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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:

e Microporous materials: pore diameter between 0.2 and 2 nm;
e Mesoporous materials: pore diameter between 2 and 50 nm;
e 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 — 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 not subjected to agglomeration and don't
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
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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 — ideal for an NP metal
fabrication by dealloying — 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]:

= 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;

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

» 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;

» 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 s has been proposed by several works [9,20,48,49]:

o=~ As™™,
Eq. 1-1
where A and m 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 [52-56].

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
the ligaments’ network, in 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 —
a tunnel breaking up into a series of voids — can also occur, explaining the
presence of large voids within NP Au ligaments, observed by TEM [59-61].

In several papers, the ligament diameter 1 of NP Au is found to grow with a
power law respect to the time t [8,62,63]:

A = (ktDy)™, Eq. 1-2
where k is a proportionality constant, n is the coarsening exponent and Dy

is surface self-diffusivity. D; can be written in the Arrhenius form, typical of
thermally activated processes:

Ds = Doe_(kETaT), Eq. 1-3

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

nEq

A = At"e k8T, Eq. 1-4
Where A = (kDy)™.

However, there are several other reports in which the data don’t fit well this
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 [9,64—66].
Here, we dwell on some of the most studied reactions, where the
relationship between NP metals’ structure 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

NP metals’ high surface area, good electrical conductivity, and
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 [97-99]. NP metals can also be used as supports for enzyme
immobilization to extend the sensing applications [100-103], or for
antibodies immobilization in immunosensors (See Fig. 1.7) [94,104-107].
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 metals’ optical properties differ significantly
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 remarkably higher in the “hot spots” between
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 [118-120].

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 unique phenomena that can’t
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, commonly called “inverse catalyst”,
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:

= 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].

» 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.

= 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
limit above which dealloying can’t proceed. Here we report that, even if the
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 the predicted Young’s modulus with the value
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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