proper devices for suitable applications.

The following chapters present the work done in this thesis, intending to
address these important issues.

In Chapter 2, the preparative of different NP metals is presented. In AuAg
alloys, Au content higher than 45 at. % is commonly considered the parting
l i mit above which deall oying candt procee:f
process is heavily slowed down, long dealloying times can bring to the
formation of a nanoporous layer in an alloy with Au content of 50 at. %.
Moreover, we performed the fabrication of an NP Au/graphene composite
for future possible applications in advanced fields, such as catalysis,
electrochemical energy storage and conversion, sensing, and SERS.
Finally, the fabrication of NP Cu from a mechanically alloyed CuZn
precursor is shown, with the aim of finding new procedures for improving
the fabrication of this material from low-cost Zn-based alloys.

In Chapter 3, we discuss the coarsening behavior of NP Au by literature
data analysis and by experimental work. We found that densification during
thermal annealing is more common in low-dimensional systems. In addition,
we studied the coarsening of nanocrystalline NP Au dealloyed from a
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mechanically alloyed AuAg precursor. We found that nanocrystalline NP Au
possesses lower thermal stability compared to literature data and to the
same material prepared by annealing the precursor alloy before dealloying,
for increasing its grain sizes. We concluded that the microstructure of the
precursor alloy heavily influences the thermal stability of the NP metal
formed.

Chapter 4 is devoted to the comprehension of the phenomenon that causes
discoloration of methyl orange aqueous solutions placed in contact with
nanoporous gold. Methyl orange is an azo dye, commonly used in the
degradation studies of this class of compounds, to which several toxic ones
belong. It was previously observed that when an NP Au sample is immersed
in a dilute methyl orange solution, the concentration of the dye in the
solution decreases. This process could be caused by a catalytic
degradation of the dye or by simple adsorption inside nanoporous gold
pores. Through several experiments, we show that, even if traces of
degradation products were found, an important part of disappeared methyl
orange was adsorbed in the NP Au monolith and could be desorbed again.

In Chapter 5, we prepared two systems combining NP Au and perovskite
nanocrystals to create a suitable metal-semiconductor heterojunction for
photocatalysis, photodetection, and photovoltaic devices. The perovskite
degradation phenomenon is observed when the NP Au powder is mixed to
the hexane suspension of nanocrystals, while the charge separation
efficiency is increased by synthesizing the nanocrystals directly on the Au
porous surface. The analysis of the structural and optical properties
evidences an energy transfer efficiency of 47%, with high structural stability
of the hybrid system.

In Chapter 6, we present the effectiveness of Vapor Phase Dealloying to
fabricate a hierarchical nanoporous aluminum (NP Al) made of different
pore size classes from a few to thousands of nm, with a high surface area
of 73 m?/g. Moreover, a fractal model was designed for the understanding
and prediction of some important properties of nanoporous aluminum. As a
first validation, we compared tvalee
measured by nanoindentation tests, obtaining an optimal correspondence.

In Chapter 7, a still in-progress work is presented: we have used SEM
images of NP Au to prepare macroscopic 2D reconstructions of its porous
morphology to study the effects of ligament/pore geometry on the
mechanical response of the specimens. For this purpose, we performed
Digital Image Correlation and Extensometer measurements during tensile
tests, and Finite Element Method simulations. Preliminary results show that
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the mechanical behavior of the material is locally heterogeneous and further
studies will be devoted to revealing the topology features correlated to such
different responses.
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Chapter 2

NP Au and NP Cu from mechanically alloyed
precursors

2.1 Introduction

Up to now, NP noble metals have been produced in different ways through
the manipulation of important factors: precursor alloy, sample form, and
dealloying parameters such as temperature, solution/electrolyte type and
concentration, external electrical potential, and treatment time. Among
them, the different precursor alloys gave rise to NP metals with different
sets of integral features, such as density and characteristic lengths, which
are partially disentangled [11 4]. This is quite important because specific
combinations of NP metal features can be more or less favorable for diverse
applications: mechanical properties are enhanced when small characteristic
lengths are coupled with a high relative density, while small characteristic
lengths and a low density are ideal for enabling high catalytic activity and
enhanced mass transport in catalytic/electrocatalytic applications [5]. The
choice of the alloy is generally limited by the availability of suitable phases,
either crystalline or amorphous, and by the parting limit of each phase [6].
It is therefore interesting to explore new possible precursors to extend or
enhance the suitable arrays of properties that an NP metal can display.

In this chapter the fabrication and morphological characterization of NP Au
from a precursor with Ag content beyond parting limit and NP Cu from a
new precursor alloy will be presented; those of NP Au from the common
AuzoAgro precursor and of NP Al will be reported in the following chapters
instead, together with the studies carried on them.

In this thesis, the precursor alloys used to fabricate NP metals were
produced by mechanical alloying (MA). MA is a powder processing
technique used for producing homogenous stable and metastable alloys
starting from elemental or prealloyed powder mixtures. It is an easy,
scalable, and relatively inexpensive technique that enables the production
of alloys without reaching melting temperatures [7]. Similar to rapid
solidification processing, vapor deposition, and laser processing, it enables
the production of metastable phases, such as supersaturated solid
solutions, nanocrystalline and amorphous phases, fine dispersion of second
phases in the main phase, disordering of ordered intermetallics [7i 11]. The
process involves the repeated cold welding, fracturing, and rewelding of
powders in high energy ball mills. In some cases, especially when ductile
materials are used, particle size reduction can be hampered by excessive
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cold welding, which can also cause the complete agglomeration of particles
among themselves or on the milling mediums. This can be avoided by
adding a 1-2 wt % of a process control agent (PCA), in general an organic
compound, which adsorbs on the particle surface and reduces cold welding,
allowing the size reduction up to the nanometer level. The milled powders
can then be compacted into the desired shape and heat-treated to modulate
the microstructure and properties of the material.

Dealloying from AuAg precursor can efficiently be performed in a short
range of compositions, namely around 25-35 at. % of Au. When Au content
Is too low, the NP structure can be formed but the macroscopic sample can
be destroyed in particles due to severe cracking resulting from dealloying
[12]. When Au content is too high (over 40 at. %), it slows down the
dealloying until blocking the dealloying to the first atomic layers. This is due
to a percolation threshold related to the geometry of the FCC crystalline
structure. Kinetic Monte Carlo simulations showed that the experimentally
noticed parting limit was in agreement with a theoretical percolation
threshold model in which only Ag atoms with less than 10 coordinated atoms
can be dissolved [13]. The simulations showed that the phenomenon was
mainly governed by the geometry of the lattice and not by kinetic
parameters, such as surface diffusion. However, in this work we found that
nanoporous layers of um order can arise from AusoAgso precursor
dealloying for prolonged times. This can be ascribed to the surface diffusion
of Au atoms that can eventually expose other Ag atoms to dissolution and
enable dealloying to slowly proceed.

As said in Chapter 1, NP metals can exhibit new or enhanced properties
when combined with other materials. Since its discovery, graphene has
attracted huge interest for its excellent properties. Moreover, it was noted
that its properties can be enhanced when combined with metal
nanoparticles: Au nanoparticles/graphene nanocomposites have shown
high potential for fuel cells applications [14,15], optical [16], and
electrochemical [17,18] sensing, photocatalysis [19] and catalysis [20]. Up
to now, Au nanostructures have been usually grown or deposited on
graphene. It would be interesting

graphene can be dispersed on a monolithic NP Au. However, NP
Au/graphene composites have not been fabricated yet, probably due to the
challenges related to the possible methods of fabrication. As an example,
porous Ni was used as scaffold for graphene deposition in order to form
porous metal/graphene composite: porous Ni was used as scaffold for
chemical vapor deposition of graphene at 750°C. However, the
characteristic lengths of the as-produced material were above 500 nm and
considering the typical ligament sizes arising for NP Au at these
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temperatures, they would be even higher for this material [21]. We
attempted the fabrication of NP Au/graphene composite (hereinafter NP
Au@G) by producing firstly a nanocomposite of graphene dispersed in
Au30Ag70 alloy through mechanical milling of the elemental powders with
graphene. After dealloying, the nanoporous morphology and graphene
structure were studied employing SEM and Raman spectroscopy,
respectively.

NP Cu is among the most studied and promising NP metals. Compared with
the other noble metals, Cu presents an economical enormous advantage,
complemented by excellent electrical and thermal conductivities and low
reactivity. At the same time, it is more reactive than the major group of noble
metals and the presence of copper oxide at the surface can have a serious
impact on catalysis, electrocatalysis, and photocatalysis [22,23]. Moreover,
Cu nanostructures exhibit interesting plasmonic activity [24,25]. Thus, NP
Cu has been widely studied as an alternative to NP noble metals and has
shown interesting value for several applications: SERS [25,26], fuel cells
[27,28], electrode material for Li-ion batteries [297 32], and supercapacitors
[33], electrochemical sensing [27,34,35], catalysis in click chemistry [36].

NP Cu can be fabricated by chemical/electrochemical dealloying of various
binary precursor alloys with less noble elements, such as Mn [23,37], Al
[27], and Zn, from multimetallic [38,39] and amorphous alloys [2,3,33,40].
Cu-Zn alloys are particularly interesting and have been extensively
exploited as NP Cu precursors thanks to their low-cost, non-toxicity, and
easy preparation by electrodeposition [22,35,491 53,411 48]. However, the
production of fine bicontinuous porous structures of NP Cu from this alloy
has not been obtained, yet. This is probably due to the difficult achievement
of a precursor with a single-phase solid solution with the same crystal
structure of Cu, which is the ideal condition for the production of an NP metal
with a bicontinuous structure of nano-sized ligaments and pores from a
crystalline precursor. To the best of our knowledge, Cheng et al. [22] and
Egle et al. [42] produced the examples of bicontinuous NP Cu with the
smallest characteristic lengths found in literature, of around 60 nm and 46
nm, respectively. Both the groups prepared the material from a Goodfellow
Cuz20Znso commercial precursor alloy. Egle et al. reported that the precursor
was made of a hexagonal single-p h a s-@uZrJ. Besides, even if carrying
a different crystal structure compared to Cu, this is probably the best
condition for obtaining a homogeneous NP Cu with high porosity. Indeed,
even at higher Cu contents, there are no phase-diagram regions in which
an FCC single-phase is favorable until Cu contents higher than 80 at. %,
when Zn atoms can completely be dissolved in the Cu lattice [54]. Typically,
in-lab-produced CuZn precursors are made by melting [52] and in thin films
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by electrodeposition [35]. However, we did not find any reports in which NP

Cu was fabricated by dealloying of mechanically alloyed precursors. To

explore the effect of this preparation method, we fabricated NP Cu from a
mechanically alloyed Cu20Znso precursor. From XRD measurements we

found that the all oyed p e CwahghasepThss esses
we attempted the dealloying through either chemical either vapor phase

dealloying, exploiting the high differences in chemical reactivity and vapor

pressure between the two metals.

2.2 Materials and methods

2.2.1 Materials

Au powder (99.995 %, Alfa Aesar), Ag powder (99.9%, Aldrich), Cu powder
(99.9 %, Alfa Aesar), Zn powder (99.9 %, Alfa Aesar), Nitric acid (HNOs 70
%, BDH), Hydrochloric acid (HCI 37 %, Honeywell), graphene powder (Inter

a

Est Group) . Ultrapure water (18l-@Q MqlLcm)

Millipore water purification system.
2.2.2 NP Au fabrication
Au50Ag50 alloy fabrication

2 g of AuAg powder mixture was prepared in an atomic ratio of 50:50. The
powders were mechanically milled in a SPEX 8000M Mixer/Mill ball mill for
16h in a hardened steel vial with two hardened steel balls of 8g each. The
powders were removed from the sides of the vial every 30 minutes in the
first 2 hours and then every 5 h, in order to homogenize the mixture. Pellets
of 1.3 cm of diameter and around 0.3 mm of thickness were prepared by
cold pressing under 10 tons for 5 min with a hydraulic press.

Dealloying of AuAg alloy

AusoAgso pellets were immersed in concentrated HNO3 (70%) for 15 min, 1
h, 6 h, and 96 h. During the treatment, the acidic solution was repeatedly
stirred and was substituted with a fresh one every 24 h. After the treatment,
the pellets were rinsed three times and stored in ultrapure water for 24 h.
Then, the samples were dried in a desiccator and stored under Ar
atmosphere.

NP Au/graphene fabrication

10 at. % of graphene was dispersed in AusoAgro powder mixture. 2 g of the
mixture were subjected to mechanical milling, cold pressing, and dealloying
with the same procedure used for AusoAgso alloy fabrication.
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2.2.3 NP Cu fabrication
CuZn alloy fabrication

8 g of Cu and Zn powders were mixed in a 1:4 atomic ratio and placed in a
hardened steel vial with two hardened steel balls of 8 g each under Ar
atmosphere with Oz impurities below 2 ppm. The powders were
mechanically alloyed in a SPEX 8000M Mixer/Mill ball mill. The powders
were removed from the sides of the vial every 30 min in the first 2 h and
then every 5 h, in order to homogenize the mixture. Pellets of 1.3 cm of
diameter and around 0.3 mm of thickness were prepared by cold pressing
under 10 tons for 5 min with a hydraulic press.

NP Cu fabrication

NP Cu fabrication was attempted both by chemical dealloying both by vapor
phase dealloying. Chemical dealloying was performed by immersion of
CuZzn pellets in different HCI solutions (1M and 0.1M) for different times.
After the treatment, the pellets were washed and rinsed with ultrapure water
at least five times, dried in vacuum and stored in Ar filled glovebox. Vapor
phase dealloying was carried out by placing CuzZn pellets in a glass tube
connected to a turbomolecular vacuum pump. The samples were kept for 1
h under high-vacuum conditions with pressure around 102 Pa. Then, the
temperature was raised at 25 °C min up to the target temperature. The
samples were annealed at 500 °C and 600 °C for 1 h and then cooled
gradually under high-vacuum conditions.

2.2.4 SEM imaging

The precursor and dealloyed materials were investigated by SEM using a
Zeiss Merlin microscope, equipped with a Schottky electron source, working
with an acceleration voltage of 5 kV at short working distance (high-
resolution mode). Secondary electrons (SE) were collected to provide fine
details on the surface morphology. SE were gathered using an in-lens
detector. SEM-Energy Dispersive Spectroscopy (EDS) measurements were
performed by an Oxford silicon drift detector (SDD) with a detection area of
60 mm? at an acceleration voltage of 15 kV. Image analysis (IA) was
performed with Fiji software [55].

2.2.5 XRD measurements

The structural and microstructural evolution of processed powders was
investigated by X-Ray Diffraction (XRD). XRD measurements were carried
out with a Rigaku Miniflex Il Diffractometer equipped with a 600W X-ray

45



NP Au and NP Cu from mechanically alloyed precursors

source using Cu Kai with an incident beam angle 2q ranging from 30 to 120
degrees. Quantitative phase and microstructural analyses were performed
using the Rietveld method [56].

2.2.6 TEM imaging

Transmission Electron Microscopy (TEM) imaging on graphene powders
was carried out with a JEOL-JEM 1400 Plus microscope operating at an
acceleration voltage of 120 kV.

25000 ~

Counts

5 10
Energy (keV)

Fig. 2.1 EDS spectrum of AusoAgso pellet after mechanical alloying and cold pressing.
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2.3 Results and discussion

EDS was carried out on the surface of the precursor AusoAgso alloys in order
to study the alloy composition. An EDS spectrum is shown in Fig. 2.1. The
results of the analysis confirm the equimolar composition of the two
elements. Typically, in the case of dealloying from suitable AuAg alloys, the
color of the sample changes from the silvery of the precursor to a darker
one that can space from red to brown. In this case, immersed the pellet in
HNO3 solution, the color had not changed to the naked eye for the first
hour s. SEM observations <confirmed that
porous after 6 h. However, by prolonging dealloying over 96 h a reddish
reflection could be observed from the sample surface, typical color of NP
Au.

Fig. 2.2 Low magnification (a, scale bar: 2 um) and high magnification (b, scale bar: 300 nm) SEM
images of AusoAgso surface after 96 h of dealloying.
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SEM observations shown in Fig. 2.2 further confirmed the presence of a
nanoporous structure on the surface. In order to evaluate the depth of the
nanoporous layer, we performed SEM imaging of the cross-section of the
sample. Fig. 2.3 shows a low-magnification image of the cross-section area
near the surface of the sample. It can be seen that the sample is not porous
apart from a region near the surface, with thick between 1 and 2 pm, which
appears darker due to the lower electrical conductivity of the porous
structure that causes a minor charging of the surface. The inset of the figure
shows at higher magnifications the porous area of the sample. To the best
of our knowledge, this is the first case in which a nanoporous layer was
formed from an AuAg alloy beyond the common parting limit of 45% of Au
atomic content. However, investigating the corrosion of several AuAg alloys,
Artymowicz et al. suggested the formation of thin (few tens of nanometers)
NP layers, to explain the slight stress corrosion cracking observed by Maier
et al. for alloys with Au content up to 50 at. %, subjected to immersion in 1M
HCIO4[13].

Fig. 2.3 SEM image of cross-section area near surface of AusoAgso treated for 96h; scale bar: 5 pm.
An higher magnification image of the porous area is shown in the inset; scale bar: 500 nm.
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2.3.1 NP Au/Graphene composite

Graphene quality before and after mechanical milling with Au and Ag
powders was investigated through Raman spectroscopy: the two different
spectra are shown in Fig. 2.4. The graphene spectrum shows the
characteristic D band around 1310 cm™, the G band around 1600 cm and
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Fig. 2.4 Raman spectra of pristine graphene and of AuAg/Graphene composite made by
mechanical milling.

the 2D band around 2655 cm™ [57]. For symmetry reasons, the Raman
spectrum of a single-layer, defect-free graphene is composed only of G and
2D bands, with the intensity of the 2D band I>p larger than that of the G band
Ic; moreover, the D band can only arise from an inelastic scattering of an
excited charge carrier with a phonon, followed by an elastic scattering by a
defect or a boundary zone, resulting in recombination. Its presence is
therefore associated with a disordered kind of structure [57]. In our case,
the intensity relationship between the two bands is inverted; moreover, the
D band can be appreciated.
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200.0nm

Fig. 2.5 TEM image of graphene sheets showing a multilayer structure.

These results are consistent with a multi-layer graphene structure with
significant defects density and are confirmed by TEM imaging, which
reveals the presence of large multi-layer sheets (Fig. 2.5). After the
mechanical milling, the 2D band of the Raman spectrum had disappeared,

Fig. 2.6 Evolution of porosity in NP Au@G after dealloying for 15 min (a), 1 h (b), 6 h (c), 24 h (d);
scale bars: 100 nm.
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while the intensity of D band Ip increased with respect to I, suggesting a
further increase in defect density.

Fig. 2.6 shows the SEM images of NP Au@G after 15 min, 1h, 6h, and 24h
of immersion in concentrated HNOs. The morphology is the typical
bicontinuous network of ligaments and pores. During the immersion in
HNOs ligament and pores coarsening can be easily appreciated. The
ligament diameter distributions are shown in Fig. 2.7. It can be seen that a
major shift of the distribution happens from 1 h to 6 h of treatment time. The
mean ligament diameter increases from around 7 = 2 nm after 15 min to
around 23 £ 7 nm after 24 h.
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Fig. 2.7 Histogram distributions of ligament size after 15 min, 1 h, 6 h and 24 h of dealloying

Raman spectroscopy performed on NP Au@G d
differences with respect to pristine alloy (see Fig. 2.8). In particular, it has
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been shown that graphene oxide is associated with an enhanced Ic with
respect to Ip [58], and so any eventual oxidation by HNO3s exposure was not
noticed from Raman spectroscopy

g A AuAg@Graphene

| qUL
e

NP Au@G

Raman Intensity (a.u.)

1000 1500 2000 2500 3000
Raman Shift (cm™)

Fig. 2.8 Raman spectra of AuAg/graphene alloy and NP Au@G after 6 h of dealloying.

2.3.2 NP Cu fabrication

Fig. 2.9 shows the XRD pattern of Cu20Znso precursor alloy produced by
mechanical alloying for 12 h. By Rietveld analysis, we estimate a
composition of around 90 at. % o f -GuHre antlanother 10 at. % of the
CusZns cubic phase. Further mechanical milling did not result in any
i ncrease of the U phase content

Dealloying of CuzZn pellet was carried out for different times in a 0.1 M HCI
solution. The corrosion was also attempted in HCl 1 M but the high acidic
concentration caused the rapid disintegration of the sample, maybe
because of the stresses derived from the faster crystal structure change
f r om HCP-phase oftthe alloylio FCC of Cu. The residual Zn content
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after dealloying in HCI 0.1 M was estimated from weight loss measurements
and is reported in Fig. 2.10.

m  Cu20Zn80 12h BM
—— Rietveld Refinement

® Cu,Zng

<250 o CusZng

40 60 80 100 120
26(°)

Fig. 2.9 XRD pattern of Cu20Zn80 mechanically alloyed for 12 h.

0] .
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Fig. 2.10 Kinetics of the Zn content after different times of dealloying.
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After 48 h the residual content was around 21 at. %, while it decreased down
to around 2 at. % when was left in HCI solution for 72 h. However, after that
time the sample was completely disrupted into powders. This can be caused
by stresses accumulation derived from the crystal structure change during
dealloying. Therefore, we consider dealloying for 48 h a good compromise
between purity of the material and preservation of the monolithic form.

ol we, ETS RIS ST

LI

50
Ligament size (nm)

Fig. 2.11 SEM image of NP Cu surface, scale bar: 500 nm; distribution of ligament diameter of NP
Cu surface.

The SEM image of the surface and the distribution of ligament thickness
values are shown in Fig. 2.11. The treatment resulted in an NP surface with
a mean ligament size of around 60 nm. By looking at cross-section image
in Fig. 2.12, it can be seen that the porosity is extended into the sample
interior, where the material is made of a homogenous and bicontinuous
structure along the entire 300 pum thickness (other images can be found in
Appendix A.l). In this case, the ligament sizes are slightly larger, with a
distribution centered around 68 nm. The characteristic lengths of the
material are among the smallest found in literature for NP Cu produced by
CuZn precursors. However, it is still necessary to optimize the fabrication
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Fig. 2.12 Cross-section image of NP Cu, scale bar: 500 nm; Distribution of ligaments diameters in the
cross-section.
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conditions to further decrease the ligament and pore diameters, on which
many important properties of NP metals strongly depend.

The fabrication of NP Cu was attempted also by VPD. Fig. 2.13a shows the
surface of CuZn treated in high vacuum at 500°C for 1 h. The sample
reveals an irregular and porous structure on the um scale with a nanometric
roughness that can be appreciated from the higher magnification image in
Fig. 2.13b. The morphology arising from this method is very different
compared to that found by chemical dealloying. This can be caused by the
Cu ligaments' instability at high temperatures.

Fig. 2.13 SEM image of CuZn treated at 500°C for 1 h at lower (a, scale bar: 1 um) and higher
magnification (b, scale bar: 200 nm).

2.4 Conclusions

In this chapter, two studies of the fabrication of NP noble metals from
mechanically fabricated precursors have been reported.

NP Au from an AusoAgso precursor alloy was prepared with a thickness of
around 1-2 um. This is quite surprising because the composition used is
with an Ag content under the common parting limit for dealloying to proceed.
The result can be ascribed to the surface diffusion of Au atoms at the solid-
HNOs solution interface.

NP Au/graphene composite was produced by mechanical alloying of

graphene powder with Au and Ag powders. The resulting material after

dealloying was characterized through Raman spectroscopy and SEM. The

as-produced material shows the presence of graphene also after dealloying

and shows the typical bicontinuous nanoscale porosity of common NP Au.

The material s properties coul denthave 1 nt.
applications, from catalysis to sensing, that will be studied in future work.
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NP Cu was for the first time produced from a CuZn alloy produced by
mechanical milling. We studied the dealloying kinetics and we found that a
treatment for 48 h was a suitable compromise between residual Zn content
and mechanical stability of the monolithic sample. The material prepared is
made of a bicontinuous porous structure of fine ligaments and pores, with
mean characteristic lengths under 80 nm.
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Chapter 3
On the thermal stability of NP Au

3.1 Introduction

Coarsening has been previously introduced in Chapter 1 with a description
of the ideal process and its influence on the properties and applications of
NP metals. In this chapter, we dwell on the interpretation of different
behaviors that can be found in the literature for the special case of NP Au.
We focus on NP Au since it is the most studied NP metal and there is a
good amount of data available to be compared. Besides, a common
problem in this field is that the properties of NP metals are influenced by
many parameters, often not all described in experimental procedures. It is
therefore difficult to understand the causes of different results between
experimental procedures, especially without a good number of studies.
Ideally, coarsening is regarded as a surface diffusion process that makes
NP Au evolve in a self-similar way without densification [1]. However,
several reports show that thermal treatments can also lead to non-self-
similar structures, with partial densification or even with a complete collapse
of the porous structure [2-4]. Moreover, the evolution of ligament and pore
sizes can greatly vary from paper to paper [4,5]. In this chapter, we
attempted to understand the reasons that bring to such different behaviors,
through interpretation and image analysis (IA) of published reports and by
experimental work. Particular attention will be paid to the effect of different
forms and microstructures of the precursor alloys used for NP Au
fabrication. For this reason, a brief description of common NP Au precursor
alloys is given.

Common monolithic AuAg alloys used for the fabrication of NP Au are
commercial products or are made in lab by melting, casting, subsequent
annealing for homogenization and residual stresses relief. This is a
standard procedure that is probably used also for commercial products. It
gives rise to grain sizes that can range from few to hundreds of um and so,
at least two orders of magnitude larger than ligament and pore sizes of NP
Au [6-8]. A different discussion should be made for 2D and 1D parent alloys
such as thin films, micro- and nanowires. In this case, the preparative
usually involves deposition methods such as sputtering or physical vapor
deposition (PVD), processes that lead to smaller grain sizes. An exception

i s represented by the commonly cal

thickness down to 100 nm, obtained by hammering thicker rolled foils. In
this case, the alloy is prepared by the common melting, casting, and
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annealing before the mechanical thinning. Thus, the leaf presents grain
sizes comparable to those of macroscopic 3D samples. As mentioned in
Chapter 1, during and after dealloying the material preserves the crystal
orientation and grain size of the parent alloy i apart from the exceptions in
which the precursor alloy has a different type of crystal unit cell or has an
amorphous structure 1 leading to an NP metal with same crystal orientation
and grain size of the parent alloy. The influence of the alloy type on the
thermal stability of NP Au will be the major subject of the study based on
analysis of literature data.

Moreover, to clarify the role of microstructure on the thermal stability of NP
Au, we studied the behavior of NP Au produced from an AuAg precursor
prepared by mechanical alloying, a process that generally leads to the
formation of nanocrystalline materials [9]. Since, as said in Chapter 1,
dealloying preserves the initial microstructure of the parent alloy, we
produced a nanocrystalline NP Au from this precursor. We found that NP
Au produced in this way presents low thermal stability, which can be
enhanced by performing thermal annealing before dealloying.

3.2 Materials and methods
3.2.1 NP Au fabrication
AuAg alloy fabrication

2g of AuAg powder mixture was prepared in an atomic ratio of 30:70. The
powders were mechanically milled in a SPEX 8000M Mixer/Mill ball mill for
16h in a hardened steel vial with two hardened steel balls of 8g each. The
powders were removed from the sides of the vial every 30 minutes in the
first 2 hours and then every 5 hours, to homogenize the mixture. Pellets of
1.3 cm of diameter and 1 mm of thickness were prepared by cold pressing
under 10 tons for 5 min with a hydraulic press.

Dealloying of AuAg alloy

NP Au was prepared by chemical dissolution of Ag in concentrated HNOs3
for 24h. During the treatment, the acidic solution was repeatedly stirred.
After the treatment, the pellets were rinsed three times and stored in
ultrapure water for 24h. Then, the samples were dried in a desiccator.
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Post-dealloying annealing treatments

The dealloyed NP Au samples were subjected to thermal treatments at
100°C, 200°C, 300°C, 400°C and at 600°C for 1h in an SN 388589
(Nabertherm GmbH, Bremen, Germany) oven in air. The samples were
quickly inserted into the oven when it had reached a stable target
temperature.

3.2.2 Scanning Electron Microscopy measurements

Scanning Electron Microscopy (SEM) was carried out with an S400 (Hitachi,
Tokyo, Japan) scanning electron microscope, equipped with an Everhart-
Thornley secondary electrons detector and an UltraDry EDS detector
(Thermo Fisher Scientific, Waltham, MA, USA).

3.2.3 X-Ray Diffraction Measurements

X-Ray Diffraction (XRD) measurements were carried out with a Rigaku
Miniflex 1l diffractometer with a Bragg-Brentano geometry working in a —
¢— configuration. Quantitative phase and microstructure analysis were
performed through an extended Rietveld refinement method [10,11] using
MAUD software.

SEM image

Thresholding @
a A

L«

> Skeletonize

Analyze
Skeleton

3

Fig. 3.1 Scheme of image analysis by thresholding, skeletonization and successive analysis through
Fiji.
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3.2.4 Image analysis

SEM images were collected and analyzed from our measurements and
literature [2i 5,12-18] with Fiji [19]. The images were firstly binarized, then
different procedures were applied to obtain different parameters:

1 ligament diameters were measured manually through Measure
function;

1 pore diameters, pore densities, the perimeter per unit of surface, and
the density of the material were measured through the function
Analyze Particles. In this algorithm, pores are fitted as ellipses and
the mean diameter is estimated as the average between major and
minor axis of the ellipse;

1 ligament lengths, ligament and node density were measured by
converting the binarized image in a skeleton of branches and nodes,
by using the skeletonize function. The output was then analyzed
through analyze skeleton function. The process is illustrated in Fig.
3.1.

3.3 Results and Discussion

IA was firstly performed on literature data indicated in paragraph 3.2.4, to
check for some relationship between initial features of dealloyed NP Au and
its evolution after thermal treatment. In particular, Fig. 3.2 shows the
relationship between ligament diameter (or thickness) i after a thermal
treatment and initial values of sample thickness, aspect ratio (ligament
diameter/length ratio) i 7&, density A and ligament thickness O. The
treatments were subdivided into classes defined by the temperature of the
treatment. From these data, it can be observed that the studied initial
parameters are not strictly related to the NP morphology evolution after
annealing. This is probably due to the surface diffusion nature of
coarsening, which is heavily influenced by the atomic-scale surface state of
|l i gament s, of which we dondét have
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On the other side, although coarsening, as a surface diffusion phenomenon,
shoul dnot bring itself densi fi
phenomenon, which becomes predominant at certain annealing conditions
and can even bring to the complete collapse of the 3D porous structure

cat i

25-200°C .
300-400°C
« 500 -600°C
>700°C *

.
400+ e

o8 2

s gk . 'y

102 10" 10° 10" 10° 10° 10* 10°

Sample thickness (um)

25-200°C
300-400°C
500-600°C

1600 -

25°C-200°C |
300-400°C
500-600°C
>700°C

02 04

06 08 10 12
Sqfly

+ 25-200°C
= 300-400°C

3+ + @

= 500-800°C

1200 + >700°C

800 -

* * * 4 L ]
400 + . * . A 400

+ [
* * *

L I
oL % I!"‘ 8.0 & | -1%-!“‘..-".". . Ly
0.5 0.6 0.7 0.8 0 10 20 30 40 50 60 70 80
do SO (nm)
Fig. 3.2 Ligament thickness of NP Au versus initial values of ligament thickness, aspect ratio,
density and sample thickness.

o

[2,4,14]. By studying literature data, we firstly observed a common
characteristic of NP Au coarsening: the major changes in the structure
happen at temperatures higher than 300°C, regardless of the time of the
treatment. Therefore, in order to discern among samples that tend or not to
densify, we selected only papers which report the material behavior for
temperatures equal to or higher than 300°C: 19 papers were found to satisfy
this requirement [11 5,12,14,18,20-30]. Among them we found 8 cases in
which densification is prominent [2,4,5,12,14,20,21,26] and 11 in which
t here i snot1,3kb7,18,821 28,2M30]Nvadses pf the first group
(63 %) are thin films, nanowires, or nanopatrticles [2,4,14,20,21]; 2 cases
are macroscopic AuAg alloys [5,26] and one is a macroscopic AUAgCuNiZn
all oy, whose mi cr oted[I2anbngthe secordgnoup,t
the 82 % is occupied by bulk AuAg alloys [1,17,18,23i 25,27,28,30], another
case is of a 100 nm thick gold leaves [3], that, as said before, present coarse
grains, and another from an intermediate thickness of 1 um gold leaf [22].
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From the other side, as it is known, the morphology of ligament/pore
structure of the deall oyed systems hasnbo
sample form and we can find bicontinuous and tunable structures produced

both from 0D, 1D, 2D, and 3D materials. From these observations, it seems

clear that densification is a process that heavily depends on the form of the

material and is not proper of the nanoporous structure morphology. The

different behavior can be caused by stresses that arise from geometrical

constraints, that lead to shrinkage and the consequent pore closing.

Moreover, as said in the introduction of the chapter, the grain size of low-

dimensional samples can be smaller as a result of the different preparation

methods. Besides, the only two cases of thin films stable against

densification were made from a coarse-grained precursor but there is also

a case in which, even if the str@cture doe
Thus, there are a too small number of cases for making a certain conclusion

about this last issue.
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Fig. 3.3 XRD pattern of NPA and PA samples.

68



On the thermal stability of NP Au

Not preannealed Preannealed

25°C

100°C

200°C

300°C

400°C

600°C

Fig. 3.4 SEM images of NPA NP Au as prepared (a), after thermal treatment for 1 h at 100°C (c),
200°C (e), 300°C (g), 400°C (i), 600°C (m) and images of PA NP Au as prepared (b)), after thermal
treatment for 1 h at 100°C (b), 200°C (f), 300°C (h), 400°C (I), 600°C (n). Scale bars: a-f: 200 nm,
g-n: 1 pym.

With the purpose of better understanding the microstructure role, we studied
its influence on the thermal stability of NP Au by experimental work. NP Au
was produced by nanocrystalline mechanically alloyed AusoAg7o alloys and
we studied the influence of annealing prior to dealloying. XRD
measurements of not preannealed (NPA) and preannealed (PA) AuAg
pellets are reported in Fig. 3.3 and present the known peaks related to Au
and Ag crystal structure. As shown in the inset for the (111) reflection, the
peaks of the PA sample are narrower than those of the NPA specimen.
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Rietveld refinement was performed on both patterns to calculate the grain
size of the alloys: the pristine alloy shows a crystallite size around 30 nm,
while the annealed one around 50 nm.

Both the samples were subjected to dealloying in HNOs 70% for 24 h. SEM
images of the resulting materials are shown in Fig. 3.4a and Fig. 3.4b: they
show a bicontinuous porous structure, with ligament diameters around 30
nm, ligament lengths around 50 nm and pore diameters around 40 nm.
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Fig. 3.5 Trends of density (a), ligament diameter (b) and pore diameter (c) versus temperature of
treatment.

Besides, the ther ma | annealing didndot bring

dealloyed NP morphology. NP Au images after thermal treatments for 1 h
at 100 °C, 200°C, 300°C, 400°C, and 600°C are shown in Fig. 3.4c-n for
either NPA either PA samples, which both present rounded ligaments after
thermal treatments up to 200°C. Above this temperature, the ligaments
become facetted and important differences can be found between the NPA
and PA porous structures. The NPA material shows an important
densification trend from an initial 70% to almost 100% for the sample
annealed at 600°C. At 300°C the structure is already collapsing. The
observations are confirmed by IA results, as can be seen in Fig. 3.5a. On
the other side, the pre-annealed sample shows enhanced thermal stability,
resulting in reduced densification and smaller coarsening of characteristic
lengths. The latter can be observed in Fig. 3.5b and Fig. 3.5c, where
ligament and pore diameter trends are shown, respectively. The
preannealing effect on thermal stability is therefore fundamental for
preserving the porous structure at high temperatures.

In addition, looking at Fig. 3.5, it can be noted that also for the preannealed
NP Au, the structure observes the major changes between 200°C and
300°C. The density grows by 8% from an initial value around 0.76 to around
0.82 at 200°C and by only 3% from 200°C to 600°C, temperature at which
it is around 0.85. In addition, distribution curves of ligament diameters and
lengths, and of pore diameters have been made. Since they present a
similar trend over temperature, in Fig. 3.6 we just show the ligament
diameter distributions at 25°C, 200°C, 400°C, and 600°C. The distributions
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are asymmetric and for this reason, we chose a lognormal function to fit
them:

Q
Qw —— QEMD T Eq.3-1
(d/lc“ ”

The normalized curves over normalized ligament thickness values, plotted
in Fig. 3.8, reveal two groups of similar curves: from 25°C to 200°C and from
300°C to 600°C. Indeed, for temperatures higher than 300°C, the
distributions are wider and with longer codes to higher values of thickness.
This is another indication of how the structure drastically changes from this
temperature. Moreover, from Fig. 3.5 and Fig. 3.8 we can see that the

sample treated at 100°C presents the lowest density and narrower
distribution, while its ligaments and pores have comparable sizes with those
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Fig. 3.6 Distribution curves of preannealed NP Au as-dealloyed (a), after annealing at 200°C (b),
400°C (c) and 600°C (d).

of the as-dealloyed sample. A possible explanation is that at this
temperature, coarsening does not still occur, but the increased atomic

diffusivity leads firstly to a reorganization of t he | i gament s o

surface diffusion.
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The beneficial effect of preannealing on the thermal stability can be ascribed
to a decrease of grain boundaries concentration, due to the larger grain size
of PA NP Au of about 67 %. This is a significant difference at this scale,
where grain boundary density heavily varies with grain size [31]. Besides,
it is known that grain boundary diffusion causes densification [32-34], while
surface di f f3%].9hecefore, the lenenng df thg density of grain
boundaries compared to the surface area probably led to a decrease in
densification in the PA sample.

——25°C
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& SN ----200°C
E 9 i\ ~--== 300°C
2 - ——400°C
) .0 e B 600°C
S
o 0.4-
=
go 8 . o :

Ligament thickness/mean

Fig. 3.7 Distribution curves of ligament thickness of preannealed NP Au, wherein either the number
(#) of ligaments either the ligament thickness values were normalized by their maximum values.

The evolution of the as-fabricated NP Au samples has been compared with
data analyzed from papers object of the above discussion: Fig. 3.7 shows
the evolution of density at different temperature values, while Fig. 3.9 shows
the temperature trends of ligament diameter and length, and of pore
diameter. To give to the reader a better view, only some representative
trends were plotted together with those observed in our samples: we show
those of the 3D samples made by Badwe et al. [18], Sun et al. [5], and Qian
et al. [29] and of thin microbeams of NP Au fabricated by Seker et al. [4].
NPA NP Au prepared by us presents much lower stability compared to
commonly produced NP Au examples. PA NP Au displays ligament and
pore sizes comparable with those reported in the literature, while it still
shows more significant densification compared to 3D samples of NP Au
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produced from AuAg alloys, being more similar to the behavior observed by
Seker et al. in their fabricated microbeams [4]. The larger increase in density
of PA NP Au compared with the majority of 3D NP Au samples can be
ascribed to grain sizes still smaller than those of common NP Au. These

1--m - NPA
1.001_o pp = n
095 - ® Sunetal .

{—-@—:Badwe et al.
0901. -0 - Sekeretal. .
0.85 —®— Qian et al. Py

®
=
= 4 ﬁ/
2 0.80- \.-‘0
© ] o
Q 575

0.70 -

] .
0.65— _______________ = g o/*-?-.

0.601 e\ / s

0 100 20 300 400 500 600 700
Treatment Temperature (°C)

Fig. 3.8 Density trends over annealing temperature of our samples and literature ones. The samples
in the selected reports were submitted to annealing for 10 min (Seker et al. [4] and Sun et al. [5]),
15 min (Badwe et al. [18]) and 120 min (Qian et al. [29]).

observations confirm that the microstructure heavily influences the NP Au
structure at high temperatures, while
morphology during dealloying. Furthermore, the work shows that the

thermal stability of NP Au produced by mechanical alloying depends on
temperature treatments made before the dealloying.
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Fig. 3.9 Values of ligament diameter (a), ligament length (b), pore diameter (c) at different treatment
temperatures from image analysis of our samples and literature ones.

73



On the thermal stability of NP Au

It is thus necessary to optimize this procedure to further reduce the
densification in the material in potential applications at high temperatures.
Itis probably necessary to achieve grain sizes larger than the ligament sizes
at least by one or two orders of magnitude, in order to make surface
diffusion the dominant process during coarsening. Thermal treatments at
750AC for 12 h and at 950AC ddiferenée
in grain size and thermal stability. The effect of longer annealing times will
be studied in future investigations.

3.4 Conclusions

This chapter attempts to explore the possible causes of different coarsening
behaviors published in the literature concerning NP Au. We found an
important heterogeneity of ligament and pore sizes which is not directly
linkable with morphological features and fabrication form of dealloyed NP
Au. This can be caused by the dominant phenomenon of coarsening, the
surface diffusion, which heavily depends on the atomic-scale surface state
of the | igaments. Mor eover, whil e

t

doesnot i nvol ve densi ficati on, sever al

taking into account the differences between papers that report important
densification or breakdown of the porous network, it seems that NP metals
with one or more dimensions of micro/nano scale or with complex
microstructures present lower thermal stability. Moreover, we also show
experimentally that the precursor alloy microstructure heavily influences NP
Au structure evolution during thermal treatments, influencing both the
density and the characteristic lengths of the material. In particular,
nanocrystalline NP Au produced by mechanically alloyed AuAg precursors
shows lower thermal stability, which makes it not suitable for applications
above 200°C without any further treatment. Pre-dealloying annealing of the
alloy has been found to be beneficial, by reducing ligament and pore
coarsening and reducing the densification. The latter is still more
pronounced than in monolithic coarse-grained NP Au produced by AuAg
alloys, due to grain sizes still comparable with ligament sizes, in our system.
Further efforts will be made to find proper pre-dealloying treatments, in order
to obtain coarse-grained AuAg precursor from mechanical alloying.
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Chapter 4

NP Au behavior in methyl-orange solutions

4.1 Introduction

The interest in NP Au for catalytic applications has been introduced in
Chapter 1. In addition to more studied reactions, a few years ago,
Hakamada et al. [1] proposed NP Au monolith as catalyst for methyl orange
(MO) degradation in solution. MO is a molecule that belongs to the class of
azodyes(R-N=N-R6); this family of compo
textile industry because of its intense color and its stability [2]. Moreover,
MO has been used also as probe for tests in photocatalytic studies devoted
to the degradation of this class of organic dyes, which are pollutants and
therefore damage the natural environment. In particular, in the cases of
heterogenous semiconductor photocatalysts, the reactions between holes
or electrons with water or oxygen form several oxygen-containing species,
such as perhydroxyl, superoxide and hydroxyl radicals, which cause the
dyes degradation thanks to their high reactivity as oxidizing agents [3i 7]

In the present work, we show that in the presence of monolithic NP Au only
a partial degradation of MO occurs, whereas most of the dye is adsorbed
onto the NP Au surface.

Our study has been carried out by mean of ultraviolet-visible (UV-Vis),
energy-dispersive X-ray spectroscopy (EDS) and X-ray photoelectron
spectroscopy (XPS) spectroscopies, high-performance liquid
chromatography (HPLC), scanning electron microscopy (SEM) and
electrochemical impedance spectroscopy (EIS).

4.2 Materials and methods
4.2.1 Materials

Au powders (99.995 %) were purchased from Alfa Aesar, Ag powders (99.9
%) from Aldrich, Nitric Acid (70 %) from BDH, Methyl Orange powders from
Acros Organics, Ultrapure water (18.2 MWom) was produced with a Milli-Q
Milllipore water purification system.

4.2.2 NP Au fabrication

The AuAg precursor alloy was prepared by mechanical alloying of Au and
Ag powders in atomic proportion 3:7. 2 g of the mixture was put inside a
hardened steel vial with two hardened steel spheres of 8 g each. The

79

unds

S



NP Au behavior in methyl-orange solutions

powders were milled in a SPEX 8000M ball miller for 16 h. NP Au was
prepared by cold-pressing the as-prepared AuAg powders into pellets
followed by chemical corrosion in HNOs 70% for 24 h. After the dealloying,
the pellets were washed 5 times with MilliQ water and then dried overnight
under vacuum.

4.2.3 UV-Vis measurements

Electronic absorption spectra were recorded with a UV-Vis
spectrophotometer Agilent Technologies (Cary Series Spectrophotometer)
in a quartz cell of 10 mm of path length.

4.2.4 High-Performance Liquid Chromatography (HPLC)

Solutions were analyzed by a 1260 Infinity Il (Agilent Technologies) HPLC
system, equipped with a Kinetex (5 um C18 100 A, 250 mm x 4.6 mm)
column (Phenomenex) and a UV-Vis absorption detector. Analyses were
performed at 40 °C under isocratic conditions, with a mobile phase (flow
rate 0.8 mL min'') composed of a mixture (24/76 vol/vol) of acetonitrile and
a 10 mM ammonium acetate solution. Absorption at 462 nm was recorded.

4.2.5 SEM/EDS

The precursor and dealloyed materials were investigated by SEM using a
Zeiss Merlin microscope, equipped with a Schottky electron source, working
with an acceleration voltage of 5 kV at short working distance (high-
resolution mode). Secondary electrons (SE) were collected to provide fine
details on the surface morphology. SE were gathered using an in-lens
detector. SEM-Energy Dispersive Spectroscopy (EDS) measurements were
performed by an Oxford silicon drift detector (SDD) with a detection area of
60 mm? at an acceleration voltage of 15 kV.

4.2.6 Electrochemical measurements

The NP Au has been characterized by means of electrochemical impedance
spectroscopy (EIS) with using a 0.1 M HCIO4 solution in a conventional
three-electrode cell in which Saturated Calomel Electrode (SCE) was the
reference and a platinated titanium net was used as counter electrode. All
the EIS measurements were carried out using an AUTOLAB PGSTAT302N
(Metrohm, Switzerland) potentiostat/galvanostat equipped with the FRA
analyzer and controlled with the NOVA software at the open circuit potential
(OCP); the frequency was varied from 63 kHz down to 0.1 Hz with an
amplitude of 0.01 Hz.
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4.2.7 X-ray Photoelectron Spectroscopy (XPS)

XPS analyses were carried out with a Kratos Axis UltraP'P spectrometer

using a monochromatic Al KU source operat
scan analyses were carried out with an analysis area of 300 x 700 microns

and a pass energy of 160 eV. High resolution analyses were carried out with

the same analysis area and a pass energy of 10 eV over the binding energy

regions typical for N 1s, Ag 3d, Au 4d, S 2p and Au 4f signals. Spectra were

analyzed using CasaXPS software (version 2.3.24).

4.3 Results and discussion

Au in nanoporous form was fabricated by chemical etching of a cold pressed
pellet of an Au-Ag alloy using nitric acid at 70% as corrosive agent for 24 h.
The starting alloy was obtained by ball milling of gold and silver powders in
the atomic ratio of 30:70.

The morphology and the composition of the obtained NP Au were
investigated by SEM and EDS measurements, respectively. Fig. 4.1 reports
the SEM image of and an EDS spectrum of the examined area. The NP Au
shows a bicontinuous structure of interconnected ligaments and pores with
a mean ligament diameter around 15 ° 5 nm, whereas the residual Ag
atomic content is around 12 %.

2500 ~
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1 2 3 4
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Fig. 4.1 SEM image and EDS spectrum of NP Au after 24h of dealloying
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Fig. 4.2 MO discoloration kinetics. The inset shows UV-Vis spectrum of MO before NP Au
immersion, 70 min and 8h after the immersion.

In order to investigate the behavior of the NP Au with the MO, a monolith of
this material was immersed into an aqueous solution of the dye with a
concentration of 2 Q0> M. The trend over time of this system was monitored
by UV-Vis spectroscopy measuring the solution absorption spectrum at
different time intervals. Fig. 4.2 shows the discoloration kinetics of MO after
the immersion of NP Au, calculated by considering the ratio between the
intensity of the absorption MO peak around 463 nm after a certain time of

— MO
MO NP Au

1

012 3 456 7 8 91011121314
RT (min)

Fig. 4.3 HPLC chromatograms of reference MO solution and of residual solution after NP Au
immersion in MO.
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immersion and that of pristine MO solution. The peak intensity decreases
with time until 8h. Then, it slightly increases before reaching an equilibrium
value around 29 % of the initial peak intensity. The discoloration tests were
repeated several times and the final I/lo ratio ranges between 19 and 29%;
these variations are probably due to different surface areas of the NP Au
pellets employed in the tests.
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Fig. 4.4 Trend of relative concentration vs immersion time for NP Au pellet dealloyed for 5s in order to
obtain a thin nanoporous layer.

The MO solution after 30 h of NP Au pellet immersion was studied by HPLC
measurements (see Fig. 4.3). The chromatogram of a reference solution of
pure MO shows a peak at ca. 5.9 min. of retention time, whereas that of the
residual solution of the above-described discoloration test presents the
characteristic peak of MO along with a peak at 3.84 min. However, the small
peak at 3.1 min can also be found in the initial MO solution and in MilliQ
H20, with comparable intensities. These findings suggest that NP Au can
cause MO degradation, as reported by Hakamada et al. [1], although only
partial, in accordance with the UV-Vis data. Moreover, the calculated MO
concentration by HPLC is systematically lower than that calculated from UV-
Vis measurements. This feature can be ascribed to the superposition of the
absorption peak of MO and that of the degradation product, which could
lead to a concentration overestimation with spectroscopic measurements.
Since the peak around 463 nm is characteristic of N=N bond, we can
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suppose that this bond was not broken in the degradation product, in
agreement with the results found for the MO photodegradation in the
presence of TiOz [4]. Another interesting fact is that only this peak appears
in the HPLC chromatograms of different residual MO solutions, suggesting
that the degradation process does not continue after the formation of this
compound. Meanwhile, from the discoloration kinetics, it seems that also
this compound could be adsorbed by NP Au.
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Fig. 4.5 Relative concentration of MO over time for the same sample repeatedly immersed in fresh
MO solution.

In order to evaluate the effect of a reduction of the surface area of gold, we
prepared a NP Au sample by treating with HNO3s and just for 5s, only one
face of a pellet of AuAg alloy. Since the short time of dealloying induces the
formation of only a thin nanoporous layer, an important decrease of the
surface area can be expected in comparison with the NP Au obtained with
24 h of leaching on both faces. In Fig. 4.4 is reported the discoloration
kinetics when a pellet of NP Au with a thin nanoporous layer was immersed
into a solution of MO. It can be observed that the intensity of the peak at
463 nm slightly decreases at the beginning and then reach a plateau at
around 94 % of I/lo. This fact points to a dominant non-catalytic process;
indeed, in the case of a prevalent catalytic degradation, we should expect a
slower discoloration kinetics (due to a lower active surface area accessible
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to the reactant molecules) but not such a dramatic change of the final I/lo
ratio.

Fig. 4.5 shows instead the discoloration kinetics of MO when an NP Au was
repeatedly immersed in fresh solutions at the same concentration. Here, we
can see that the plateau level (the final I/lo ratio) increases after each
immersion, suggesting the presence of equilibrium of absorption. Therefore,
to have further adsorption, a higher MO equilibrium concentration is needed
when more NP Au adsorption sites are occupied. To investigate in deep the
nature of this process, the desorption of MO from NP Au pellet was
attempted. When the pellet was immersed in water, no observable MO

—— DES NaOH
—— DES HCI

Absorbance (a.u.)

300 400 500 600 700
Wavelength (nm)

Fig. 4.6 Normalized UV-Vis spectra of solutions desorbed from different NP Au pellets in HCI and
NaOH 0.1 M.

desorption was noticed, while when the pellet was immersed either in NaOH
or in HCI the solution turned colored. The obtained solutions were analyzed
by UV-Vis (see Fig. 4.6) and HPLC measurements, which highlight the
presence of MO along with other undefined compounds. In the UV-Vis
spectra of Fig. 4.6, the characteristic peak of MO is red-shifted when
desorbed in HCI and blue-shifted when desorbed in NaOH. This is a typical
behavior of MO, by which is used as a pH indicator: by varying the pH of
the solution, the ratio between protonated (red) and deprotonated (yellow)
forms of the molecule changes and it involves a change in position and
shape of the resulting absorption peak [8]. After the desorption in both
solutions, we observed that NP Au pellet does not cause MO discoloration
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anymore, also after having neutralized the surface with the HCI and NaOH
for the samples treated with NaOH and HCI, respectively. This finding
suggests that an irreversible change occurred to the NP Au surface
following its contact with the MO solution.

In order to clarify the adsorption-desorption mechanism, we constructed an
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Fig. 4.7 Adsorption isotherm of MO in NP Au pellet.

adsorption isotherm by exposing the same NP Au pellet to gradually higher
concentrations of MO solution, from 406 M to 1.4Q02 M. The adsorption
isotherm is shown in Fig. 4.7 and can be well fitted by the Langmuir
adsorption model [9]. The total amount of MO that disappeared from the
solutions is around 1.6 mg with a pellet of 230 mg. Moreover, after the
complete saturation of the sample, desorption was repeatedly induced by
exposing the sample to MO solutions with decreasing concentrations and
then to pure water. We estimate that 30 % of MO adsorbed was released.
Here we can easily observe from HPLC measurements shown in Fig. 4.8,
that, along with the MO, the degradation product found in the residual
solutions of adsorption tests, is also present after the desorption. This fact
confirms the hypothesis that this compound is also partially adsorbed by NP
Au.
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Also in this case, a further amount of desorbed material was extracted by
immersing the pellet in NaOH 0.1 M, around 5 % of the disappeared MO
amount.

It is still difficult to state the percentage of MO adsorbed and that of MO
degraded because the amount of degradation product seems to be much
lower than the amount of MO disappeared and that was not finally desorbed.
Our guess is that MO and the degradation product are not completely
desorbed from NP Au surface. With the aim to investigate if the interaction
of NP Au with MO causes irreversible changes to the surface and therefore,
if whether regeneration of the pellet is possible or not, we performed
measurements of XPS and impedance. Electrochemical Impedance
Spectroscopy (EIS) proved to be a very useful technique for surface studies
and characterizations. NP Au has been analyzed at its original pristine state,

——19 5K_D
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19_DES_500_D
A
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14

RT (min)

Fig. 4.8 HPLC chromatograms of residual solutions of adsorption and desorption in different
concentrations of MO: after adsorption in 10-3 M solution (blue), desorption in 10* M (orange) and
desorption in H20 (grey).

after absorption and after the desorption of the dye. Fig. 4.9 reports the
Nyquist plot of the analyzed samples, each one rescaled for its own solution
resistance (Rs) value. As one can see, the electrochemical response varies
significantly in all three situations but, indeed, NP Au after the adsorption
differs definitely more than the other two. More in specific, after MO
absorption, the NP Au loses part of its capacitive feature for a more resistive
response. Then, after the desorption, the material does not regain
completely its original behavior. These observations, although qualitative
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estimations, can be a hint of not reversible processes that occurs at the
surface such as changes in morphology or some species (MO or some
degradation products) which, being hardly desorbed, reduces and modify
the active surface of the material.
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Fig. 4.9 Nyquist plot of NP Au pristine, NP Au after adsorption and NP Au after desorption (a) and
magnification on the high-frequency region (b).

Some alternatives for the electrochemical characterization of the surface
area of nanoporous gold were explored by Rouya et al [10]. In particular,
EIS has been used to calculate the double-layer capacitance and, therefore,
the estimation of the surface area. Concerning this method, EIS analysis
was conducted at the OCP by using a 0.1 M solution of HCIO4, and the
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dependence of the imaginary part of the impedance on frequency is
reported in Fig. 4.10. In a graph of this kind, a log-log slope of i 1 in the
medium-to-low frequencies region corresponds to a typical purely
capacitive behavior. Since our cases differ from ideality (with log-log slopes
ranging from 0.5-0.75), the system should be better described by a constant
phase element. Despite the use of this approximation, the slope in the three
samples changes in agreement with our previous considerations. Besides,
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Fig. 4.10 a) Log-log dependance of the imaginary part of the impedance vs frequency. b) Magnitude
and fit of the linear part in the medium-to-low frequencies.

the slope changes from -0.75 to -0.55 when the surface is modified with the
adsorption of MO, whilst it reaches -0.60 after desorption. As already
observed, the not complete desorption of the dye and/or the related surface
modifications can be also qualitatively highlighted by the partial recovery of
the pristine capacitive behavior.
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XPS measurements have also been performed and are reported in Fig.
4.11; the samples NP Au MO 20 mM, NP Au 10 mM and DES NP Au MO
10 mM were washed with distilled water immediately after the immersion. A
comparison between the pristine sample and that obtained after the
immersion into the MO solution 2=10° M does not highlight any important
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Fig. 4.11 XPS measurements on pristine NP Au and three NP Au immersed in MO solutions. On the
left, middle and right are reported the XPS spectra in the regions of N(1s), S(2p) and Au(4f),
respectively.

difference. This finding could be related to the low amount of MO adsorbed,
which is probably lower than the detection limit of this technique. However,
the sample NP Au 10 mM (blue line), which has been immersed into a more
concentrated solution, clearly shows the presence on the Au surface of
molecules containing N and S. Moreover, the sample DES NP Au MO 10
mM (pale blue line) obtained by immersion in the same solution, and which
underwent desorption till the washing solution was colorless, presents the
residual presence of the peaks of N and S which can be ascribed to MO
and/oritsdegradati onds products adsoris
interesting to note that the peaks corresponding to the 4f gold electrons are
not affected by the presence of the molecules absorbed. Indeed, the lack of
shift of these peaks was put forward by Hakamada et al. as a proof of the
absence of dye molecules in their NP Au sample after immersion into MO
solution [1].

4.4 Conclusions

In this chapter, we presented the investigation on the catalytic activity of NP
Au in the degradation reactions of MO, a molecule that belongs to the class
of azo dyes. Hakamada et al. reported that NP Au is able to catalyze the
complete degradation of MO [1]. Our experiments instead show that the
degradation of the dye occurs only partially and that an important part of
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MO is adsorbed onto the large surface of the NP material. Indeed, UV-Vis
measurements on the solutions obtained from the tests of desorption, show
that MO, along with (probably MO degradation product), is released in a
large amount by the NP Au. Moreover, these findings are also in agreement
with the HPLC measurements which proved that MO with another molecule
are present in the same solutions. Furthermore, EIS measurements
suggested that the surface of NP Au was modified by the immersion into
the MO solution and that, even after a prolonged desorption, it did not
recover the pristine conditions. XPS analysis showed the presence of
molecules with N and S atoms on the surface of NP Au both after the
immersion and after the desorption procedures, in agreement with the EIS
measurements.
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Chapter 5

NP Au/perovskite nanocrystals heterojunctions

5.1 Introduction

Metal halide perovskites, both organic and inorganic, have attracted
extraordinary interest showing high potential for several applications thanks
to their excellent optical and electronic properties. Photovoltaic, light-
emitting diodes, and other optoelectronic devices [1i 4] are technological
sectors in which they have taken a dominant position. Moreover, they
involve the use of non i polar organic solvents, and they can be processable
in solution, showing big potential for efficient and lowi cost devices [5]. In
this framework, perovskite quantum dot (QD) devices are particularly
interesting for their high absorption coefficient, good carrier mobility,
flexibility, and broad band-gap tuning by changing QD size and shape.
Despite all these promising characteristics, the efficiency of QD devices is
far from the theoretically predicted values, probably due to poor charge
transfer at the interfaces [6,7]. Further, the poor stability hampers
commercial applications of the devices, being them sensitive to heat, light,
and environmental stresses [87 11]. In photocatalysis and photovoltaic, for
example, the performance of the devices depends on their charge
separation ability and the implementation of good nanocrystals (NCs) i
electrode interfaces. The development of NCs i metal heterostructures can
help to improve both factors and provide new functionalities to the
nanostructures, altering the optical properties of semiconductors, notably
with photoluminescence quenching or enhancement [12i 14]. Noble metals
are widely used for their intrinsic capacity to accept electrons, fast capturing
the photogenerated electrons at the semiconductor surface, promoting the
charge separation and the reduction processes. The presence of metal is
also known to induce plasmonic field effects in semiconductor
nanostructures, influencing their photocatalytic and photovoltaic
performances [15,16]. Several works have been focused on studying the
optical properties of lead halide perovskites i Au nanocomposites and their
application in photocatalysis and photovoltaic [171 19]. In this framework,
NP Au represents an ideal substrate for the growth or deposition of NCs.
For these reasons, this chapter shows the possibility to develop a CsPbBrs
i NP Au nanoporous heterostructure (hereafter NCs@NP Au). Indeed, two
different approaches were developed and studied to obtain the NCs i Au
system, and the optical and structural properties are reported. By analyzing
the effect on CsPbBr3 optical properties influenced by the presence of gold,
we evidence the efficient charge transfer process in NCs@NP Au
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investigating the possible mechanisms of the formation of the
heterostructures.
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5.2 Materials and methods

5.2.1 Materials

Caesium carbonate (Cs2COs; Aldrich, CAS No. 534-17-8), Octanoic acid

(OTAC; Aldrich, CAS No. 124-07-2), Lead bromide (PbBrz; Aldrich, CAS No.

10031-22-8), Tetraoctylammonium bromide (TOAB; Aldrich, CASNo.

14866-33-2), Didodecyldimethylammonium bromide (DDAB; Aldrich, CAS

No. 3282-73-3). Toluene, Ethyl acetate, and n-Hexane were of analytical

grade. All chemicals were used without any further purification. Au powders

(99.995 %, Alfa Aesar, CAS No. 7440-57-5), Ag powders (99.9 %, Aldrich,

CAS No. 7440-22-4), Nitric acid (HNOs 70%, BDH, CAS No. 7697-37-2).
Ultrapure water (18. 2 MqLlL @milliporeavaterpr oduced
purification system.

5.2.2 Synthesis and purification of CsPbBr3 NCs

Synthesis and purification of CsPbBrs NCs were performed based on
previous records [20]. First, caesium precursor was prepared by loading 1
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mmol of Cs2CO3 and 10 mL of OTAc into a 20 mL vial, and the mixture was
stirred for 10 min at room temperature. The PbBr2 precursor solution was
prepared by dissolving 1 mmol of PbBr2 and 2 mmol of TOAB in 10 mL of
toluene. For the synthesis of CsPbBrs QDs, 1.0 mL of a cesium precursor
solution was swiftly added into 9 mL of a PbBrzi toluene solution into a
conical flask. The reaction was magnetically stirred for 5 min at room
temperature in open air. Subsequently, 3 mL of DDAB (in toluene 10 mg
mL"?) solution was added. After 2 min, ethyl acetate was added into the
crude solution with a volume ratio of 2:1; the precipitate was collected
separately after centrifugation and dispersed in toluene. The extra ethyl
acetate was added into the toluene dispersion, and the precipitate was
collected and re-dispersed in n-hexane.

5.2.3 NP Au fabrication
Precursor alloy fabrication

Au and Ag powders were mixed in a ratio 30:70. 2 g of the mixture were ball
milled in a SPEX 8000M Mixer/Mill ball mill for 16 hours in a hardened steel
vial with two hardened steel spheres of 8 g each. The powders were
homogenized every 30 min in the first 2 hours and then every 5 hours.

Dealloying of AuAg alloy

NP Au powders were prepared by chemical dealloying in HNOs 70 % for 24
h [21,22]. The powders were then washed in MilliQ water 5 times and then
dried under vacuum.

5.2.4 Synthesis and purification of CsPbBr3i Au hybrid structure

CsPbBrs i Au hybrid structures were prepared following two different
procedures.

In procedure 1 , 70 mg of NP Au were just added into the CsPbBrs NCs (2
mg/mL) dispersed in hexane (3 ml) under ambient conditions. After stirring
for 4 h, the powder was filtered and washed several times with hexane
under vacuum and then dried overnight.

In procedure 2 , the synthesis of CsPbBrs QDs was repeated in presence
of NP Au. NP Au (140 mg) was added to the PbBr2 precursor solution, then
the synthesis proceeded identically. The hexane dispersion was filtered and
washed several times with hexane under vacuum, to separate the
nanocrystals not linked to gold, and then dried overnight.
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5.2.5 X-Ray Diffraction

X-Ray Diffraction measurements were performed with a Bruker D8 Advance
di ffractometer operating at 30 kYV
1.5418 A) and a Vantec-1 PSD detector. The powder patterns were

recoded in the 10A O 2d O 70A range.

5.2.6 Raman Spectroscopy

Raman measurements were collected using MS750 spectrograph (sol-
instruments) equipped with 600 gr/mm grating. The laser beam (785 nm)
was focalized through an Olympus objective (10x), with a laser power of
about 7.5 mW. Measurements were performed at room temperature, with a
spectral resolution of 1 cm™.

5.2.7 Time-Resolved Photoluminescence

Time-resolved photoluminescence (TR-PL) measurements were recorded
by exciting the samples with 200 fs pulses sourced from an optical
parametric amplifier (Light Conversion TOPAS-C) pumped by a
regenerative Ti:Sapphire amplifier (Coherent Libra-HE). The repetition
frequency was 1 kHz and the TR-PL signal was recorded by a streak
camera (Hamamatsu C10910) equipped with a grating spectrometer
(Princeton Instruments Acton Spectra Pro SP-2300). All the measurements
were collected in the front-face configuration to reduce inner filter effects.
Proper emission filters were applied to remove the reflected contribution of
the excitation light.

5.2.8 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) for NP Au was performed with a FEI
Quanta Field Emission Electron Microscope, equipped with an Everhart-
Thornley secondary electron detector. Imaging was performed at an
operating voltage of 20 kV at 10 mm from the examined samples.

SEM studies for heterostructures were carried out using a Carl ZEISS
Auriga microscope equipped with an energy-dispersive X-ray spectroscopy
(EDX) detector or an ESEM FEI Quanta 200 microscope operating at 25
kV.
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5.3 Results and discussion

SEM image of the as-prepared NP Au is shown in Fig. 5.1. NP Au shows a
fine nanoporous structure with ligaments and pores diameters around 20
nm.

Fig. 5.1 SEM image of NP Au.

CsPbBrs nanocrystals were synthesized following a room temperature
procedure, adopted in previous reports with QDs crystal size of about 10
nm, with a uniform and cubic morphology [20]. X-ray diffraction
measurements were performed on nanocrystals precipitate. Fig. 5.2 reports

CsPbBr, NCs A Experimental
—— Calculated
—— Residuals

Intensity (Counts)

10 20 30 50 60 70

40
2q (°)
Fig. 5.2 Rietveld refinement of the nanocrystals precipitate. n refers to the Experimental pattern, red

line is the pattern calculated by Rietveld refinement, in black line the residuals between the
experimental and calculated pattern.
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the Rietveld refinement of the pattern, obtained by using the software MAUD
[23]. CsPbBrs NCs are in the orthorhombic g-phase (Pbnm, space group
No. 62, COD ID 1533062), with lattice parameters a =8.219 v, b =8.254 v
and c=11.753 v.

k.= 785 nm CsPbBr, NCs

Intensity (arb. un.)

200 250 300 350 400
Raman shift (cm ')

Intensity (arb. un.)

100 200 300 400
Raman shift (cm™)

Fig. 5.3 Raman spectrum of nanocrystals precipitate; in the inset a zoom of the region 200 i 400
cm™?. _exc = 785 nm.

In Fig. 5.3 the Raman spectrum of the nanocrystals precipitate is shown; in
the inset the enlarged view of the region 200 i 400 cm'l. The Raman
features confirm that CsPbBrs NCs are in the orthorhombic g-phase, with
an intense peak in the region 60 7 80 cm'?, a low-intensity peak around 130
cm, and a broad second-order peak around 310 cm [24,25].

Fig. 5.4 presents the absorption and emission spectra of colloidal CsPbBr3
dispersed in hexane. The NCs show bright photoluminescence with an
emission maximum at 518 nm.

The synthesis of NCs@NP Au followed two different procedures (detailed
conditions are reported in paragraph 5.2.4. In procedure 1, a known amount
of NP Au (70 mg) was incorporated into the hexane suspension of CsPbBrs
NCs under ambient conditions. The concentration of the CsPbBrs NCs was
2 mg/ml. Fig. 5.5 shows the pictures of the solution under UV light (375 nm),
before and after the addition of NP Au.
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Fig. 5.4 Absorption (brown) and emission (green) spectra of colloidal CsPbBrz NCs; /exc = 410 nm.

The solution turns to be colorless with a drastic quenching of the
fluorescence. Raman measurements (Fig. 5.6) show the presence of two
peaks (135 and 176 cm™), which cannot be assigned but are in the range
of Cs1 Pb i Brvibrations [24,26,27]. This can be attributed to the instability
of NCs in presence of gold.

The capping agent (namely, DDAB) is formed by the alkyl chain terminating
with Nitrogen and methyl groups, respectively. It is widely accepted the
strong affinity of the Au surface with ammonium surfactants, and the
capping agent likely leaves the nanoparticles to deposit on the Au
nanostructures [281 30].

Fig. 5.5 Photographs under UV light (375 nm) of CsPbBr3 NCs dispersion a) before and b) after the
introduction of nanoporous gold.
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CstBr3 NCs - NP Au

I . 785 nm

e

Intensity (arb. un.)

100 200 300 400
Raman shift (cm™)

Fig. 5.6 Raman spectrum of NP Au soaked with CsPbBrs NCs.

We argue that NP Au possesses a good affinity with the capping agent of
CsPbBrs NCs. Stripped of all protection, NCs are no longer stable in hexane
and degrade in different stoichiometric phases, as observed in the Raman
spectra. To further confirm the hypothesis, the Au nanostructures were
covered with the same capping agent and successively added to the
CsPbBr3 NCs hexane solution. No interaction between CsPbBrsz NCs and
Au nanostructures was observed in this case, the perovskites maintain the
structural stability and their characteristic optical properties.

In order to further confirm the hypothesis of the degradation, we performed
the elemental analysis on different points of the surface of the sample
obtained with procedure 1, by means of SEM 1 EDX measurements.
Paying attention to Cs, Pb, and Br, we evidenced the presence of lead or
cesium, or both of them, with the disappearance of bromine. This difference
in the stoichiometry from the starting CsPbBrs NCs confirms the absence of
perovskites and the formation of amorphous Cs i Pb compounds.

In procedure 2, nanoporous gold was added during the synthesis of
CsPbBrs nanocrystals, then the synthesis proceeded as mentioned in
paragraph 5.2.4.
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| — NP Au
—— NCs@NP Au
il | CsPbBr,NCs “

Intensity (Counts)

20 40 60
2q (°)

Fig. 5.7 XRD pattern of the sample of pure NP Au (blue) and NCs@NP Au heterostructure (red).
The vertical bar individuates the main peaks of pure CSPbBrs NCs.

Fig. 5.7 reports the XRD pattern of the as-synthesized sample, compared

to pure NP Au. ltdéds possible to noti

21.5°, 31.5°, 49.4°, and 59.1°), pertaining to pure CsPbBr3 NCs (Rietveld
refinement in Fig. 5.2).

Fig. 5.8 shows the steady-state luminescence spectrum of NCs@NP Au
heterostructure compared to the emission of the pure CsPbBr3z NCs. The
curves have been fitted with a Pseudo-Voigt function, a combination of
Gaussian and Lorentzian profiles:

0 g
. G €9

p ‘

N i _ Eq. 5-1
“Tw V] o

‘0 O

where A represents the Lorentzian character of the Voigt profile, 0 is the
width parameter of the function and w the energy peak center. A slight red
shift and a small line broadening are observed. Derived parameters are
reported in Table 5.1.
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Fig. 5.8 Steady-state luminescence spectra of pure CsPbBrs NCs and NCs i Au hybrid structure;
/exc =410 nm.

Table 5.1 Fit parameters of PL measurements on pure CsPbBrs NCs and NCs i Au hybrid structure.

Xc \W m
(eV) (eV)
CsPbBrsNCs  2.39 0.097 0.48
NCs@NP Au 2.37 0.117 0.41

Time-resolved photoluminescence measurements (reported in Fig. 5.9)
performed on the samples give more insight into the properties of the
recombination mechanism. The curves have been fitted with a biexponential
decay function:

e e 50 Eq. 5-2
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with "00 time-dependent PL intensity, "Oinitial PL intensity, 0 amplitude, 0
time, O initial time, 0 the characteristic lifetime. Table 5.2 retrieves the fitting
parameters, which are in accord with previous results [20,31,32]. The
average lifetime has been calculated using the following relation [33]:

LRI
Bott
The average lifetime decreases from 3.6 ns to 1.9 ns, showing the
interaction between CsPbBrs NCs and nanoporous gold matrix evidenced
by the shortening of the average lifetime with respect to the CsPbBrs NCs.
Indeed, it strongly suggests the presence of non-radiative recombination
path and the formation of NCs i NP Au hybrid structure. The transfer
efficiency can be calculated by the relation:

N
- — Eq. 5-4
P 3

Where to is the average lifetime in pure CsPbBrs NCs and t the average
lifetime in presence of gold. The calculated charge transfer efficiency is
around 47%.

Table 5.2 Fit parameters of TR I photoluminescence measurements.

W A1 t1 A2 t2
(ns) (ns) (ns)
CsPbBrzs NCs 3.6 14452 0.89 14402 7.0

NCs@NP Au 1.9 1760.9 0.87 140.7 4.4
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Fig. 5.9 Time-resolved photoluminescence measurement on pure CsPbBrz NCs and NCs 7 Au
hybrid structure; /exc = 410 nm.

5.4 Conclusions

To summarize, the goal of this work was to realize a CsPbBrs i Au
heterostructure. By one approach, CsPbBrs NCs dispersed in hexane were
mixed with nanoporous gold. The result is the disappearance of the
luminescence, whose cause is assumed to be the degradation of NCs and
the subsequent formation of amorphous compounds. The second approach
involves the synthesis of NCs directly on the NP Au surface. In this case,
itds possible to notice a blue shift in
decay. Such behavior can be attributed to the achievement of a
nanostructure of CsPbBrs NCs and NP Au, with an efficient charge transfer.
The result shows high potential application in all the applications where an
efficient charge transfer is required. Further, the possibility to utilize the NCs
perovskite as efficient sensitizers strongly suggests the possibility to
achieve a tunable photocatalytic device active in all the visible range. In this
regard, further specific measurements need to be performed.
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Chapter 6

Fabrication, characterization and modeling of NP Al

6.1 Introduction

Aluminum is widely used in transportation, construction, tools and
consumables because of its properties such as plasticity, lightweight, non-
toxicity, high thermal and electrical conductivity and passivation capability.

Among metals, it is the most abundant

second only to iron [1]. Apart from the well-known and commonly exploited
properties of Al, atomized powders showed catalytic activity toward various
organic reactions [2]. Moreover, when its characteristic lengths decrease to
the nanoscale, other important properties are manifested. Al nanostructures
show plasmonic resonance that can be tuned by varying their size,
structure, and oxide content from UV to near-infrared (NIR) [3,4]. Fine
powders and nanoparticles have also been extensively studied as solid
propellants [51 7]. With this regard, NP Al fabrication represents an essential
goal for possible and innovative further applications in relevant advanced
fields. Indeed, it has been shown that NP Al is a promising material for
hydrogen generation [8] and ultraviolet (UV) plasmonic applications, such
as Surface Enhanced Raman Spectroscopy (SERS) and Metal Enhanced
Fluorescence (MEF) [9]. Moreover, Yang et al. recently reported that NP Al
with a natural Al203 shell presents high chemical and thermal stability, light
density and high strength [10]. These features make this material a
promising valuable low-cost, self-supported, and tunable substrate for UV
and visible-light SERS and MEF. Moreover, NP Al could also be of interest
as a catalyst by matching the unique surface area and catalytic properties
of NP metals with the Al catalytic activity [2]. Furthermore, the use of self-
standing nanostructured material such as a NP metal for catalytic purposes
could allow taking the advantages of both homogeneous and
heterogeneous catalysis without the pelletizing process, which can be
required when nanoparticles are employed as catalyst [11,12].

NP Al fabrication is challenging because of the high Al reactivity toward
oxygen and water. The first of the few papers illustrating the preparation of
a NP Al has been reported by Suéarez et al.; it describes a fabrication method
based on the electrochemical dealloying of Zn or Mg [13]. Later, Corsi et al.
[8] demonstrated that NP Al could be prepared by this method in non-
aqueous electrolytes under Ar atmosphere, thus preventing both Al
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oxidation during its removal and ligament coarsening observed by Yang et
al. [14] during Galvanic Replacement Reaction.

In this chapter, we address the production of NP aluminum by VPD, by

treating an Al20Znso nanocomposite at a relatively high temperature under

vacuum. Three steps are involved in the fabrication method: mechanical

alloying of Al and Zn powders under Ar atmosphere, cold-pressing of

powders into pellets and Zn removal during a thermal treatment under

vacuum conditions. Although | igamentsd coa
the relatively high temperature required with VPD, this preparation method

is promising because of its ease and the possibility of fabricating relatively

large amounts of materials.

Structure features have been investigated at different magnifications by
Scanning Electron Microscopy (SEM) and Serial Block Face-Scanning
Electron Microscopy (SBF-SEM), while surface area and pore volume have
been characterized by N2 physisorption measurements.

Since mechanical properties of NP Al are not studied in an exhaustive way,
nanoindentation tests have been performed to estimate Young's modulus
for the first time.

A further investigation of microstructure morphology has been performed by

using a phenomenological model based on fractal geometry. Moreover,

relevant applications of fractal modeling show its reliability not only to

reproduce structure features of several materials, but also to predict their

behavior under different conditions [151 17]. In this case, it has been

possible to calculate specific surface (by simple geometrical

measur ement s) and Y oresolvng seriesnand pdralles ( by
Ssprings®o patterns after mo d e | conversio
successfully compared with experimental measurements.

Finally, the optical properties and SERS-activity of NP Al were evaluated.
We found that NP Al can be used as a SERS substrate with visible light
excitation, too. This is ascribed to the presence of plasmonic absorption
also in this spectral range.

6.2 Materials and Methods

6.2.1 Materials

Al with particle size <1 mm and 99.7 % of purity, Zn powders with particle
size <0.149 mm and 99.8 % of purity and poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) (1.1 wt. % in H20) were purchased by
Aldrich.
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6.2.2 NP Al preparation
AlZn precursor fabrication

Elemental metals were mixed to prepare Al20Znso powder mixtures. The
corresponding Al20Znso alloy was obtained by subjecting the powder
mixtures to mechanical processing in a SPEX Mixer/Mill 8000. To this aim,
10 g of powder mixture were placed inside a cylindrical hardened steel
reactor together with two 8-g stainless steel balls. Paraffin oil was used as
a process-control agent to avoid powder agglomeration. The reactor was
sealed under Ar atmosphere with impurities below 2 ppm. The mechanical
processing was interrupted after 48 h. Processed powders were cold-
pressed in the form of cylindrical pellets about 1.3 cm in diameter and 224
pum in thickness.

NP Al fabrication

The pellets were placed in the glass tube of a tubular furnace. The sample
was kept for 1 h under high-vacuum conditions with pressure around 102
Pa. Then, the temperature was raised at 25 °C min? up to 550 °C. The
sample was annealed at 550 °C for 1 h and then cooled gradually under
high-vacuum conditions.

6.2.3 SEM imaging

The precursor alloy and resulting dealloyed material were investigated by
SEM using a Zeiss Merlin microscope, equipped with a Schottky electron
source, working with an acceleration voltage of 5 kV and an electron current
of 150 pA at short working distance (high-resolution mode). Secondary
electrons (SE) were collected to provide fine details on the surface
morphology, while backscattered electrons (BSE) to detect differences in
local composition. SE and BSE were gathered using an in-lens detector and
a multiple-sector detector placed on the bottom of the SEM objective lens,
respectively. SEM-Energy Dispersive Spectroscopy (EDS) measurements
were performed by an Oxford silicon drift detector (SDD) with a detection
area of 60 mm?, collecting EDS spectra from 6 diverse, rectangular-shaped
cross-sectional areas placed at increasing depth in the sample, aiming at
finally covering the entire 224 um-thick sample. In order to properly compare
the result obtained, rectangular zones with same surface area were
scanned by the electron beam, and an EDS spectrum from each of them
was collected keeping the same SEM working conditions: acceleration
voltage (30 kV), electron probe current (1 nA), and collection real-time (5
minutes per spectrum).
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6.2.4 SBF-SEM imaging

For SBF-SEM imaging, the specimen was first embedded in EM-dedicated
epoxy resin to obtain a small and compact block, then such a block was
mounted on an Al specimen. Silver paint was used to electrically ground as
much as possible the edges of the block to the aluminum pin. The entire
block was then sputter-coated with a layer of gold capable of reflecting light
to perform the fine SBF-SEM alignment. The block containing NP Al was
then imaged using a ThermoFischer VolumeScope (VS) device, mounted
into a ThermoFischer Teneo FEG SEM equipped with a Schottky field
emission electron source, operating at an accelerating voltage of 2 kV, with
a beam current of 50 pA, and upon low-vacuum conditions (50 Pa). Serial
BSE-SEM images were acquired by a dedicated detector after cutting the
specimen with a thickness of 100 nm, at different magnifications, and with
resolution and dwell time chosen adequately to prevent further local
specimen charging. For 3D reconstruction, rendering and analysis, serial
SEM images were aligned and stacked into a volume using AVIZO software
(ThermoFischer). 3D structures in image stacks containing hundreds or
thousands of 2D ortho slices were traced individually in each plane and
automatically surface rendered. From SBF-SEM stacks analysis, the
features of larger pores (such as area, shape, characteristic lengths, and
pore profile roughness) were estimated through a semi-automatic tool
(Analyze Particles) using Fiji software [18]. Fractal dimension was
estimatedby wusing AFractal ®Bpx Count 0

6.2.5 XRD measurements

The structural and microstructural evolution of processed powders was
investigated by X-Ray Diffraction (XRD). XRD measurements were carried
out with a Rigaku Miniflex Il Diffractometer equipped with a 600 W X-ray
source using Cu Kaz1 with an incident beam angle 2qg ranging from 30 to 100
degrees. Quantitative phase and microstructural analyses were performed
using the Rietveld method [19].

6.2.6 N2 physisorption measurements

N2 physisorption measurements were carried out using a Micromeritics
ASAP2020 apparatus. Adsorption and desorption isotherms were
measured at 77 K. The Brunauer-Emmett-Teller (BET) method was utilized
to estimate the specific surface area [20].
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6.2.7 Mechanical properties measurements

The mechanical properties of suitably prepared NP Al samples were
measured at room temperature using ex situ depth-sensing
nanoindentation. To this aim a NanoTest Vantage Micro Materials indenter,
equipped with a calibrated three-sided pyramid diamond Berkovich tip about
200 nm in radius, was used. Measurements were carried out within the
i ndentation | oad range between 40
kept const an'tlLoaaihg abduloadiny cusres were measured
on 36 indents per sample. The slope of the linear part of each unloading
curve provides an estimate of the
modulus was calculated by taking into account all the measured values.

6.2.8 UV-Vis absorption spectroscopy

UV-Vis absorbance spectrum of NP Al was acquired with the UVT Visi NIR
spectrometer Agilent Technologies Cary 5000. The sample was gently
crushed into powder with an agate mortar and its absorbance was
measured in diffuse reflectance measurement mode.

6.2.9 Raman Spectroscopy measurements

Raman measurements at the excitation wavelength of 532 nm were carried
out in backscattering geometry with a wavelength stabilized diode module
(LASOS e GLK series-532) coupled with a Reflecting Bragg Grating
(Optigrate-Braggrade 532) to narrow the laser line. Measurements were
performed at room temperature with a triple spectrometer Jobin-Yvon Dilor
integrated system with a spectral resolution of about 1 cm. Spectra were
recorded in the Stokes region by a 1200 gr /mm grating monochromator and
a liquid N-cooled charge coupled device (CCD) detector system.

Micro-Raman spectra at the wavelength of 1064 nm were taken in back
scattering geometry with the spectrometer B&W TEK (Newark-USA) i-
Raman Ex with a resolution less of 8 cm* coupled with an Nd:YAG LASER.
The measurements were carried out at room temperature in a single spot
of 1 mm? through the BAC151B Raman Video Micro-sampling system
assembled with a 50x Olympus objective.

For SERS measurements, diluted PEDOT:PSS aqueous solution (0.01
wt.%) was drop-casted on glass slide, bulk Al pellet and NP Al. The spectra
were recorded with laser excitation at 532 nm and at 1064 nm.
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6.2.10 Fractal model

A phenomenological model based on fractal geometry was developed with
the aim to reproduce the porous structural features (pore size distribution,
pore size range, pore fraction) and predict specific surface area and
Youngdos modulls]sin particuldd,Rhe Arbposgd fractal model,
called IFU, was obtained by using Sierpinski carpet, a well-known example
of fractal geometry as a base unit. This fractal figure was constructed by
starting from a square in which each side (I) is divided by a numerical factor
F generating equal sub-squares (Eg. 6-1). Some of these sub-squares can
be removed by creating a structure formed by solid and void with the same
characteristic length [15].

0 %3 Eq. 6-1

The obtained objects were characterized by the non-integer dimension
calculated by

$ —  h Eq. 6-2

where Nrsq denotes the number of sub-squares non removed at the first
iteration. The described step was repeated on all sub-squares generating a
self-similar pattern in which at the n-th iteration, the size of voids was:

0

8 Eqg. 6-3
O

Iteration by iteration, it was possible to note that new classes of voids were
generated, and monotonic pore size distribution could be obtained.
However, real materials in general have different pore size distribution
curves (non-monotonic) in which one or more maxima can be found in
correspondence with any pore class. These structures could be
approximated by a modeling procedure based on IFU. The number of unit
base type was related to complexity of cumulative curve of porous structure.
One unit for every inflection point. For the investigated systems, two
structur al types of unitsé base @&were used:
Sierpinski carpet B (for simplicity unit A and unit B), with different
characteristic lengths and Dx.
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The pore fraction resulting from intermingling was given by
0 € to
] 5 & 1o = o
where0 ,0 ,0 ,andO are total areas and total pore areas of A and B
units, respectively. After porosimetric tests or image analysis, it was

possible to use the experimental measurement value for calculating €

. 0 - to
€ = ~ Eq. 6-5
-6 b q
where - is the experimental pore fraction. In order to improve the

versatility of the model, different settings could be used, such as: (a)
maintain solid forever some sub-squares of unit A and units B; (b) introduce
non-porous surface to control pore fraction of the entire model; (c) make
pore profile tortuous in longitudinal or transverse direction for reproducing
specific surface and morphological characteristics. In particular, concerning

tortuous pore profile, it can be characterized by rough path 0 which was
calculated by

0 0 Eq. 6-6
where ‘O is tortuous fractal dimension and

’| O Eq. 6-7

As reported in Fig. 6.5, a tortuous pore profile was constructed around the
square edge of a void to leave unaffected the solid and void fraction.
Consequently, the pore cross-sectional area was considered constant and
independent of the specific profile. Since the IFU is the smallest
representative part of microstructure, a method to compare data with 1A
(referred to the examined surface) had to be used. For this, the total length
of pore profiles was divided by total model surface (Airu),

B0 Eq. 6-8
5

Moreover, it was possible to calculate specific surface area by considering
IFU unitary model extrusion along transversal direction and the specific
weight of material solid phase, U .

C
o-

Eq. 6-9

c~|
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After phenomenological reconstruction of microstructure, the fractal model
can be converted into an analytical multi-scale homogenization pattern
composed of springs allocated in series and parallel. Starting from the
smal |l est cel l (generated by the |
modulus O was computed, and the result was used as the modulus of a
solid part at n -1 iteration [15].

At the n iteration, an analytical expression for stiffness of each spring was
represented by

Q .. 0—mM GO pio Eq. 6-10
V)

where ... is a characteristic function which is equal to 0 for pore and 1 for
solid, Es denotes the elastic modulus of the solid phase, 6  represents the

cross-sectional area (per unit out-of-plane thickness) and 0  stands for the
length of the corresponding sub-square. These last geometrical features

were the same in all sub-squar es. The effective

calculated by

=]

(@) _— Eq. 6-11

5%
5%
vy}
= xi
= xi

where O ... O [15].

The Youngb6s modul udal strdcturgd vaas givemn hyithe e
har monic average of Youngbés modul us

The three-dimensional structure was reproduced by giving to the IFU an
arbitrary unit thickness.

6.3 Results and Discussion

The XRD pattern of the Al2oZnso powder mixture mechanically processed
for 48 h is shown in Fig. 6.1a and compared with the reference XRD patterns
of pure Al and Zn. The mechanical processing made Al reflections
disappear, and Zn ones broaden. The Rietveld analysis indicates that
broadening can be ascribed to the reduction of grain size from the initial
value of about 100 nm to the final one of about 70 nm. A small downward
shift of about 0.1° in the angular position of Zn peaks is detected. Based on
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the Al and Zn atomic radii [21], it can be ascribed to a terminal solid solubility
of Al in Zn [22], with the two elements remaining substantially segregated.

Fig. 6.1 (a) XRD pattern and Rietveld refinement of the Al20Zngo nanocomposite, compared with
reference reflection peaks of Al and Zn elements. SEM micrographs of the nanocomposite collected
using (b) SE and (c) BSE.

Therefore, it can be concluded that the mechanical processing of the
Al20Znso powder mixtures induces the formation of a nanocomposite. The
SEM micrographs, such as the ones shown in Fig. 6.1b and Fig. 6.1c,
provide support to this conclusion. In particular, the SEM-BSE imaging
indicates that the nanocomposite consists of finely dispersed
nanocrystalline phases with diverse atomic number. Specifically, the zones
appearing brighter have a higher atomic number, i.e., a higher Zn
percentage. As shown by the SEM micrographs reported in Fig. 6.2, the
annealing at 550 °C under high-vacuum conditions for 1 h drastically
changes the material microstructure. As shown in Fig. 6.2a, the sample
surface exhibits the typical appearance of NP metals, with nanosized
ligaments and pores (approximately 10 nm). The SEM micrograph in Fig.
6.2b reveals that the NP architecture is maintained inside the sample,
although the ligament size appears to be larger.

EDS measurements, shown in Fig. 6.2c and Fig. A.ll.1 (supplementary
material can be found in Appendix A.ll) indicate that the Zn atomic
percentage, normalized with respect to the sum of Al and Zn ones, mostly
averages around 1% near the pellet surface, while it increases up to about
3% near the opposite surface. Therefore, Zn has been almost completely
removed from the sample. The O content is related to the oxidation of the
Al surface, with consequent formation of a thin passivation layer [23].
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