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Abstract

Silver has been successfully tailored at the nanoscale to demonstrate significant
variations in its properties when compared to its bulk form, such as electrical conductivity,
thermal conductivity, optical response, mechanical property and antibacterial performance. A
relatively unexplored nanostructural form is that of silver containing nanopore structures, or
so-called nanoporous silver (np-S). This material has many of the features common to other
forms of silver nanostructures including high surface area to volume ratio, enhanced chemical
sensing potential, thermal stability, and so forth, but combines them in a self-supporting rigid
framework. These unusual properties open the door for use nanoporous silver in a wide range
of applications, such as in biosensors and plasmonic photocatalysis, energy storage, chemical
and biological sensing. There are still important outstanding questions about how to control
the morphology of np-S and the resulting effect on the physical properties, which must be
answered for np-S to become a viable platform for such applications.

Nanoporous silver was fabricated by dealloying Agioo-xAlx alloys. The precursor alloys
were made in the form of thin films using magnetron co-sputtering with a range of
compositions 24.6 and 72.6 at. % Al. The removal of Al and the formation of np-S was achieved
by dealloying in NaOH at room temperature. The resulting np-S had a ligament-pore structure.
The size of the np-S ligaments decreased from 32 to 13 nm as the Al content increased.
Decreasing the ligament sizes of the sponges increases electron scattering, thereby increasing
its electrical resistivity. There was a systematic alteration in the optical properties of the np-S
thin films. As the ligament size decreased and pore density increased, the np-S thin films
exhibited less metallic behaviour. These changes culminated in the sponge prepared from the
72.6 at. % Al precursor having non-metallic characteristics about light with a wavelength
shorter than about 1110 nm (1.12 eV). Due to the localized surface plasmon resonance and
irregular nanostructures, which led to anomalous dispersion and inhomogeneity of light, np-S
thin films demonstrated anomalous refractive index and decreased light reflectance with
decreasing ligament sizes.

The antibacterial performance of the three-dimensional np-S thin films with an
interconnected, bi-continuous ligament/pore nanostructure was studied against two gram-
negative bacteria strains, specifically Pseudomonas aeruginosa (P. aeruginosa) strain of PAO1
and Escherichia coli (E. Coli) strain of DH5a. The high OD values measured using the
microplate reader indicate that the growth of Pseudomonas aeruginosa continued, even with
increasing np-S thin film coupons to 5, due to the forming of strong biofilms. On the other
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hand, a small reduction in the growth rate of Escherichia coli was observed with increasing np-
S thin films with the smallest ligament size (13.1 nm) with increasing the thin films coupons
in the suspension to 5, due to increasing surface area of the thin films which produces more
active sites for interaction. Two bacterial growth phases were detected during the 8-h
measurement: the lag and exponential phases. Fluorescence images collected after 6 hours of
incubation confirmed these findings, showing similar results. The bacterial cells viability
decreased from 9717 % for untreated cells to 87+£6% after treatment with np-S thin film
(ligament size is 13.1 nm).

Gradient composition AgAl alloy thin film has been effectively produced by altering
the deposition procedure by applying fixed current to the two deposition guns without sample
rotation. Gradient nanoporous thin film (G-np-S) was generated using dealloying approaches
for the NaOH solution. A broad range of Al compositions between 38 and 81 at. % was
obtained, producing gradient nanopore structures with pore and ligament diameters ranging
from 12 to 28 nm and 10 to 30 nm, respectively, and increasing pore density with Al content.
The thin film racks were observed at positions with Al content between 48 to 81 at.%. The
cracks increased in number and width with increased Al content due to volume shrinking
during dealloying or residual stress. Increasing the Al content, thereby decreasing ligament and
pore size, led to varying the optical response of the material. There was a systematic shift in
the optical properties of the sponges towards less metallic behaviour with decreasing pore and
ligament sizes. It was observed that the nanoporous Ag film, characterised by a smaller pore
size diameter of 12 nm, demonstrated a significantly higher SERS activity compared to the np-
S film with a larger pore diameter of 28 nm, with the enhancement factor increase
from 3.43 x 10° (ligament size 30 nm) to 3.93 X 107 (ligament size 10 nm). Materials with
these properties can be used in many applications, such as waveguides or optical filters.

Heat treatment is the other way to adjust the composition of the alloys and hence the
morphology of the nano-sponges. In this section, three-dimensional bulk silver sponges with
an interconnected, bi-continuous ligament/pore nanostructure were obtained by chemical
dealloying of heat-treated bulk AlxAgioox precursors with x = 82 at. % in 2 M HCI aqueous
solution at room temperature. The impact of heat treatment on the nanostructure of the bulk
sponges was investigated. It found that increasing the temperature from 350°C to 500°C with
the step of 50°C led to an increase in the average pore size from 36 nm to 51 nm and the average
ligament size from 31 nm to 59 nm. These pore and ligament sizes are higher than those

produced by dealloying the thin film alloy. Testing these bulk ag sponges against E. coli DH5a

Vi



Bimetallic Nanoporous sponges

showed that bulk Ag sponges with large pores 51 and 50 nm and ligament sizes 46 and 59 nm
exhibited the highest antibacterial activity compared with sponges with small pore and
ligament sizes. The antibacterial performance of the Ag sponges against E. coli DH50 showed
a direct relationship between bacterial growth inhibition and the concentration of remaining
Al-Ag sponges with 9 at. % residual Al inhibited the growth of E. coli by 28% after 8-h of
treatment, whereas Ag sponges with 20 at. % residual Al inhibited the growth of E. coli by
only 2.6%.

Generally, nanopore silver sponges with different morphologies, varying pores, and
ligament sizes were fabricated. These materials demonstrated unique physical properties

compared to their bulk counterparts.
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Chapter 1 Introduction and aim

1.1 Introduction

The synthesis and control of nanoporous materials have attracted significant attention
in materials science due to their remarkable structural properties, including high surface area,
tunable pore sizes, and range of applications. Nanoporous silver (np-S) is particularly
significant among these advanced materials because of its high electrical conductivity,
plasmonic properties, and inherent antimicrobial activity. These properties make np-S a
candidate for diverse applications including catalysis, sensing, energy storage and biomedical
devices. However, achieving precise control over the morphology of mesoporous silver
remains a significant challenge. This control is important because the material performance is
linked to its morphological characteristics.

The ability to control the morphology of mesoporous silver is essential for optimising
its properties. The optical properties, which are characterized by the refractive index (n) and
extinction coefficient (k), are influenced by the material’s nanostructural features, and in turn
affect its performance in applications such as Surface-Enhanced Raman Spectroscopy (SERS).
SERS is an analytical technique that enhances Raman scattering signals and relies on the
morphology of silver nanostructures to create “hot spots” where the electromagnetic field is
intensified. The capacitance of np-S, relevant to energy storage applications, is also dependent
on the morphology via the surface area and porosity. Finally, the antibacterial effects of np-S,
which are of great interest for biomedical and public health applications, are also closely related
to the material’s surface morphology. Variations in pore size, surface roughness and overall
structure can influence the interaction between silver and bacterial cells and alter the material's

antimicrobial efficacy.

1.2 Thesis motivation

The overarching motivation of this thesis is to understand how different synthesis
conditions can be used to control the morphology of np-S, and how these morphological
variations impact the material's properties. This aim is systematically addressed through the
objectives of each chapter as described below, which contribute to achieve the broader research
goal.

Chapter 4 of this thesis focuses on controlling the morphology of np-S thin films,
including pore size, ligament size, and porosity, by varying the primary alloy compositions
during the deposition process. This chapter probes how precursor compositions influence the

1
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morphology of the produced sponges and examines their impacts on optical and electrical
properties. The outcomes of this chapter highlight the role of controlling the morphology of
the sponges in optimizing np-S properties for use in advanced sensing and electrical
applications.

Chapter 5 of the thesis investigates the antibacterial performance of np-S thin films with
controlled structural features. It studies the relationship between the morphology of the
nanoporous thin films and their antibacterial properties, showing the importance of using
nanoporous materials in biological applications.

Chapter 6 of this thesis introduces a novel deposition technique to create composition
gradients, enabling a systematic study of how morphology changes across the substrate under
uniform preparation conditions. This chapter also highlights how controlled morphological
gradients enhance the ability to link structural variations with SERS activity and optical
properties.

Chapter 7 of the thesis provides additional correlations by studying the effect of heat
treatment and bulk morphology on the antibacterial performance of the np-S sponges.

Addressing these objectives allows us to fill gaps in the current understanding of np-S
synthesis for the development of more effective and versatile nanomaterials.

The significance of this research extends beyond materials science because it enables
potential advancements in the development of high-performance sensors, energy storage
devices and antimicrobial surfaces. This research aims ultimately to enhance the utility of np-

S in these applications by studying how to optimise the morphology.

1.3 Thesis structure

This thesis is structured as follows:

Chapter 2 provides a detailed review of the literature on nanoporous materials with an
emphasis on dealloyed silver nanostructures. This chapter discusses the synthesis techniques,
characterization methods and applications of np-S.

Chapter 3 outlines the experimental methodologies used in this study. It details the
synthesis processes used to create thin films and bulk samples of np-S, as well as the various
characterization techniques used to investigate their structural, optical, electrical, and
antimicrobial properties.

Chapter 4 concerns the optical and electrical properties of thin film np-S. This chapter
explores how different morphologies influence the refractive index, extinction coefficient, and

conductivity of the films.
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Chapter 5 focuses on the antimicrobial effects of thin film np-S with a particular
emphasis on the relationship between morphology and antibacterial efficacy.

Chapter 6 presents a systematic study of the composition-morphology relationship in
np-S, using a gradient composition thin film precursor alloy. This chapter also investigates the
np-S performance in Surface-Enhanced Raman Spectroscopy (SERS).

Chapter 7 explores the properties of mesoporous silver derived from an ingot of
precursor alloy after heat treating at different temperatures. The chapter examines the resulting
morphologies and their impact on antibacterial activity of the mesoporous silver.

Finally, Chapter 8 concludes the thesis with a summary of the key findings,
implications for future research and potential applications of tailored np-S. The contribution of
this research to the field of materials science, particularly in the areas of nanotechnology and

antimicrobial surfaces is also discussed.
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Chapter 2 Literature review

2. Overview

Due to the unique combination of silver's (Ag) inherent properties, such as high
electrical conductivity, chemical stability, malleability, and antibacterial efficacy; along with
its nanoscale sponge-like structures, nanoporous silver (np-S), a type of plasmonic nanoporous
metal, has gained considerable attention in recent years (Giizel, 2018; Seehra, 2018). The
current review of the literature focuses on providing an in-depth overview of the existing
knowledge of research on np-S prepared by dealloying, with a particular emphasis on the key
features that affect its performance, the understanding of its properties, and the applications

that rely on its distinctive properties.

2.1 Nanoporous materials (NPMs)

The concept of porous materials (PMs) refers to solid materials with porosity ranging
from 0.2 to 0.95, representing the proportion of pore volume (V},,rc) compared to the total
volume of the material (V;,4¢eriqr)- These materials can be described as nano-sized fluid (gas
or liquid) pockets, also known as pores, embedded within a solid matrix called ligaments
(Goodall, 2013; Jibowu, 2016). The top-view image in Figure 2.1 illustrates a bicontinuous
nanoporous structure of np-S, highlighting nanoscale pores and ligaments with a random size

distribution.
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Figure 2. 1 Top-view SEM image of np-S prepared by dealloying Ag4sMgssCaze metallic glass in 0.05 mol/L HCI. Red arrows

o _ %

indicate the pore and ligament structures produced after leaching out Mg and Ca from the initial alloy (a) acquired at high

magnification (300 nm), and (b) at low magnification (500 nm) (Li et al., 2016).

PMs can be grouped into three types according to their pore size: microporous (with
pore diameters not exceeding 2 nm), mesoporous (with 2- 50 nm pore diameters), and

macroporous (with pore diameters exceeding 50 nm) (Sing, 1985). However, many scientists

4



Bimetallic Nanoporous sponges

do not strictly adhere to these classifications, and the term “nanoporous” has been widely
applied in scientific literature with various definitions. Considering this, this thesis will use the
nanoporous term synonymous with mesoporous.

Numerous naturally occurring porous structures exist, such as those present in wood,
leaves, bones, cotton, and so forth. The presence of pore structures serves specific functions;
for instance, it facilitates fluid flow, gas adsorption, heat conductivity and contributes to
mechanical stability such as in wood (Plotze & Niemz, 2011). Furthermore, porous materials
can be produced artificially, creating structures with tunable pore sizes and distributions that
enhance the properties of the materials to meet specific application requirements. These
materials include metallic, ceramic, polymeric, and composite types (Beg et al., 2017; Biener
et al., 2009; Cousins & Zhang, 2019; Okon et al., 2018). Among all these types of nanoporous
materials, metallic nanoporous sponges, especially coinage metals such as gold (Au), silver
(Ag) and copper (Cu), have received more attention due to their exceptional electrical
conductivity, enhanced catalytic activity, high mechanical strength, and biocompatibility,
which makes these material essential in advanced energy, sensor technologies and
antimicrobial applications (Zhang & Li, 2012b). Ag has been extensively used in research and
industrial applications to fabricate porous material nanostructures because it exhibits superior
resistance to corrosion in air and aqueous solutions under atmospheric conditions compared to
Cu, and it is more cost-effective than Au (Aromaa et al., 2021; Tang & Zheng, 2018; Zhang et
al., 2015; Zhou et al., 2018).

2.2 Fabrication techniques for NPMs and np-S

The production of nanoporous materials with controllable features and architectures is
an essential requirement for many applications to maximize their functional potential, such as
adsorption, molecular selectivity, sensing, contaminant removal, storage, and release, which
rely on their structural properties, particularly the enhanced surface area afforded by their
porous architecture (Ariga et al., 2012). Many techniques have been used to prepare NPMs,
each tailored to achieve specific structural and functional properties. Generally, two primary
approaches dominate the fabrication area of nanomaterials: the top-down and the bottom-up
approaches (Abid et al., 2022; Ron et al., 2018). The subsections below will further investigate
these approaches, providing an explanation of their theory, benefits, and challenges while

emphasizing their usage in preparing nanoporous silver and their applications.
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2.2.1 Bottom-up approach

Bottom-up approaches focus on creating sponge-like structures at the nanoscopic scale
by reacting or organizing their fundamental components, such as atoms, molecules, or
nanoparticles. Techniques such as templating, sol-gel synthesis, surfactant-mediated synthesis,
electrodeposition, and self-assembly have been successfully applied to produce NPMs with
remarkable versatility and precision (Abid et al., 2022; Biswas et al., 2012; Hemanth et al.,
2022; Liu et al., 2011). These methods are promising for fabricating nanoporous materials with
unique properties. Among these bottom-up nanofabrication techniques, the templating and

self-assembly methods stand out as the most prominent.

2.2.1.1 Template-based method

The template-based method is one of the most common approaches for producing micro
to macro-porous materials with high pore uniformity and organization. It involves three main
processes, including designing, preparing and filling an organic or inorganic template with
well-defined porous structures to enable the creation of the desired nanoporous material. The
prepared template is filled with the target materials using an appropriate technique such as
physical vapor deposition (PVD), electrochemical deposition, or other comparable methods.
Subsequently, the template is removed through chemical etching, calcination, or solvent
extraction, resulting in the formation of the nanoporous structure (Ariga et al., 2012; Zhang &
Li, 2012b); these processes are outlined in Figure 2.2.

The template-based method has been organized into three guiding frameworks or
templates: hard, soft, and multiple. Rigid and pre-designed moulds, such as anodic aluminium
oxide (AAO) and mesoporous silica templates, are usually used as hard templates. In contrast,
flexible and self-assembled templates, like surfactants, polymers, or micelles, are usually used
as soft templates. (Biener et al., 2008; Hemanth et al., 2022; Rebbecchi Jr & Chen, 2018; Zhang
& Li, 2012b).

Template Synthesis = Metallization of Template = Template Removal

— . _—

i
pores  template metal  template nanoporous metal

Figure 2. 2 The three main processes that describe the templating- based method to prepare nanoporous materials; these

procedures include template preparation, metallization and removal (Rebbecchi Jr & Chen, 2018).
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Arrayed np-S thin films with well-defined and uniform nanopores have been produced
successfully on polymethylmethacrylate (PMMA) and polydimethylsiloxane (PDMS)
substrates using AAO templates with pore sizes of 50 nm, 70 nm, and 90 nm were used to
create the nanoporous structure. The produced np-S thin films exhibited high Surface-
Enhanced Raman Scattering (SERS) sensitivity for detecting biomolecules as Rhodamine 6G
(R6G) (Zhang et al., 2020). Furthermore, a highly ordered mesoporous silver with a large
surface area was prepared using 3D cubic mesoporous silica (KIT-6) with controlled surface
hydrophobicity as a hard template (KukaShon et al., 2009).

Despite the remarkable success of this method for preparing nanoporous materials,
several challenges limiting its usage have been reported. One major challenge is that it is time-
consuming and energy-intensive due to the complexity of the procedure (Chen et al., 2013;
Sang et al., 2022). Another challenge lies in the difficulty of removing the template material,
which can potentially damage the nanoporous structure or affect the performance of the

materials due to residual template material (Wu et al., 2020).

2.2.1.2 Self-assembly method
Self-assembly is a template-free, efficient, and straightforward route for synthesizing
porous nanostructures from metal nanoparticles (NPs). This process leverages interactions such
as electrostatic forces, van der Waals forces, or specific chemical bonds, as illustrated in Figure
2.3. The method involves controlling various parameters, including the concentration of
capping agents, solution pH, and reducing agent concentration, to produce sponge-like

structures (Kudernac et al., 2009; Zhu et al., 2015).
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Figure 2. 3 self-assembly method to prepare mesoporous gold sponge from gold nanoparticles (Au NPs); citrate ions are
utilized to stabilize the Au NPs during synthesis. At the same time, thiolated polyethylene glycol (SH-PEG) acts as a
destabilizing agent that allows the Au NPs to aggregate and self-assemble into sponge-like structures (M.-J. Lee et al.,

2016).
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The capping agents act as stability agents, anchored to the NPs' surface and producing
electrostatic repulsion through an electric double layer around each NP. This repulsion prevents
the particles from aggregating under normal conditions. The force of the electric double layer
depends on the ionic strength of the solution. To reduce this repulsive force, excess salts such
as halide ions Cl or Br , which replace the capping agent on the surface of NPs, are
recommended to be added to increase the ionic strength, hence facilitating coalescence and
fusion of particles into sponge-like nanostructures (M.-J. Lee et al., 2016; Zhu et al., 2015).

Liu and co-workers prepared np-S structures with high surface area and interconnected
networks using the self-assembly of noble metallic spherical aggregates from monodisperse
nanoparticles. Citrate ions were used as capping agents to stabilize the silver nanoparticles (Ag
NPs), while the evaporation of the organic phase destabilized the colloidal system, promoting
nanoparticle aggregation and self-assembly. The np-S structures exhibited high SERS activity
for sensing and superior catalytic efficiency for chemical reactions (Liu et al., 2013).

Using the self-assembly method for creating sponge-like nanostructures offers
significant advantages in simplicity and scalability. However, this method faces many
challenges that limit its applicability for preparing nanoporous materials, including the high
cost of precursors, difficulty controlling ligament and pore sizes, residual contaminants from
capping agents and stabilizers, and requirement for precise optimization and monitoring (Kim

etal., 2008; M.-J. Lee et al., 2016; Liu et al., 2013).

2.2.2 Top-down approach

In nanotechnology, the top-down strategy -also known as the destructive approach-
describes creating nanostructures by breaking down bulk materials into nanoscale building
blocks using physical or chemical methods (Abid et al., 2022). Unlike the bottom-up approach,
which builds nanopore structures atom by atom or molecule by molecule, top-down methods
use existing materials and reshape them into the desired architecture by removing atoms or
introducing porosity. Due to the drawbacks of bottom-up approaches, such as requiring highly
controlled environments, complexity in achieving uniform and reproducible results and higher
costs in terms of materials and setup, up-down approaches introduce themselves as cost-
effective, easy to set up, widely available and high degree of control over the size and shape of
the nanostructures (Wang et al., 2022).

The top-down approach can be divided into physical and chemical methods. In the
physical methods, physical forces or energy, such as light or ions, are applied to modify the

bulk material and generate a nanoporous structure. Laser ablation and ion beam irradiation are
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both examples of physical methods (Biatous et al., 2016; Miyaji & Nitta, 2017). In contrast,
chemical methods employ reactions or selective etching of elements or compounds from bulk
materials to generate nanoporous structures such as dealloying (Erlebacher et al., 2001a; Wang
et al., 2022; Zou et al., 2018). The following section will delve into the dealloying route,
exploring its history, underlying mechanisms, and the factors influencing the dealloying

process.

2.2.2.1 Dealloying method

Dealloying is a controllable method for producing 3D nanoporous structures. Among
all the methods utilized to produce NPMs, dealloying has proven to be a highly effective
method for fabricating nanoporous structures with a randomly porous architecture. This
technique offers several advantages, including simplicity, speed, ease of control, cost-
effectiveness, and eliminating the need for complex chemical synthesis processes (Liu et al.,
2018; Qiu et al., 2011b). It is the method of extracting one component from an alloy system,
leaving behind a sponge-like structure formed by the remaining element. It works by leaching
out the less stable element in the aqueous solution while the more stable one reorganizes into
porous nanostructures (Ding & Zhang, 2016; Liu et al., 2018; Wang et al., 2009b).

As can be seen in Figure 2.4, this method dates back to ancient times when pre-
Columbian South American civilizations used depletion gilding to enrich the gold surface of
tumbaga, a gold-copper (Au-Cu) alloy. The process involved removing copper (Cu) through a
corrosive solution or dissolving oxidized copper formed by heating the alloy in air, giving
tumbaga the appearance and shine of pure gold (Au) (Ding & Zhang, 2016; Newman et al.,
1999; Sparavigna, 2016). During that period, the formation of porous nanostructures via alloy
corrosion was largely speculative due to the limitations of observational techniques. Although
Raney nickel was produced from aluminium—nickel (Al-Ni) alloys in the 1920s (Raney, 1940),
its microstructure and performance remained insufficiently studied until 1963 when Pickering
and Swann employed transmission electron microscopy (TEM) for first time to examine the
structure of dealloyed copper-gold (Cu-Au), copper-aluminium (Cu-Al), copper-zinc (Cu-Zn)
and magnesium-aluminium (Mg-Al) alloys, thereby revealing the development of nanoporous
structures began at grain boundaries (Pickering & Swann, 1963). In 1980, Keir and Pryor used
scanning electron microscopy (SEM) to investigate the porous nature of the binary copper-
manganese (Cu-Mn) alloys after dealloying in 0.5 M NaCl solution (Keir & Pryor, 1980). The
dealloying mechanism of binary alloys, especially silver-gold (Ag-Au) alloys, was clarified
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experimentally and by simulation in the 2000s by Erlebacher and co-workers (Erlebacher et
al., 2001a).
1 1 1 }

Figure 2. 4 A diagram illustrates the history of dealloying technique and their advancements (Ding & Zhang, 2016).

Designing binary alloys as precursors for effective dealloying
Alloy systems are fundamental components in dealloying processes to form
nanoporous materials. NPMs can be derived from various binary or ternary alloy systems
(Cheng & Hodge, 2014; Xu et al., 2010). In the case of binary alloys, which are the focus of
this study, the system typically consists of two elements, and the alloy should possess four
essential characteristics (Ding & Zhang, 2016; Erlebacher, 2004; Erlebacher et al., 2001a;
Vajtai, 2013):
e Difference in galvanic series positions of alloy components
The galvanic series is a way of listing alloys and metals based on how likely they tend
to corrode in a given electrolyte (Gadag & R. V. Gadag, 2010). Table 2.1 below lists the metals
in order of their galvanic series, where the metals at the top are the cathodes (positive
electrodes), and those at the bottom are the anodes (negative electrodes). Metals with high
potential values, located near the top of the series, are typically more noble, passive, and less
likely to corrode in the presence of electrolytes. However, for an effective dealloying process,
alloys must contain metals with differences in their positions on the galvanic series to drive
selective dissolution and hence create the nanoporous structures, as no significant reactions
occur between metals close to each other in the series (Campbell, 2008; Chen et al., 2013).
When the alloy (built of two different metals) is immersed in the electrolyte, these metals are

in electrical contact. Thus, a potential difference will be naturally established, which leads to a
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current flow, causing the less noble or more active metal to corrode. In contrast, the more noble

or passive metal remains unaffected (Campbell, 2008).

Table 2. 1 Galvanic series of metals relative to hydrogen which has zero potential (Carvill, 2014).

Potential
difference
Metal (v)
Gold NOEBLE +1.70 CATHODIC
Platinum +0.86
Silver +0.80
Copper +0.34
Hydrogen 0
Lead —0.13
Tin —-0.14
Mickel —0.25
Cadmium 0.40
Iron —0.44
Chromium —0.74
Zinc —0.76
Aluminium 1.67
Magnesium —2.34
Sodium =271
Calcium BASE —2.87 ANODIC

Np-S§ has been fabricated via selective leaching of one or more active elements such as
Zn, Cu and Al out of binary Ag-Zn (Li et al., 2013), Ag-Cu (Wang et al., 2019) and Ag-Al
(Detsi et al., 2012; Liu et al., 2018; Qiu et al., 201 1b; Song, Gao, Zhang, & Zhai, 2011; Wang
et al., 2009b), or ternary Ag-Mg-Ca (Li et al., 2016) solid solution alloys which are eventually
leading to the formation of three dimensional, bi-continuous and open pore morphologies
percolating through ligament structures. Among these alloy systems, the selective etching of
Al from Ag-Al alloy has been identified as the most effective rout for producing np-S. This
may be attributed to the rapid and direct dissolution of Al in acidic and alkaline aqueous
solutions which leads to the discharge of proton in acidic solution (1) while the reduction of
water to hydrogen is observed in alkaline solution (2) as the following chemical reactions
demonstrate (Boukerche et al., 2014; Emregiil & Aksiit, 2000).

Algy +3H* (gq) = AP* (qqy + 3 /2Hyg) Tooviiii (1)

AI(S) + 3H20(aq) + OH—(aq) 4 Al(OH)Z(aq) +3 /ZHz(g) T, (2)
On the other hand, Ag exhibits high corrosion resistance in both alkaline solutions and
acidic solutions at low concentrations (Groysman, 2009). Moreover, the significant potential

difference of 2.47 V between Ag (+0.80 V) and Al (-1.67 V), which drives the dissolution
process (Qiu et al., 2011b).

11
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e High atomic ratio of less noble component of the alloy

The concentration of alloy components plays a crucial role in regulating the dealloying
process. This critical concentration range of the noble metal in the alloy within which
dealloying can occur is known as the parting limit. For most binary alloy systems that exhibit
nanoporous structure evolution, the parting limit usually ranges between 20 and 60 at.%
(Schwarz et al., 2004). When the concentration of the noble metal is excessively high,
dealloying is inhibited due to the passivation of the alloy's surface, which is caused by the
stability of the noble metal. On the other hand, if the concentration of the noble metal is too
low, the remaining noble metal tends to form nanoparticles rather than porous structures,
thereby preventing the formation of a nanoporous material. Therefore, the less noble metals
component should be the dominant component in the alloy composition (Chen et al., 2013;
Ding & Zhang, 2016). In regarding to Ag-Al alloy system, it is found that a critical alloy
composition or parting limit of Al-Ag system is approximately 60 at.% Ag (Wang et al.,

2009b).

e Homogeneous single phase
Structurally, alloy systems can be classified as single-phase and multi-phase alloys. The
single-phase alloys are critical for producing uniform nanoporous structures during dealloying.
In single-phase (homogeneous) alloys, the atoms of the added element dissolve together with
the host lattice uniformly to form a solid solution, resulting in a predictable and stable structure
similar to the parent components' structure as Figure 5.2 (a) illustrates. Therefore, the selective
dissolution of the less noble component occurs evenly, forming the connected nanoporous
structures. On the contrary, multi-phase alloy systems consist of two or more distinct phases,
creating phase boundaries or separation within the alloys, as shown in Figure 5.2 (b). This
separation may lead to non-uniform dissolution and inducing cracking during dealloying.
Because of this, the preparation of single-phase precursor alloys is essential for an effective
dealloying process (Chen et al., 2013; Ding & Zhang, 2016; Schwartz, 2016).
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Figure 2. 5 XRD patterns and SEM images of (a) single-phase Fego-xMnxCo10Crip alloy and (b) multi-phase Fego-xMnxCo10Crio
alloy (George et al., 2019)

e High surface diffusion of noble component of the alloy

Surface diffusion can be described as the migration of atoms, molecules, or clusters
along the surface of a solid material. During the dealloying process, the less noble atoms on
the surface dissolve and are removed, which creates vacancies as Figure 6.2 shows. Particles
of noble component on the surface gain enough energy to overcome potential energy barriers,
such as those that arise from atomic bonding, coordination, and interatomic interactions, and
move by "hopping" to neighbouring sites, then reorganize into islands. The surface diffusion
rate affected by many factors such as crystallographic orientation of the surface, direction of
the diffusion, temperature, and interatomic forces. The diffusion rate of the more noble
component at the alloy/electrolyte interface must be sufficiently high to avoid the accumulation
of that component at the interface, passivate the surfaces, and also to support the formation of

nanoscale pores and ligaments (Baboian, 2005; Chen et al., 2013; Laskar et al., 2012).

@4 @ s @ Ao, orar

Dealloying time

Figure 2. 6 Dissolution of Al atoms and surface diffusion of Ag atoms in an Ag-Al alloy during dealloying in NaOH and HCI

solutions. The continued dissolution of the less noble Al atoms leads to the formation of AlO; or A3 in the solution, while
the diffusion of the more noble Ag atoms along the surface ultimately results in the formation of nanoporous structures

(Luo et al., 2020).

Mechanism of nanoporous formation during dealloying process

The exact physical mechanism behind the nanoporosity evolution during the dealloying
process has not yet been entirely understood and clarified. However, many simulation models
and numerical solutions have been proposed to explain the formation of nanoporous networks.
The most widely used model is a kinetic Monte Carlo model that illustrates the suggested
mechanism of dealloying processes of Ag-Au alloy and nanoporosity formation. The model
was presented by Erlebacher et al. (Erlebacher et al., 2001a). This model can be applied to most
other alloy systems. The dealloying mechanism involves the selective dissolution of less noble

atoms (the active component in the alloy) when exposed to acidic or alkaline electrolyte
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solutions. These atoms are more reactive and readily dissolve, leaving behind a framework of
more noble atoms (the non-active component in the alloy). The remaining noble atoms diffuse
along the alloy surface and tend to cluster into islands, rather than remaining as isolated
adatoms, which passivates the surface and regulates the dealloying process.

As dealloying progresses, porosity evolves dynamically due to the interplay between
the dissolution of less noble atoms and the diffusion and reorganization of more noble atoms.
This results in the formation of a three-dimensional bicontinuous nanostructure. Over time,
thermodynamic forces drive surface coarsening, where smaller ligaments merge into larger
ones to reduce surface energy, increasing the pore and ligament size and stabilizing the porous
structure (Erlebacher, 2004; McCue, Benn, et al., 2016). These processes are illustrated in
Figure 2.7. The surface diffusivity (2D) of the non-active element in the nanoporous is given

by (Jing et al., 2024; Qian & Chen, 2007; Zhang et al., 2012; R. Zhang et al., 2019):

4
D, = WKL 2.1)

32 yta*
Where d(#) is the average ligaments size at the de-alloying time ¢ in nm, & is the
Boltzmann constant (1.3086x1023 J K!), T is the temperature during the de-alloying process
in K, y is the surface energy in J m?, ¢ is de-alloying time in s, and « is the lattice parameter

innm (Y. Yang et al., 2019).

a c e
i
- 10 nm$
d f
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represent Au atoms, while grey circles represent Ag atoms), a) The process begins with the selective dissolution of Ag
atoms, creating terrace vacancies on the surface, b) Au atoms diffuse along the surface and cluster, forming stable islands
that passivate the exposed regions, c) and d) As dissolution continues, insufficient Au atoms are available to fully passivate

the increasing surface area, leading to undercutting and bifurcation of ligaments, e) A nanoporous structure emerges,
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characterized by Au-rich ligaments. Initially, some Ag may remain within the ligament interiors, but it is progressively
removed during extended dealloying, f) The dealloying process continues with the exposure of ligament interiors to the
electrolyte, leading to the dissolution of residual Ag. Over time, this results in coarsening, with an increase in ligament and

pore size due to the reduction of surface energy and prolonged dealloying duration (McCue, Benn, et al., 2016).

Factors affecting the dynamics of dealloying process
Many processing parameters affect the dynamics of the dealloying process and the
formation of nanoporous structures; the parameters include alloy compositions, electrolyte
type, electrolyte concentration, immersion time and temperature (Kurowska-Tabor et al., 2016;
G. Lietal., 2021; R. Liet al., 2014; Lim et al., 2020b; Qiu et al., 2011b; Zhang et al., 2012; R.
Zhang et al., 2019; R. Zhang et al., 2018).

o Alloy composition

As mentioned previously, the primary alloy systems that form nanoporosity upon
dealloying must possess certain properties. For example, these alloys are typically rich in the
active component (Zhang & Ying, 2017). It has been observed that a critical alloy composition,
or parting limit, for the Al-Ag system is approximately 60 at.% Ag (Wang et al., 2009b).

In this context, increasing the Ag content can result in the diffusion of Ag atoms along
the alloy surface during the dealloying process. This may lead to surface passivation, which
impedes the movement of the electrolyte solution into the bulk of the alloy. As a result, the Al
atoms are protected from corrosion, thereby hindering the evolution of nanoporosity (Chauvin
etal., 2016).

A recent study by Chauvin et al. (Chauvin et al., 2016) provides clear evidence
supporting this phenomenon. Their findings indicate that a highly porous film was formed after
dealloying an Al-Ag alloy with an initial Ag content of 23 at.% in 2 wt.% HCI for 20 min.
Similarly, when the initial Ag content was 40 at.%, the resulting dealloyed film exhibited a
fully porous Ag structure. In contrast, at a higher initial Ag content (50 at.% Ag), no significant

porosity was observed. These results are illustrated in Figure 2.8.
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Figure 2. 8 top-view SEM images for np-S prepared by de-alloying of a) Al- 23 at.% Ag, b) Al- 40 at.% Ag, and c) Al- 50 at.%
Ag in 2 wt.% HCl for 20min. Scale bar:100nm (Chauvin et al., 2016).

However, within the appropriate composition range, alloy composition significantly
influences the size of pores and ligaments (Mokhtari et al., 2018). Experimentally, dealloying
AgAl alloys with varying Ag content, ranging from 15 to 50 at.%, in 20 wt.% NaOH at room
temperature (Wang et al., 2009b), and AgAl alloy thin films with Ag concentration from 30 to
56 at.% in 1 M HCI (Zeng et al., 2023) showed the same trend. The ligament sizes of the
resulting np-S structures increased progressively with higher Ag content, as demonstrated in
Table 2.2 (Wang et al., 2009b). This correlation highlights how the precise control of alloy

composition can be leveraged to tune the structural characteristics of dealloyed materials.
Table 2. 2 Impact of changing the AgAl starting alloys compositions on the ligament size after de-alloying into 20 wt%

NaOH at room temperature (Wang et al., 2009b)

Alloy composition (Al- at.% Ag) 15 20 25 30 35 40 45 50

Ligament size (nm) 94+5  109+5 11145 230+£10 207+11 258+15 228+16 448+25

o Type of the electrolyte solution

Beyond the initial alloy composition, the type of electrolyte used during the dealloying
process plays a significant role in tuning nanoporous structures. The interactions between alloy
atoms, and electrolyte ions influence the dissolution and diffusion of alloy components, which
are critical for porosity evolution. Therefore, selecting an appropriate electrolyte is a key
parameter for the success of the dealloying process (Vajtai, 2013).

In the case of Ag-Al precursors, dealloying has been conducted in acid-based
electrolytes such as oxalic acid (H2C204) (Liu et al., 2018; Song, Gao, Zhang, & Zhai, 2011),
phosphoric acid (HsPOa4) (Song, Gao, Zhang, & Zhai, 2011), sulfuric acid (H2SO.4) (Song, Gao,
Zhang, & Zhai, 2011), and hydrochloric acid (HCI) (Cheng & Hodge, 2014; Detsi et al., 2012;
Liuetal., 2018; Qiu et al., 2011b; Song, Gao, Zhang, & Zhai, 2011; Wang et al., 2009b; Xu et
al., 2010), as well as in alkaline aqueous solutions like sodium hydroxide (NaOH) (Cheng &
Hodge, 2014; Liu et al., 2018; Qiu et al., 2011b; Wang et al., 2009b; Xu et al., 2010). It is
found that dealloying in alkaline treatments often results in a narrower pore size distribution
compared to acidic treatments (Lin et al., 2014).

For example, previous research demonstrated that a uniform np-S structure with a small
ligament size of 30 nm could be formed using a 1 M NaOH solution to dealloy an Agx3Als7
(at.%) alloy at 30°C for 72 h (Xu et al., 2010). This uniformity may be attributed to the

formation of Ag(OH) or Ag-O layers at the alloy/electrolyte interface, which can inhibit both
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the diffusion of Ag atoms and the dissolution of Al atoms (Xu et al., 2010; Zhang et al., 2009).
On the contrary, using a 1 M HCI solution produced a much less uniform np-S structure with
a wider ligament size distribution ranging from 200 nm to 300 nm (Xu et al., 2010). This
divergence may result from the adsorption of chloride anions (Cl°), which accelerates the
diffusion of Ag along the interface and enhances the corrosion of Al, leading to a coarser
nanoporous structure with larger ligament and pore sizes (Qiu et al., 2014; Xu et al., 2010;
Zhang et al., 2009). Additionally, Cheng and Hodge reported that np-S prepared by chemical
dealloying of AgzsAlss in 1 M NaOH exhibited greater thermal stability compared to np-S
dealloyed in 5 wt% HCI (Cheng & Hodge, 2014). Even when using two acid electrolytes,
different nanopore structures can be produced. Yang et al. (Yang et al., 2022) reported that np-
S with coral-like ligaments 55.6 nm in size formed when the Mgs» 43Ag17.57 alloy was dealloyed
in tartaric acid due to slower dissolution and extended diffusion. In contrast, granular ligaments
with the size of 16.8 nm were observed when the alloy was dealloyed in citric acid due to

aggressive etching and limited diffusion.

e Concentration of the electrolyte solution

To selectively remove the more active component, dealloying must be conducted at an
appropriate electrolyte concentration. Studies have shown that dealloying in lower electrolyte
concentrations slows the process, preventing the complete formation of a nanoporous structure
(Qiu et al., 2014; Stuckner et al., 2020). On the other hand, higher electrolyte concentrations
can reduce the uniformity of the nanoporous structure (Bekana et al., 2019) and induce
significant coarsening of ligaments (Jin et al., 2017).

For example, Xu et al. (Xu etal., 2010) reported that chemical dealloying of an Agz3Alz7
(at.%) alloy in a 1 M NaOH solution for 72 h produced ligaments with an average size of
approximately 30 nm. When the NaOH concentration was increased to 2 M and dealloying was
conducted for 48 hours, the resulting np-S exhibited a characteristic ligament length scale of
40 nm. A similar trend was observed during the dealloying of an Ageo.5Cas9.5 (at.%) alloy in

HCI solutions of varying concentrations, as shown in Table 2.3 (Jin et al., 2017).

Table 2. 3 Impact of changing the HCl concentration on the ligament diameters of np-S formed by de-alloying Ageo.sCass s

(at.%) alloy at room temperature (Jin et al., 2017).
HCI concentration (M) 1x103 1x107° 0.01 0.05 0.1 0.2

Ligament size (nm) 37+6.5 383+6.6 61.149.2 74.9£9.2 81.548.5 89.6+8.9

e Immersion time
Leaching time plays a significant role in tuning and controlling ligament size and
specific surface area. As immersion time increases, the distribution of ligaments and pores
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becomes larger and more uniform. This effect is attributed to the high diffusivity of the non-
active component at the electrolyte/alloy interface, which remains significant even at room
temperature (Chen et al., 2013). This allows the formation of complete and uniform nanoporous
structures.

The relationship between immersion time and ligament size can be described using
equation below. With extended dealloying duration, coarsening behavior is observed due to the
continued surface diffusion of the non-active component (Chen et al., 2013). However, long

immersion may result in nanoporous structures with surface irregularities (Bekana et al., 2019).

Here, d represents the ligament size, n is the coarsening exponent, K is a constant,  is
the dealloying duration, and Ds is the surface diffusivity of the non-active component (Jin et
al., 2017).

For example, dealloying an Ag»r3Alz7 (at.%) alloy in a 2 M NaOH solution at 30°C for
varying durations (12, 24, and 48 h) resulted in a porous Ag morphology with increasing
ligament sizes of approximately 15, 30, and 40 nm, respectively, as illustrated in Figure 2.9 (a
and b) (Xu et al., 2010). Additionally, the influence of immersion time on pore diameters was
investigated by Chauvin et al. (Chauvin et al., 2016). Their results revealed a significant
increase in pore size in np-Ag films formed from Al-23 at.% Ag, Al-40 at.% Ag, and Al-50
at.% Ag alloys after dealloying in 2 wt.% HCI for 5, 10, and 20 min. However, in the case of
Al-50 at.% Ag, the pore size became constant after 10 min of leaching time due to surface

passivation.

Impact of increasing immersion time

Impact of increasing de-alloying temperature 18
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Figure 2. 9 Top-view SEM images demonstrating the impact of increasing dealloying time and temperature on the
formation of np-S during the dealloying of Ag3Al77 (at.%) alloy in 2 M NaOH solution at 30°C. The images correspond to (a)
12 h, (b) 24 h, (c) 48 h, and (d) 40°C for 48 h (Xu et al., 2010).

e Temperature

The evolution of nanoporous structures is strongly influenced by the dealloying
temperature. Smaller pore sizes are typically formed at lower dealloying temperatures due to
the reduced diffusion rates of noble metals during the process (Chen et al., 2013).

For instance, Xi et al. (Xu et al., 2010) experimentally demonstrated that dealloying an
Agr3Aly7 (at.%) alloy with a thickness of 50 um in NaOH solution at 30°C for 48 h produced
np-S with a ligament size of 40 nm. However, increasing the dealloying temperature to 40°C
for the same duration resulted in np-S with an average ligament size of 70 nm, as illustrated in
Figure 2.9 (c and d). A similar trend was observed by Jin et al. (Jin et al., 2017) for the Agx3Al77
(at.%) alloy system dealloyed in water. Their results showed that the ligament diameters
increased from 29.8 + 6.2 nm to 52.0 £ 8.6 nm when the temperature was raised from 303 K
to 353 K, respectively. Sun et al. (Sun et al., 2024) observed that the ligament morphology of
np-S prepared by dealloying Mgs2.43Ag17.57 alloy at different temperatures of 298 K, 333 K,
and 363 K for 10 h developed gradually from granular to coral-like structures as the
temperature increased. Additionally, the ligament size increased from 16.8 nm, 45.7 nm, to
55.63 nm, while pore size decreased from 0.36 pm, 0.27 um, to 0.21 pm.

Although there are many studies that have focused on preparing np-S through the
dealloying of Ag-Al alloys and investigating the effects of preparing and dealloying conditions
on its microstructure, research on the impact of alloy composition on the structure and
properties of np-S remains limited. A closer look at the literature reveals that most of these
studies have examined np-S derived from Ag-Al alloys with Ag concentrations of 50 at.% or
less, leaving the influence of higher Ag content largely unexplored. It is expected that
increasing the Ag content will alter the microstructure of the sponge, thereby affecting pore/
ligament sizes and its surface area, which leads to produce coarser surface or more
interconnected structures as a result of differences in dealloying kinetics and Ag diffusion.
These structural changes can improve properties such as electrical conductivity and mechanical
stability, which make this kind of mp-S highly promising for functional and structural

applications like energy storage, catalysis, filtration and sensing. Therefore, considering a

wider range of Ag compositions in the parent alloys is essential for unlocking new possibilities.
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2.3 Applications of np-S

Owing to their unique characteristics such as corrosion resistance, enhanced chemical
reactivity, improved thermal conductivity, low density, high adsorption capacity,
biocompatibility and so on. which are attributed to their high surface area to volume ratio, bi-
continuous interconnected ligament-void architecture and nano-size structures, nanoporous
metals have been employed widely in many applications ranging from energy storage and
generation, catalysis, sensing, advanced material design to medical devices, among others
(Barsuk et al., 2016; Chaloupka et al., 2010; Jing et al., 2024; R. Li et al., 2015). The following
section will focus on providing information about the use of np-S as surface enhanced Raman

substrates, supercapacitors, catalysis, and biomedicine.

2.3.1 Np-S as a surface enhanced Raman scattering substrate

The first Raman scattering was observed in the 1920s by Indian scholar C. V. Raman.
Raman scattering occurs when monochromatic light of a fixed photon energy interacts with
molecules in a material, two scattering processes can be observed as a result of the interaction.
One of these scattering is Rayleigh scattering (also known as elastic scattering), which results
from elastic collisions between light photons and particles. In this scattering, the scattered light
has the same wavelength as the incident light. The other scattering is Raman scattering,
undergoes inelastic scattering, which is due to energy differences that occur when light photons
interact with particles, leading to a change in the molecules’ vibrational or rotational energy
levels. There are two types of Raman scattering; Stokes scattering is observed when the
scattered light has lower wavelength, whereas anti-Stokes scattering is detected when the
scattered light has higher wavelength (Liu et al., 2022). The two scattering processes are shown
in Figure 2.10 a. The Raman shift can be determined as the difference between the energy of
the incidence rays to the energy of scattered rays, as shown in Figure 2.10 b. Figure 2. 10 b
shows that the stronger intensity Raman scattering signal is the Stokes-Raman. Therefore, the
presented Raman spectra usually are Stokes bands. Nevertheless, the signal of this scattering
is very weak compared to the fluorescence signal by a factor of 10°to 10'°. To enormously
amplify the Raman signal, molecules should be placed near the surface of suitably
nanostructured substrates, thereby the enhanced Raman scattering is known as surface-

enhanced Raman scattering (SERS) (Pilot et al., 2019)
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Figure 2. 10 (a) elastic and inelastic scattering occur during the interaction between incidence rays and molecules, (b)

Raman shift between two levels with different energy (Dey, 2023).

Surface-Enhanced Raman Scattering (SERS) is a very sensitive and sophisticated
spectroscopic technique that enhances molecules' Raman signals by adsorbing them on metallic
nanostructures. It permits the detection of small quantities of substances. The SERS technique
is widely used in biosensing, chemical warfare agent detection, food safety, pollution
monitoring, and other fields (Li et al., 2019) (Jayram et al., 2015) (Chi et al., 2020; Nowak et
al., 2019). One of the fundamental concepts behind this sensor is using localized surface
plasmon resonance (LSPR), which enhances the intensity of a local electromagnetic field (or
hot spots). The LSPR is produced when electromagnetic radiation is confined within metallic
nanostructures smaller than the wavelength of light. The occurrence is a consequence of the
interactions between the incident rays and the surface electrons located in a conduction band
(Asane et al., 2018; Capaccio et al., 2021; Chen et al., 2011; Detsi et al., 2014; Ruffato et al.,
2011; Sardana et al., 2014). This interaction results in coherent localized plasmon oscillations,
which have a resonant frequency highly dependent on the dimensions, morphology of
nanostructures, and the dielectric function of the medium. The nanoscale surface of the metal
must be rough/fractal to achieve the local field EM (Barbillon et al., 2007; Bryche et al., 2016;
Faure et al., 2008). The second concept behind the enhanced SERS is related to a charge
transfer process that occurs when probe molecular and metallic orbitals combine, which lowers
the energy of the resonant molecular Raman compared to the energy of the free molecule,
which in turn causes a chemical effect (Le Ru et al., 2007; Sur & Chowdhury, 2013; Tian et

al., 2002). These two enhancement mechanisms are demonstrated in Figure 2.11.
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Figure 2. 11 Diagram depicting the two mechanisms for enhancing Raman signals, (a) the electromagnetic field

enhancement mechanism, and (b) the chemical enhancement mechanism (Hassanain et al., 2022).

Np-S prepared by template-based method and lithography process exhibited intense
Raman enhancement with EF around 10°; the intensity of the Raman signal diminished as the
width of the pores increased, possibly because the electric field was reduced (Capaccio et al.,
2021; Zhang et al., 2020). Np-S made by dealloying a precursor alloy is one promising material
for high-potential SERS substrates. A two-step dealloying process carried out by Qiu et al.
(Qiu et al., 2011b) using melt-spun AgsoAlso alloys resulted in np-S substrates with small pore
sizes between 80 and 190 nm and less Al residues, leading to enhanced SERS performance
with EF about ~7.5x10°. The dealloying process was carried out at room temperature and 85
°C. Nevertheless, By electrochemically dealloying Ag-Mg-Ca ribbons, Li et al. (R. Li et al.,
2014) created nanoporous Ag with pores ranging from 25 to 61 nm in size, and they studied
the process and evolution of porosity. Compared to nanoporous gold and copper, the
enhancement factors of nanoporous Ag for SERS substrates are higher, suggesting that these

glasses benefit SERS substrates (Table 2.4 provides more instances of previous work).

Table 2. 4 Previous research on np-S films as a substrate for SERS

R Year Preparation Probe Concentratio Laser Laser Pore Raman EF
method molecule n wavelength power size, band, cm™!
, nm nm
(Qiu et 2011 Dealloying of R6G 10°M 633 changeable 80- 1366 ~7.5x10°
al., AgioAlpat RT 190
2011b) and then aging at
85°C
(R.Liet 2014 Electrochemical R6G 103 mol L™! 532 1650
al., dealloying of
2014) AgaoMgaoCazo 33
AgsoMg3sCazo 49
AgsoMg3oCazo 61
AgssMgasCazo 39
AgeoMg20Cazo 25 ~7.6x108
(Vantas 2016 In-place galvanic PATP 10° M 532 0.01 mW 60 1075 ~2.5x10°
in et al., reduction of a
2016) AgCl template
(Ma et 2016 02 plasma 4-MBA 10 mM 633 0.56 mW 100 1590 ~6x10°
al., treatment
2016)
(Lawan 2018 Reduce the AgCl PATP 10¢ M 532 1 mW 38- 2117
stiend template into np- 133
et al., AgMSs by 33-
2018) chemical 134
reduction 40-65
(Bekan 2019 Dealloying of R6G 10°M 532 S5uW 1650
aetal., Ag/a-Fe203
2019) nanocomposite
In 0.01 M HCI 73
0.01 M H2SOq4 51 ~7.5x10°
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(Zhang 2020  Template-assisted R6G 10°®mol L 532 90 614 ~10°0
et al., sol—gel inverse-
2020) imprinting of Ag
on
polydimethylsilox
ane (PDMS)
substrates
Template-assisted R6G 10°mol L! 532 90 614 ~10°
sol-gel inverse-
imprinting of Ag
on nanoporous
anodic aluminum
oxide (AAO
(Lim et 2020 Self-assembled R6G 105 M 785 22 mW 11.1 1361 ~10*to
al., polymeric 26.7 10°
2020a) micelles
(Caoet 2020 Self-assembly of MBN 0.1M 633 1.7 mW 30- 50 2230 ~4.8x10°
al., AgNTs onto a
2020) GNP tip
(Capace 2021 Inductively 4-MBA 100 M 532 10 pW 30 1575 ~6.5%x107
io et al., Coupled Plasma
2021) (ICP)
(Zeng et 2023 Dealloying of R6G 10¢ M 532 85 615.8
al., Ag3oAlz 51 ~1.58x10°
2023) AgasAlss 246
AgseAlas

Despite these many studies that have focused on employing np-S as Raman substrates,
most have relied mainly on conventional sample preparation methods that involve separate
processing steps, leading to inconsistencies. Those methods neglect the advantages of a
continuous gradient structure of the sponge, as pore and ligament sizes vary systematically.
Investigating SERS performance on such a sponge-like structure enables a more accurate and
comprehensive understanding of the relationship between microstructure and Raman signal

enhancement, leading to more reliable and comparable results.

2.3.2 Np-S§ as a supercapacitor

A supercapacitor (SC) is one of the electrochemical energy storage devices with a
distinctive integration of high power density which reaches up to 10 kW/kg for short time, fast
reversibility and long cycle life as compared to batteries and conventional capacitors (Crawley,
2017; R. Li et al., 2015; Qiu et al., 2015). Supercapacitor typically consists of three main
internal components as Figure 2.12 shows: two electrodes, a separator, and an electrolyte. The
two electrodes in the supercapacitor are made of a material with a high surface area, high
electrical conductivity and high electrochemical stability (Sang et al., 2022). The separator
plays a significant role in preventing direct contact between the two electrodes and enables the
transit of ions through the separator to the electrodes. The electrolyte is used as an ionic
conductor, facilitating ion diffusion during charge and discharge cycles (Gulzar et al., 2016).
The capacitance range of supercapacitors is between 100- 1000 F higher than that for the

conventional capacitors, which is between micro to millifarads (Forouzandeh et al., 2020).
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The performance of the supercapacitors can be evaluated by testing the two main
parameters: energy density and power density. The energy density E refers to how long an

energy storage device can provide power, and it can be written as following expression:

Whereas the power density P implies how quickly the device can deliver energy, it can

be given as.

Where C is the capacitance, V' is the applied voltage and R; is the capacitor resistance
(Gulzar et al., 2016).

Based on the energy storage mechanisms in supercapacitors, SCs can be classified into
two types: electric double-layer capacitors (EDLCs) and pseudocapacitors. In the EDLCs, and
under the influence of an applied voltage to the supercapacitor electrodes, the charges are
accumulated on the electrode surface, and the positive and negative ions in the electrolyte
spontaneously move towards the opposite-charged electrodes, as shown in Figure 2.12 b. This
leads to a double charge layer at the electrode/electrolyte interface, which stores the charges
electrostatically without a faradaic reaction. The charge storage and transfer mechanism in the
EDLCs is identical to that of conventional electrostatic capacitors. However, the EDLCs
exhibit exceptionally high capacitance due to the narrow separation between the double layers
and the large contact area at the electrode/electrolyte interface compared to conventional
electrostatic capacitors (Ates, 2016; Qiu et al., 2015; Yue & Liang, 2015). The capacitance of
EDLC:s is affected by the surface area of the electrodes available for reversible ions adsorption
and the conductivity of the electrodes, which influence the transport of electrons and ions
(Gulzar et al., 2016).

On the other hand, applying an electric potential to the cathode (negative electrode) and
anode (positive electrode) of pseudocapacitors leads to oxidizing the positive electrode, which
means it loses electrons, and reducing the negative electrode, which means it gains electrons.
To balance the differences in the charges at the electrodes, positive ions in the electrolyte move
towards the cathode to neutralize the gained electrons, whereas negative ions migrate towards
the anode to balance the loss of electrons, as demonstrates in Figure 2.12 c. Therefore, the
charge storage and high capacitance in pseudocapacitors are achieved through fast, reversible
(reduction/oxidation) redox reactions at the surface or near-surface of the electrodes (Crawley,

2017)
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Figure 2. 12 Schematic sketches showing (a) the typical components of a supercapacitor, including the electrodes,
separator, and electrolyte; (b) the charge storage mechanism in a double-layer capacitor; and (c) the charge storage
mechanism in a pseudocapacitor (Yue & Liang, 2015).

The third type of supercapacitor is the hybrid supercapacitor, which combines both
energy storage mechanisms: non-faradaic and faradaic reactions. The energy density of this
type of supercapacitor is enhanced without a significant loss in rate stability or cycling
capability (Crawley, 2017).

Nanoporous silver (np-S), with high surface area, porosity, and electrical conductivity,
has become an ideal candidate for use as a supercapacitor electrode. Numerous studies have
been conducted to evaluate the performance of np-S as an electrode in supercapacitors. Most
of these studies investigate the influence of depositing metal oxides on the np-S electrode to
produce metal oxide-based pseudocapacitors with improving capacitance, increasing energy
density, and enhancing cycle life stability. For example, Np-Ag@Fe.Os with ligaments and
pore sizes ranging from 50 to 300 nm, which was prepared by electrochemical reduction of
AgX to produce Np-Ag followed by the deposition of Fe.Os onto the silver framework,
demonstrated a capacitance of 608 F/g, with a retention of 84.9% after 6000 charge/discharge
cycles (Seok et al., 2018). On the other hand, NPS@MnO: composites, which were prepared
via the electrochemical dealloying of AgssMg3sCax followed by electroless plating of
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nanocrystalline MnO- onto the silver structure, exhibited a significantly high capacitance 1088

F/g (R. Lietal., 2015).
2.3.3 Catalysis

A catalyst is a material that accelerates and enhances the rate at which a chemical
reaction reaches equilibrium while retaining its original composition and quantity, without
undergoing any permanent chemical change. Due to their large surface-to-volume ratio,
controlled feature sizes, high active sites, high thermal and electrical conductivity, and low
density, nanoporous metals as green and environmentally friendly catalysts (Bao et al., 2024;
Chaturvedi et al., 2012; Zhang & Li, 2012a). Generally, the catalysis cycle can be summarized
in three main steps. In the first step, gas or liquid molecules adsorb onto the active sites on the
surface of a catalyst. The adsorbed reactant molecules interact at the surface, generating
products. Finally, the produced products desorb at the catalyst's surface, regenerating the active
sites for further reactions (Scandura et al., 2023).

Np-S has been used as a versatile and highly efficient catalyst for various applications,
such as CO oxidation, anodic catalysts in fuel cells, organosilane oxidation, and CO; reduction
(Barsuk et al., 2016; Dong et al., 2015; Kou et al., 2014; Z. Li et al., 2014; Qian et al., 2020).
Kou et al (Kou et al., 2014). studied the catalytic activity of unsupported np-S prepared by
dealloying Mg77Aga3 alloy for CO oxidation. The nanoporous structures support gas-phase
reactions, contributing to high catalytic activity. However, catalytic performance is influenced
by factors such as pore/ligament sizes and dealloying parameters. Np-S foils prepared by
dealloying ternary Agsg75Cuss.75S122.5 alloy have been tested as an anodic catalyst in direct
ammonia-borane fuel cells. The results indicated that the prepared np-S foils show excellent
stability over long-term operation, with no significant structural degradation observed, which
displays the suitability of np-S for alkaline fuel cells (Barsuk et al., 2016). Li et al. (Z. Li et al.,

2014) have utilized np-S for the selective oxidation of organosilanes (R4—_,)SiH,) by water or
alcohols to produce the corresponding organosilanols (R(4-,)Si(OH),) and organosilyl
(Ria-n)Si(OR*),,) ethers as the following chemical reactions show, respectively. The np-S
catalyst demonstrated high efficiency and reusability, with H> as the only by-product, which
emphasizes the potential of np-S for green chemistry applications.

np-S
R(4-m)SiHy + nH,0 — Ry—nySi(OH),, + nH,

; apy S : ) p4
R4—n)SiHy + NR*OH — R(4_p)Si(OR™), + nH,
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The electrocatalytic reduction of CO; to CO has been a key area of research for np-S.
Zhang et al. (Y. Zhang et al., 2019)investigated the effect of halide ions such as F, CI", Br" and
I" on the catalytic performance of np-S; their results confirmed that the presence of halide ions
can enhance the binding energy of intermediates, lowering the overpotential required for CO>
reduction and improving Faradaic efficiency. On the other hand, Shi and his co-workers studied
the impact of using the surfactant sodium dodecyl sulfate (SDS) to modify the properties of
np-S; they found that the SDS-modified np-S electrode (C-AgNPs-SDS) showed superior
performance in the selectively electrocatalytic reduction of CO; to CO with a Faradaic
efficiency of 92.2% better than the Ag foil and the nanoporous Ag electrode (C-AgNPs) (Shi
etal., 2019).

2.3.4 Biomedicine

Biocompatibility, which describes the ability of a material to meet its designated
purpose without triggering any harmful effects on biological systems, as well as low toxicity
to mammalian cells, are essential properties for materials used in biomedical applications
(Suhag et al., 2024). Nanoporous metals, especially nanoporous gold (np-G) and np-S, which
exhibit large surface-to-volume ratios, controllable nanopore structures, and excellent chemical
stability, are the most suitable materials for use in medical applications. Research has shown
that, when properly engineered, these metals in their sponge-like structures generally do not
cause immune reactions, inflammation, or cytotoxic effects on mammalian cells, which makes
them promise for use in many biomedical applications, like drug delivery, biosensing, and
wound healing, careful design should be considered to reduce potential issues such as silver
ion (Ag") release (Hu et al., 2012; Pawley et al., 2017; Sondhi et al., 2023; Wang et al., 2023;
H. Zhang et al., 2018).

Regarding the drug delivery application, Pawley et al. (Pawley et al., 2017) synthesised
a np-S matrix by crosslinking silver nitrate (AgNOs3) with ethylene diamine in an alkaline
solution. The produced np-S matrix exhibited high surface area and large nano-scale pores, which
enhanced the loading capacity of aspirin and enabled controlled drug release. They found that
the np-S matrix demonstrated a rapid initial release of aspirin in phosphate buffered saline (PBS)
solution at pH 7.4 and 37°C within the first two hours, followed by stabilization of the release.
The study concluded that achieving sustained and gradual drug release over an extended period
required some matrix modification. The use of np-S -containing dressings, which is
commercially known as Medifoam®Silver, for wound healing exhibited strong antibacterial

activity against Staphylococcus aureus and Pseudomonas aeruginosa, which achieved a 99.9%
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bacterial inhibition growth. The small, uniform pore size enhances capillary absorption and
retention of wound exudates, which creates a moist environment optimal for healing (S. M. Lee
etal., 2016). Hu and co-workers found that utilising nanoporous bioglass with a high surface area
of 467 m?/g and uniform nanopores of 6 nm loaded with Ag showed enhancing hemostatic
performance due to the presence of Ag" and nanopore structures of the nanoporous bioglass. The
release of Ag” inhibited the growth of Escherichia coli, achieving a 99% bacterial inhibition rate.
Meanwhile, the high surface area and nanoporous structure of the nanoporous bioglass contribute
to absorbing water from the blood, concentrating clotting factors, and reducing clotting time (Hu

etal., 2012).

2.4 Nanostructural Characteristics

A variety of nanostructural features influence the effectiveness and efficiency of
employing np-S in many applications. Understanding and controlling these factors is essential
for optimizing np-S for its numerous applications in sensing, catalysis, environmental, and

biomedical fields. The main feature is the interconnected ligament structure.

2.4.1 Interconnected Ligaments

The term "interconnected" in nanoporous materials is defined as the continuous
pathways provided by the solid fraction frameworks, allowing for effective transportation of
electrons. According to the ball and stick model, the structure of nanoporous metals can be
described as a building block of four-coordinated spherical node interconnected by cylindrical

ligaments as Figure 2.13 shows, with the nodes volume Vy of 4/3 mR3, ligament volume V,,

mR?(1 — 2R) and the ligament radius to node radius ratio \/2_/3 . Each node is connected to
four cylindrical ligaments, forming a robust and interconnected network (Huber et al., 2014).
This simple model describes a regular and uniform nanoporous structures. The interconnected
nature of the porosity in this nanostructure system guarantees a consistent distribution of
reactants and products, which is necessary for catalytic processes and electrochemical reactions
(Griffiths et al., 2020; Sang et al., 2022). The degree of interconnectivity in nanoporous
structures have a significant impact on their physical properties, as will be shown in the

following sections.

twin node
tetrahedron

single node
tetrahedron
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Figure 2. 13 ball and stick model of nanoporous structure consist of a network of interconnected (a) twin node and (b) single

node and cylindrical ligaments (Huber et al., 2014).

Any prototypical network consists of structural elements with varying degrees of
connectivity, as shown in Figure 2.14. There are highly connected 'octopus-like' fragments,
which are connected to the whole network structure by at least seven nodes (Figure 2.14a), and
single connected ligaments, which are connected to the rest of the network only at their bottom
(Figure 2.14b) (Ron et al., 2020). This model demonstrates irregular and complex nanoporous

materials.

(a) (b)

Figure 2. 14 schematic figure illustrate (a) high connected ligament to the network and (b) single connected ligament to the

structure of the nanoporous network (Ron et al., 2020).

The high connectivity of the np-S network was demonstrated using the
cathodoluminescence (CL) microoscopic technique, as shown in Figure 2.15. The high
connectivity of the produced silver ligaments permits charge flow through the network,
resulting in different optical behaviour. The intense hotspots in the CL maps indicate the highly
connected regions within the network, and vice versa (Ron et al., 2020). Due to the high-
penetration depth of the X-ray beam, different X-ray based techniques have been employed to
visualize the 3D nanoporous structure and provide quantitative analysis of the size distribution
and interconnectivity of the pores across the whole sponge. These include X-ray ptychographic
tomography, in situ synchrotron X-ray nano-tomography, transmission X-ray microscopy
(TXM), and focus ion beam scanning electron microscopy (FIB-SEM) (Gorecki et al., 2023;
Liu et al., 2021; Zhao et al., 2018).
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Figure 2. 15 high connectivity ligaments of np-S network (a) 2D CL emission patterns obtained at different Wavelengths A=
400, 450, 470, 500, 600 and 650 nm, (b) 3D CL patterns generated from (a), and (c) Overlaid SEM-CL images collected at the
same magnification (scale bar 200 nm). A black contour line indicates the ligament structure location as detected from the

SEM image (Ron et al., 2020).

2.5 Properties of np-S

Like other types of the nanostructures, plasmonic nanoporous metals exhibit fascinating
properties which are significantly different from the same materials at larger dimensions,
mainly due to three main effects; resonance conduction electron movement, quantum
confinement effect and surface effects (Joudeh & Linke, 2022).

In nanoscale systems, the quantum confinement effect primarily stems from the
constraint of the motion of electrons and holes inside a narrow space comparable to their de
Broglie wavelengths, leading to modifications in the electronic band structure and hence
indirectly changing the associated atomic structure. Furthermore, shrinking the dimensions of
the materials to nanosized can influence the energies of the electronic states and the spacing
between them. According to the free electron model, the electronic state energies depend on
the inverse square of the dimension of the system in a specific direction (1/L?) (Kelsall et al.,

2005).

2.5.1 Large surface area
Reducing the size of a large cube to 8 cubes, 64 cubes, and then 512 cubes, as Figure
2.16 illustrates, leads to an increase in the number of surface atoms compared to the number of
inside atoms. Similarly, if the dimensions of the bulk metal have been shrunk to nanoscale size,
its surface area relative to volume will increase dramatically due to the increase in the number

of its atoms exposed at the outer surface. Consequently, surface atoms significantly influence
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the behaviour of these materials, enhancing their interaction with the environment (Han et al.,

2021).

Increase of surface area to volumea ratio (SA:V)

a)
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Figure 2. 16 schematic figure showing the increase in the surface area to volume ratio when the dimensions of the cubic

representing the bulk material are lowered by cutting it into 8 cubes, then 64 cubes, and finally 512 cubes (Portilla, 2017).

Incorporating nanopore structures into these materials leads to a considerable
improvement in the surface area-to-volume ratio, thereby achieving significant enhancements
in their properties and behaviour (Barsuk et al., 2016; Khan et al., 2019; G. Li et al., 2021;
Sang et al., 2022). Researchers have developed two methods to characterise the surface area of
nanoporous materials [51]. The Brunauer, Emmett, and Teller (BET) method is a common and
fundamental technique employed to quantify the specific surface area of materials with
nanopore structures by measuring the amount of adsorbed nonreactive gases, typically nitrogen
or argon, at a temperature of 77 K or 87 K by gravimetric, volumetric, or dynamic flow-through
techniques. This approach involves utilising the BET isotherm model, which is dependent on
the binding energy between the adsorbate and the surface, to determine the adsorption
behaviour (Sinha et al., 2019; Y. H. Tan et al., 2012). The specific BET surface area can be
determined by:

Where N, is Avogadro’s number, a,, is the cross-sectional area of the molecule, and
N, 1s the saturation capacity of the monolayer (Shi et al., 2021).

Measuring the specific surface area using the BET method is simple; however, it
requires specific sample masses between 10 mg and 50 mg or more to measure surface area
effectively. For sample masses lower than 10 mg, alternative approaches have been suggested,
such as using Krypton-85 adsorption (Kulkarni et al., 2011).

Besides the BET method, electrochemical techniques provide complementary methods
for characterising the surface area of nanoporous metals. It gives dynamic information about
the electrochemical surface area, surface reactivity, and charge transfer kinetics of metals with

nanopores. Various electrochemical methods have been used to determine the electrochemical
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active surface area (ECSA). For instance, researchers estimated the ECSAs for as-deposited
Ag thin film and as-de-alloyed np-S with pore dimensions ranging from 50 to 200 nm using
the Pb under-potential deposition (UPD) method. They concluded that the surface area of the
np-S is approximately 1.9 times larger than that of the as-deposited Ag thin film (Kurowska-
Tabor et al., 2016), while the surface area of the np-S with a pore diameter of 80 nm, measured
using the charge associated with the reduction of adsorbed oxygen (surface oxide reduction
(SOR) method), increases by a factor of about 62 compared to dense Ag (Z. Li et al., 2015).

When Ag is in its nanoporous form, it has a larger specific surface area than its
nanoparticles. This is because the nanoporous structure makes the surface rougher and the
surface-to-volume ratio higher. Aggregation of Ag is also prevented by the presence of the
network structure. The presence of nanoporous structures provides numerous active sites for
surface reactions and interactions. Experimentally, Tastekova et al. (Tastekova et al., 2018)
found that the specific surface area of np-S with pores ranging from 10 to 60 nm was 42 + 5
m?/g, while, Ag nanoparticles with particles ranging from 50 to 150 nm and 5 to 65 nm had a
specific surface area of 26.7 m?/g and 23.81 m*/g, respectively (Ahmad et al., 2020; El-Kalliny
et al., 2023; Shpigel et al., 2019; Zhou et al., 2009).

The surface area of metallic nanoporous sponges is affected by many factors such as
pore sizes and annealing temperatures. Many investigations have demonstrated a correlation
between the specific surface area of metallic nanoporous sponges and their pore size. Typically,
nanoporous metals have a greater specific surface area when their pore size is smaller. The
specific surface area value measured by Tastekova et al. (Tastekova et al., 2018) for np-S was
higher (42 m?/g, pore size 10 — 60 nm) compared to the value obtained by Krishna et al.
(Krishna et al., 2010) with large pores (50 - 100 nm), which was 16 m?*/g. A notable reduction
in the specific surface area of metallic nanoporous materials was observed with increasing
annealing temperatures after dealloying. As listed in Table 2.5, annealing caused a decrease in
specific surface area from 6.4 to 1.79 m?/g and electrochemical active surface area from 5.34
to 1.65 m?/g as the annealing temperature of np-G increased from room temperature to 400°C
and pore size from 82 to 167 nm. This effect can be explained by the fact that increasing
annealing temperature will enhance the surface self-diffusion of metal atoms, which leads to
coarsened ligaments, increasing pore sizes, and decreasing both surface area and surface energy

(Y. H. Tan et al., 2012).
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Table 2. 5 The relationship between the annealing temperature and pore size, BET surface area, electrochemical active

surface area and pore volume of nanoporous gold (np-G) (Y. H. Tan et al., 2012).

Nanoporous gold  Pore Size, Surface Area  Electrochemical active  Pore Volume,

annealing 7/°C nm (SBeT), m’g’! surface area, m’g! cm’g!
Room temperature 82 6.4 5.34 0.044
100 102 6.35 4.85 0.034

200 129 5.37 4.34 0.021

300 148 4.57 3.92 0.015

400 167 1.79 1.65 0.0076

2.5.2 Optical properties of np-S

Metallic thin films containing embedded nanopore structures demonstrate optical
properties that are remarkably different from those of their metallic counterparts. When a
material with a range of nanopore and metallic material sizes and shapes interacts with
electromagnetic waves, its optical response can be broad due to the support of multiple
plasmonic modes. This results in a broadband optical response and the excitation of various
plasmonic resonances that can be interpreted by using various approximation techniques to
model its response, such as the finite element method (FEM) or effective medium Theory
(EMT). (Koya et al., 2021; Michael et al., 2006; Ron et al., 2018). In this section, the review
will focus on the effective medium approximation, especially Bruggeman (BG) theory which

will be used in the results chapters to estimate the optical properties of the np-S thin films.

2.5.2.1 Effective medium theory and optical behaviour of nanoporous
materials

An effective medium is a conceptual model that describes the average properties of
complex nanostructure materials whose feature sizes are much smaller than the smallest
interacting wavelength. Effective parameters such as a complex dielectric function &.5¢ or an
effective refractive index n, s can be deduced by applying an effective medium theory (EMT)
(also known effective medium approximation) when investigating the material's behaviour.
The following equation relates the complex permittivity and the effective refractive index of
the material:

Eopr = M+ 1k)? = & + i€, (2.6)

If the real component &; and the imaginary component ¢; of the permittivity are
known, the refractive index n and extension coefficient £ can be calculated (Detsi et al., 2014;
Jalas et al., 2014).

The Maxwell-Garnett (MG) and Bruggeman (BG) models are the most widely used
approximations for predicting the effective dielectric properties of composite materials. The

MG theory is particularly effective for systems where isolated spherical particles are embedded
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in a continuous host medium as Figure 2.17 a demonstrates. In the MG model, the resulting
effective dielectric constant is asymmetric, as it depends on which material is designated as the
host and which is the embedded phase. In contrast, the BG model produces a symmetric
effective dielectric constant, reflecting the equal contribution and interaction from both
materials as shown in Figure 2.17 b. This review will focus on the BG approximation within
the Effective Medium Theory (EMT), as it is preferred for modelling the optical response of
nanoporous materials due to their complex, highly interconnected structure, where both the
metal and voids significantly influence the overall properties (Garoli et al., 2018; Zhou et al.,

2023).

iaj! (b)) i Haost
! ! Inclusion

Maxwell-Garmnett Brugoeman

Figure 2. 17 Schematic diagram represents (a) an asymmetrical phase in Maxwell-Garnett theory and (b) symmetrical

phases in Bruggeman approximation (Zhou et al., 2023)

e Bruggeman approximating of effective medium theory

For a system with an interwoven matrix and inclusions to the degree of
indistinguishable, extending to miss a clear line between matrix and inclusions, the Bruggeman
model treats both components symmetrically and equivalently without assigning a dominant
role to either the matrix or the inclusions. The electrodynamic treatment for the binary system
is carried out twice: first, for the inclusion (with permittivity & and volume fraction 7;)
embedded within the effective medium, and then for the matrix (with permittivity &, and
volume fraction 7,,) embedded within the same effective medium. The combination of these
two cases should result in the determination of the effective medium.

In the case of inclusion with radius a subjected to a uniform external electric field
E, aligned along the z-axis, situated at a distance from the inclusion. The system is described

as a spherical coordinate system (r, 0) as depicted in Figure 2.18.
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Figure 2. 18 Bruggeman approach to flux deviation through spherical inclusion (Choy, 2015)

The generated electrical field inside Einsize the inclusion and the electrical field Eourside

in the surrounding matrix outside the inclusion is given by
Eipsige = —A1cos07 +A,8in00..................... (2.7)
c . 1\ ciip A
Equtside = (Eo +2°2) Cos 07+ (—E, +2)Sin08................... 2.8)
Since 7 and @ here refers to the radial distance and polar angle unit vectors in the

spherical coordinate system, respectively. A; and C; are both representing the dipole moments

produced the electric field inside and outside the inclusion, respectively, and given by

A =— (81"_’;8) Epeooeoeeeeeee (2.9)
C, = (;f;s) QEy oo (2.10)

To simplify the process of calculating electric flux, assume a disk with a surface area
of a? is placed inside the inclusion in a plane perpendicular to the z-axis, The electric flux
deviation due to polarization of inclusion can be given by

AD, = 21([ T&1Einsige dr — [} T€E, dr) oo (2.11)

= 21a?eEy ()i 2.12)

g1t+2¢
Hent &; here represents the dielectric constant of either inclusion or matrix.
In the case of single-particle polarization in the effective medium, the flux deviations
should equal zero.

NAB; + NyABry = 0. (2.13)

Given that the volume fraction of the inclusion n; can be written as f and the volume
fraction of the matrix 1, can be written as /-f, therefore the BG formula can be expressed as

(Choy, 2015)
(D) + @ () =0 (2.14)

git+2e Emte
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This model and equation will be used to derive the optical response of the np-S thin

films produced in this work.

2.5.2.2 Absorption and scattering by np-S
The optical properties of Ag nanostructures at the SPR are determined by the interplay
between absorption and scattering phenomena. The disordered plasmonic nanopore structures
are optically robust. This means that failures or defects at multiple points within the structure
don't really change the optical properties of these nanostructures. Due to the random
distribution of cavities and the irregular arrangement of the ligaments within the metallic
nanoporous, their index of refraction is inhomogeneous (Galinski et al., 2017; Huang et al.,

2016; Ron et al., 2018)

2.5.2.3 Surface plasmon resonance (SPR) and localized surface plasmon
resonance (LSPR)

Surface plasmon resonance (SPR) is a physical phenomenon that takes place at a metal-
dielectric interface; as Figure 2.19 a shows. When the frequency of an external electromagnetic
wave matches the frequency of the free electron oscillations, the interaction between the
electromagnetic wave and the free electrons of the metal leads to the collective oscillation of
these free electrons, thereby exciting surface plasmons (Chen et al., 2011). The propagation
between the incident radiation and electron surface leads to absorbing, transmitting, or

scattering the radiation (Indhu et al., 2023).

a. SPR

Surface plasmon

Reflectance

Anele Wavelength
Wavelength

Figure 2. 19 schematic figure displays the mechanism of occurring (a) SPR at the metal-dielectric interface due to the
interaction between light and conduction electrons in metal, and (b) localized surface plasmon resonance due to confining

of the surface plasmon within the nanostructure as a result of the interaction between the incoming light and surface of
the nanomaterial (Indhu et al., 2023)
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In nanostructured materials, the interaction between the impinging electromagnetic
beam and the conduction electrons in metallic nanomaterials causes the confinement of the
collective oscillation of these electrons within the structure of nanomaterials. This phenomenon
is known as localized surface plasmon resonance (LSPR), as it is confined to the nanostructure
and occurs at the surface, as demonstrated in Figure 2.19 b. The LSPR effect is observed when
the feature size of a metal ligament is far smaller than the wavelength of impinging light (4).

When incident light interacts with the surface of a nanostructured metal, the
electromagnetic field of the incoming light causes the free conduction electrons to polarize and
accumulate on one side of the nanostructure particle, which leads to a net charge difference at
the surface of the particle, hence forming an electric dipole as Figure 2.19 b illustrates.
Therefore, an internal electric field within the metallic nanostructure is generated, which acts
as a restoring force, driving the electrons back towards their equilibrium position. The
produced electric field opposes the field of the incident light. Consequently, the electrons
oscillate in resonance with the frequency of the incident light, resulting in LSPR (Zhao et al.,
2021).

The LSPR peak of Ag in its nano-form is typically observed in the visible spectrum. It
can be adjusted by controlling the feature sizes, shapes, and the dielectric function of the
environment surrounding the nanoparticles. A blue shift in the LSPR peak, from 650 nm to the
wavelengths between 500 and 570 nm, was observed when the ligament size of np-S was
reduced from 100-200 nm to 50—100 nm, respectively (Morrish & Muscat, 2009), This shift is
mainly caused by the enhanced surface scattering resulting from the reduced ligament size. In
addition, it has been demonstrated that the increase in surface scattering within np-S is directly
correlated with the reduction in pore size and the increased surface roughness of the

nanoporous material (Shen & O'Carroll, 2015).
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Figure 2. 20 LSPR decay mechanisms on metallic nanostructures which lead to produce (a) photo-induced heating, (b)
electromagnetic field enhancement, and (c) photo-induced electron—hole pair (Zhao et al., 2021)

After excitation of LSPR, the oscillations of the plasmon can be damped through two
mechanisms: radiative (scattering) and non-radiative (absorption). These two mechanisms

37



Bimetallic Nanoporous sponges

occur during extremely short times and extend from femtoseconds (fs) to picoseconds (ps).
Regarding radiative decay, the LSPR dissipates its energy through re-emitted phonons
(scattering); it occurs within a few hundred femtoseconds to a few picoseconds. On the other
hand, the non-radiative decay of LSPR involves producing hot carriers (energetic electrons and
holes) that can interact with the surroundings, the required time for this decay ranges between
a few femtoseconds and tens of femtoseconds. The non-radiative mechanism includes the
photothermal effect (increases the temperature of the plasmonic material during decay),
electromagnetic field enhancement (activates nearby species), and hot carrier transfer (decay
by injecting hot electrons into unoccupied states or producing electron-hole pairs that then
transfer energy to the adsorbate), which are shown in Figure 2.20 (a- c¢). Determining which
decay mechanism occurred is challenging as multiple mechanisms may happen together or

sequentially (Zhao et al., 2021).

e LSPR and optical constant

The effective refractive index refers to an averaged or effective value to represent the
overall optical behaviour of a complex material (in our case, nanoporous material) system; it
describes the propagation of electromagnetic waves within the material (Ohke et al., 1995;
Speets & Kalkman, 2024). The effective refractive index of the material is influenced by
refractive index of constituent phases in the nanoporous materials and porosity (Braun & Pilon,
2006). The real part of the complex refractive index is a refractive index (n), which describes
the propagation of electromagnetic radiation through the material. The imaginary part is an
extinction coefficient (k), which describes how much electromagnetic radiation is absorbed as
it travels through the material (Fujiwara & Collins, 2019). The n and k of the material are
significantly affected by the LSPR, as stated below.

As mentioned previously, when plasmonic nanoporous structures are irradiated by
light, SPR is excited and becomes localized at the surface of the nanopores. Thus, strong local
electric fields generate and concentrate at regions such as nanopores and the sharp edges of the
ligaments in pores nanostructures, which means that the enhancement in the electrical field will
vary due to the non-uniform nanopore shape. Moreover, the rough and irregular nanostructure
of the nanoporous materials contributes to generating a strong electrical field at the points
called hotspots. The absorption of the material increases due to the strong coupling between
the electromagnetic radiation and the free electrons, which increases the k. The energy

absorbed from electromagnetic radiation is dissipated via radiative or non-radiative decay
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mechanisms as stated earlier. This loss of the energy, or damping, is represented by an increase

in the imaginary part of the dielectric function &, (Koya et al., 2021; Ron et al., 2018).
According to Kramers-Kronig relationships, Eqs. 2. 15 and 2. 16 (Peiponen et al.,

1998), the real and imaginary parts of effective refractive index are directly related, which

means that any change in n will lead to a change k, and vice versa.

o wk (w)

n(w)-1=2P [ 2 do o (2.15)
k() =Z22p P20 gy (2.16)

However, due to their irregular structure, the refractive index of nanoporous materials

will show anomalous dispersion and inhomogeneity (Galinski et al., 2017).

2.5.3 Electrical properties of np-S

In general, studying the electrical properties of materials focuses on describing their
ability to either conduct or resist the movement of charge carriers in response to applied electric
fields (Yuliza et al., 2015). These properties typically include measuring the electrical
conductivity and resistivity of the materials.

According to the quantum confinement theory, and unlike the free movement of
electrons in bulk materials, electron movement in nanostructured materials, such as nanoporous
metals, becomes confined spatially by the potential barrier of the surface or trapped by the
potential well of the quantum box. In this case, the energy levels available for the electrons to
occupy become restricted, thereby causing the energy states to discretise. As the size of
nanomaterials decreases, their energy band gap becomes wider, which means that high energy
is required to excite the electrons from the valence band to the conduction band, thereby
decreasing their electrical conductivity (Hafaiedh & Bouarissa, 2011).

On the other hand, during the flow of electrons inside a nanopore structure, they suffer
from multiple scatters. The electrons scatter at the ligament boundaries, where they are
redirected to interact with other electrons. The electron-electron scattering will increase with
increasing the surface-to-volume ratio in nanoporous metals, thereby increasing resistive losses
and reducing conductivity (Hopkins et al., 2011).

Moreover, tortuosity t, which is defined as the ratio between the shortest pathway A/
and the Euclidean distance between the two ends of that pathway Ax as Figure 2.21 depicts, is
the other factor that can affect the effective conductivity (Cey ) of the nanoporous materials , as

shown in the expression:
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Where C; and P are intrinsic conductivity and the fraction of the conductive phase.
Nanoporous metals have a highly tortuous structure as introducing the nanoporosity (€) in the
materials leads to an increase in the tortuosity according to the Eq.2.18:

T2=yel O (2.18)

Since y and o are constants which are affected by the particle-size distribution,
morphology, and porosity of nanoporous materials. The mean free path of the transported
electrons through nanoporous materials is convoluted and longer than that in bulk materials,
thereby electron scattering increases and hence further decrease in the electrical conductivity

of the materials will be observed (Guo et al., 2021; Tjaden et al., 2018).

Ax

Figure 2. 21 Diagram shows the shortest path Al through a nanopore structures of thickness Ax which used to calculate the

tortuous path (Tjaden et al., 2018).

2.5.4 Antibacterial properties of np-S

Due to their great surface area-to-volume ratio, silver nanoparticles (AgNPs) enable the
continuous release of Ag" even at low concentrations, producing antibacterial activity against
a broad spectrum of microorganisms, including both Gram-positive and Gram-negative
bacteria, viruses, and fungi (Faiz et al., 2018; Qing et al., 2018; Salas-Orozco et al., 2019;
Vimbela et al., 2017; Zhou et al., 2012). Consequently, AgNPs are frequently used in
antibacterial applications such as wound dressings (S. M. Lee et al., 2016), healthcare products
(Burdusel et al., 2018), food packaging (Carbone et al., 2016), cosmetics (Kokura et al., 2010),
and water purification (Tessema et al., 2024). Recent studies have reported that supporting

AgNPs on mesoporous substrates such as mesoporous graphene, mesoporous silica, and
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mesoporous bioactive glass significantly enhances their antibacterial action. The robust
antibacterial activity is due to improving the AgNPs’ stability, eliminating the environmental
toxicity associated with the release of AgNPs into the environment, preventing nanoparticle
aggregation upon exposure to air or water, increasing surface area, and promoting Ag" ions
release rates. Therefore, the porous structures make AgNPs highly efficient for various
applications (Hu et al., 2012; Jorge de Souza et al., 2019; Kumar et al., 2019; Wang et al.,
2014; L. Yang et al., 2019; Zhu et al., 2014).

Although the antibacterial agents produced on the mesoporous substrates provide
significant benefits, it is not the only way to improve the antibacterial properties of Ag. The

np-S is another unique and effective nanomaterial against various microorganisms.

2.5.4.1 Toxicity of np-S to bacterial cells

Only a few works in the literature have studied the antibacterial properties and toxicity
of mnp-S against Escherichia coli, Staphylococcus aureus and Methicillin-resistant
Staphylococcus aureus (Wang et al., 2023; Wang et al., 2019; Zhang et al., 2013). The concept
of toxicity of the materials refers to any deleterious effects caused by the exposure of organisms
to test materials or compounds (Marambio-Jones & Hoek, 2010). The majority of prior
research concluded that np-S is the most effective antibacterial agent due to its ability to inhibit
the growth of bacteria, which reaches higher than 95% (Wang et al., 2023). The distinctive
three-dimensional (3D) nanoporous architecture, which enhances the surface area of np-S,
makes it a superior alternative to traditional Ag metal and other Ag-based nanomaterials. The
stable mechanical performance and excellent flexibility of produced np-S further improve its
potential for environmental, medical, and wearable product applications (Wang et al., 2023).

The mechanism of antibacterial action of np-S has yet to be fully clarified. However,
most of the recently published scientific papers this topic proposed that releases of Ag" ions
are crucial for the antibacterial performance of np-S. The enhanced antibacterial activity of np-
S is expected to increase with the concentration of Ag" ions release, which depends not only
on the concentration of Ag but also on the ability of the solution to penetrate through the
nanopore structures to reach the internal Ag ligaments. It is thought that the Ag" ions were
released via the oxidative dissolution process of the Ag nanostructures, which occurs due to
interaction with oxygen (Oz) (Choi et al., 2008) or hydrogen peroxide (H>O2) (AshaRani et al.,
2009).

As can be seen in Figure 2.22, the dissolved Ag" ions interact with main bacterial cell

components to kill or inhibit bacterial growth in two steps. The first step of Ag" ions interaction
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with bacterial cells occurs on the cell envelope, and it involves destroying the peptidoglycan
cell wall, plasma membrane, and the proteins attached to the membranes (Chaloupka et al.,
2010; Qing et al., 2018). Ag" ions could strongly interact with the negatively charged
compounds in the bacterial cell wall, such as carboxyl, phosphate, and amino acids found in
structural proteins and enzymes. They mainly target sulthydryl groups (-SH) in the amino acids
cysteine and methionine, as well as amine groups (NHy) in histidine, arginine, and lysine (Rai
et al., 2012). Additionally, the proton motive force could be disrupted due to binding the Ag"
ions to transported proteins found on the bacterial membrane, impeding the transport of protons
and phosphate to adenosine triphosphate (ATP), which is responsible for the transfer and
storage of energy within bacterial cells, causing rupturing of the plasma membrane (Klueh et
al., 2000; Lok et al., 2006; Wang et al., 2019).

Intracellularly, the penetrated Ag"* settle between the purine and pyrimidine base pairs
in the nucleosides, deactivating the hydrogen bonds between the base pairs of the anti-parallel
DNA strands (Hatchett & White, 1996; Monteiro et al., 2012). Some studies have indicated
that the Ag" induce the condensation and localization of DNA in the centre of the bacterial cell,
hence, inhibiting cell division and proliferation (Feng et al., 2000; Guzman et al., 2012). Ag"
has also been found to alter the structure of ribosomes in the cytoplasm, which leads to the
prevention of protein synthesis (Durén et al., 2016).

The Ag" release rates are influenced by various factors, including the composition of
the culture media, the pH of the environment, temperature, the surface area of the antibacterial
agent, the dose of the antibacterial agent, and immersion time. The following section will

discuss these factors in detail.
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Figure 2. 22 Th proposed mechanism of the antibacterial activity of np-S relies on the release of Ag* which target the
bacteria cell wall, destroy it, and thereby penetrate. Once inside, the Ag* bind with the DNA, inhibiting cell division and
proliferation (Wang et al., 2023; Xiao et al., 2021).

2.5.4.2 Factors affecting the Ag* release rate

e Microstructure and specific surface area

A higher specific surface area allows for more extensive and sustained release of Ag*
ions, which are the primary agents responsible for the antibacterial activity. The surface charge
of np-S shows a pronounce influence on its antibacterial activity. The electrostatic interaction
between the Ag ions with positive charges and the bacterial membrane, which is charged
negatively, increases the permeability of the membrane, which guaranteed the diffusion of Ag”
ions into the cells (Mathias de Souza et al., 2024).

The surface microstructure of np-S enhances its antibacterial performance. The
presence of nanopore structures significantly increases surface roughness, which aids in more
effectively adhering bacteria and enhances their exposure to Ag" (Xia et al., 2020; Zheng et
al., 2021). Smaller pores increase the surface area, enhancing the interaction between Ag" and
bacterial cells. Uniform pore distribution ensures consistent antibacterial activity throughout

the material, preventing "dead zones" where bacteria might survive.

e Immersion period

The immersion time of np-S in the bacterial culture is a critical factor influencing the
rate of Ag" ions release, hence the antibacterial efficacy and cytotoxicity of np-S. Previous
studies have emphasized a rapid release of Ag" observed within the first 12 to 24 hours of
immersion in the bacterial culture. The high release rate refers to the high surface area of np-S
or the initial availability of easily accessible Ag atoms on the surface. This vast release rate of
Ag" is followed by a stable release ascribed to the oxidation and dissolution of the deeper layers
of the sponge. The slow and steady release of Ag" ensure a continued antibacterial performance
of np-S over an extended period, which is beneficial for long-term antibacterial activity,
preventing the regrowth of bacteria and maintaining the antimicrobial environment
(Thukkaram et al., 2020; Wang et al., 2023; Wang et al., 2019).

To the best of our knowledge, there is a significant scarcity in the research that has
explored the physical properties of np-S, especially np-S thin films prepared by dealloying Ag-
Al alloys, including their optical, electrical, and antibacterial characteristics, leaving a wide
scope for research and exploration. It is known that exploring the optical properties, including
investigating the optical constants and dielectric functions of np-S, is important for applications
in plasmonic, sensing, and photonic devices that require control of light interactions with
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nanostructured materials. Moreover, examining the electrical characteristics of np-S, including
its conductivity and resistivity, yields critical insights into the efficacy for use in electronic and
energy storage devices like sensors and supercapacitors. On the other hand, investigating its
antibacterial activity enables opportunities for use in environmental, biomedical, and
antimicrobial applications. Therefore, studying these properties will not only address existing
gaps but also open the door for new applications.

In summary, the chapter provided a literature review focusing on the key features that
influence the properties of nanoporous materials. The dealloying technique as a widely used
method to prepare nanoporous materials is described. The impact of nanostructure on electrical,
optical, and antibacterial activity was discussed in more detail. Finally, a brief description of
the SERS technique and the use of np-S as a Raman substrate, supercapacitor, catalytic and in

medicine application was provided.
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Chapter 3 Experimental procedure

3. Overview

This project has focused on investigating the physical and antibacterial characteristics
of np-S, which are known for their potential uses in microbiology and sensing applications. To
achieve a comprehensive understanding, two silver aluminium alloy (Agioo-xAlx) systems,
which will use to prepare the np-S samples, were synthesized using differing strategies to
ensure variability in their physical characteristics and biological functionalities. The first
system is the AgiooxAlx alloy thin films, they were synthesized using a physical vapor
deposition technique especially magnetron sputtering, which allows for precise control over
the thickness and composition of the systems by adjusting the applied voltage and deposition
time. In the second approach, the bulk Agjoo-xAlx alloys were prepared via melting process,
involving heating the mixture of Ag and Al to a temperature (melting point) where they
transition from a solid to a liquid state. This method provides control over the alloy's
composition, efficiency for alloying metals that may not combine easily at room temperature.

This chapter provides an overview of the fundamental experimental approaches that are
used throughout this thesis including the description of the techniques used to prepare the thin
films and bulk alloys and the analytical techniques used to characterize the samples. Results
will include detailed information about the techniques for preparing and characterising alloy

systems.

3.1 Preparation methods

3.1.1 Magnetron sputter deposition approach

Magnetron sputter deposition is a common method for preparing uniform thin film
alloys of high purity (Mwema et al., 2022). Deposition occurs in an isolated environment: a
vacuum chamber houses sputter guns, and the targets positioned above them, and substrates
placed below. The magnets positioned behind the targets are crucial for generating a magnetic
field that confines the plasma near the surface of the targets to increase the sputtering rate.

During the sputtering process, a low pressure of inert gas, most commonly argon (Ar),
is introduced into the chamber and ionised. These energetic ions hit the target material,
knocking off atoms from its surface. These atoms pass through the vacuum and then land on a

ubstrate to form the thin film coatings as Figure 3.1 (a) shows.
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Figure 3. 1 (a) schematic picture shows the DC magnetron sputtering setup used in this project. The deposition process

includes introducing a low-pressure Ar gas into the chamber and ionized to form plasma. The picture also illustrates the
position of two targets (Ag and Al) which are connected to a cathode, and a substrate positioned on a holder which is
placed on an anode. The produced magnetic field by the magnetron acts to confine the plasma near the surface of the

targets, enhancing the sputtering rate. The ionized Ar atoms collide with the two targets, leading to eject the atoms from

targets and hence deposited onto the substrate, forming a required thin film, and (b) the angle between the normal and

guns.

Each target has a distinct sputter yield, which quantifies the number of atoms that are
ejected from the target surface per incoming particle (Mattox, 2010). The sputtering yield of
the target is influenced by the energy of the inert gas ions and the atomic number of the target
(Bunshah, 1982; Frey & Khan, 2015), as shown in Figure 3.2. Understanding the sputter yield
of the alloy components helps to control sputtering parameters such as applied current,
deposition rate, and sputtering time, which leads to production of a uniform thin film with the

desired composition and quality.
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Figure 3. 2 Sputtered yield as a function of atomic number of different target at Ar* energy of 400 eV (Frey & Khan, 2015).

3.1.1.1 Oblique angle deposition
Oblique angle deposition (OAD), also known as glancing angle deposition (GLAD) or

ballistic deposition, refers to a geometrical deposition method where the target and the substrate

surface are obliquely aligned as Figure 3.1 (b) demonstrates. It has been employed in this work
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to obtained thin films with high surface area and tailored nanostructures. Depositing the thin
film using this geometry relies on the shadowing effect, which occurs due to directing the
material flux at the substrate at an oblique angle rather than perpendicularly. Therefore, the
initial nuclei or clusters of the deposited material start to form, which leads to casting shadows
behind them relative to the direction of incoming flux as deposition proceeds tilted and
separated nanocolumns formed because the shadowed regions may receive significantly less
material as Figure 3.3 shows. The tilted degree is affected by the zenithal angle of deposition.
As aresult of this shadowing effect, porous and anisotropic film structures would be produced,

where the physical properties of the film differ along various directions due to the aligned

Vapor specles mave from a random location ouer the surface Development of grains at random locations Cormpetitive Growth: taller surface features roctive more atoms
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Figure 3. 3 Thin film growth using OAD geometry, (a) formation of the initial nuclei or cluster due to direct a flux at the
substrate at an oblique angle, (b) and (c) the observation of shadow effect due to the accumulate of particles within certain

regions (Barranco et al., 2016)

As this project aims to prepare thin film alloys with a thickness of 118 nm, the
properties of the substrate material are critical as it forms the base for the coating. In this study,
a glass substrate was chosen for depositing the AgiooxAlx alloy due to its smooth and defect-
free surface morphology, allowing for uniform nucleation and growth of thin films, thereby
reducing surface roughness and enhancing both electrical conductivity and optical
transparency. Furthermore, a glass substrate is an electrically non-conductive material,
ensuring that all electrical measurements are attributed to the coating without interference from
the substrate (Chen, 2023; Georgiadis, 2015; Vidakovic-Koch, 2020).

Prior to alloy deposition, the substrate was cleaned using an antibacterial spray,
followed by ultrasonic cleaning for 20 minutes each in acetone, ethanol, and reverse osmosis
(RO) water. Finally, the substrates were dried using N> gas.

In the first three chapters of this project, we focus on preparing the AgiooxAlx thin film
alloys with different Al concentrations and the AgiooxAlx thin film alloy with gradient
composition. Three targets are used namely, titanium Ti target (99.9% purity) to deposit the
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adhesion layer, and Ag and Al (99.9 purity) targets to form the coating. Our vacuum system is
equipped with two guns, allowing the preparation of the alloy to be divided into two steps. The
first step involves depositing 5 nm of Ti as the adhesion layer, followed by depositing a 3 nm
thin layer of Ag to prevent oxidation of the Ti. The vacuum chamber is then vented to change
the target for depositing 110 nm of the second layer, which is the AgiooxAlx thin film alloy.
The targets are fixed at the distance of 110 mm from the holder of the substrate, with 30" angle
between the normal and the target. The holder of the substrate could be set to be rotating to
form homogenous thin film alloys or non-rotating to generate the gradient thin film alloy.
During the sputtering process of the homogenous thin films, the substrates were rotated at 12
rev/min to promote uniform film growth.

During the deposition process, the chamber is evacuated to a base pressure greater than
10*Pa and an Ar flow maintained of 60 sccm to ensure a stable and consistent ion
bombardment environment. Each gun is connected to DC power supply, allowing for
adjustments in current to achieve the desired thickness. No heat was applied to the substrate,
and the deposition was performed at room temperature, because of that increasing the substrate
temperature could increase the ad-atom mobility, and hence affect the thin film microstructure
(Barranco et al., 2016). Before depositing the thin film, a calibrated deposition rate for each
target as a function of the current passing through the gun was calibrated by substituting the
substrate holder with a crystal deposition rate monitor. The crystal monitor detects variations
in resonant frequency caused by the deposition of a thin coating on its surface (Prochaska et

al., 2006).

3.1.2 Melting and casting approach

Melting method, as a widely used and straightforward process, is employed to produce
high-density alloys and intermetallic compounds. It entails mixing raw element constituents in
stoichiometric ratios and then melting them to achieve a homogeneous molten mass. The
mixture then heats to the melting temperature of the constituent with the highest melting point.
The molten mass is then cast into pre-designed mold to produce the desired alloy. These
methods are illustrated in Figure 3.4 (Tyagi & Ningthoujam, 2021). The quality of the resulting
alloys is greatly affected by several parameters, including melting temperature, casting
pressure, pouring temperature, and preheating temperature of the mold. It has been observed
that decreasing the melting temperature reduces the fluidity of the molten alloy, leading to

casting defects such as shrinkage. On the other hand, increasing the melting temperature can
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induce the formation of hot cracks in the mold and result in porosity defects within the alloys

(Dhaneswara et al., 2019).

Melting Casting into mold

Raw Materials

Ag ‘ e ) Cooled cylindricaiﬂ
I . — ‘ —> ‘ ‘ —> C)

Figure 3. 4 A schematic diagram of melting and casting process that employed to prepare a AgAl alloy.

The precursor AlxAgioox alloy was prepared via the melt casting method.
Corresponding to a stoichiometry of 19.57 g of Al and 29.36 g of Ag (with the nominal
composition of Agr7Al73), with a purity of 99.9 wt.%, were mixed in a clean alumina crucible
and placed into a furnace for melting at 700° C to achieve the desired composition. The molten
mixture was stirred and then carefully poured into a pre-heated cylindrical mold to prevent the
introduction of any shrinkage defects (Suprapto et al., 2023), impurities, or air bubbles, forming

a high-quality round rod of AlxAgioox alloy mm in length and 15 mm in diameter.

The cast AgxAlioox alloy was subjected to homogenization heat treatment at 500 °C in
a 1200C Dual Zone Split Tube Furnace (model OTF-1200X-80SL) for a holding time of 4320
minutes under a high vacuum of 8 X 107> torr to reduce elemental segregation. The heat
treatment profile is shown in Figure 3.5. The homogenized Agioo-xAlx alloy was then allowed

to cool gradually to form equilibrium phases.
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Figure 3. 5 Annealing profile used for homogenizing the as-cast alloy at 500 °C, the profile shows the parameters that need
to be set up prior to starting the annealing procedures.

As can be seen in the annealing profile, the annealing process is conducted in three
steps: temperature ramping, dwelling, and cooling profile. This project employs gradual
ramping from room temperature to 500°C for a 60-min ramping period to minimize thermal
stress, which can cause microstructural defects or cracking. Moreover, the gradual heating
ensures sufficient time for uniform heat distribution within the film, ensuring homogenization
of the alloy or phase transformation begins (Afzali et al., 2016; Wang et al., 2018).

In the second step, the film dwelled for 4320 min at 500°C to ensure sufficient atomic
mobility and diffusion to stabilize the alloy’s composition and microstructure. It is found that
higher temperatures, such as 540°C are used for homogenizing the structure, while the lower
temperatures between 150 and 300°C are often used for fine-tuning precipitation and
improving surface properties. Regarding dwell time, prolonged dwell time is essential as it
allows for complete diffusion and phase formation, thereby creating uniform corrosion during
dealloying (Afzali et al., 2016; Erlebacher et al., 2001a; Wang et al., 2018).

Finally, the annealing temperature decreases gradually from 500°C to room temperature
for a cooling period of 60 min to avoid thermal shock and prevent the formation of unwanted
phases or microcracks during rapid cooling (Herrmann, 2006).

To study the physical properties of alloy thin films and bulk alloy samples, the thin
films were cut into square shapes with dimensions of 1x1 cm?, while the bulk samples were

cut into discs with a thickness of 2 mm and a diameter of 12 mm as Figure 3.6 (a) and (b)

demonstrates.
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Figure 3. 6 Sketches (a) shows the way of cutting the np-S, Ag, Al, and TiO; thin films into square-shape with dimensions of
1 cm in width and 1 cm in length, and (b) illustrates the way of cutting the bulk sample into 8 discs with the thickness of

2 mm and diameter of 12 mm.

3.1.3 Heat treatment

Heat treatment processes involve subjecting the alloys to controlled heating and cooling
cycles to alter the microstructure of the alloys and, consequently, modify their properties, such

as their physical and mechanical properties. The heat treatment procedure is often necessary to
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remove the defects, induce crystallization, and promote the growth of the grains. Furthermore,
heat treatment can lead to further phase transitions. The efficacy of heat treatment procedures,
and hence the characteristics of the resulting alloys, depend on various treatment parameters,
including holding temperature, duration, and cooling process. These factors are determined
based on the alloy composition and the specific attributes sought in the final product.

Within the current project, the 1200C Dual Zone Split Tube Furnace (model OTF-
1200X-80SL) with the maximum heating rate of 20° C/min was used to anneal the as-deposited
AgiooxAlx alloy thin films in forming gas (mixture of N> and H» gas) to avoid the oxidation of
alloys' surface during annealing. The samples were placed on quartz boats and then placed
inside quartz tube inside the furnace under the type K thermocouple and coil wire heating
element. The samples were ramped at the maximum rate to the annealing temperature for a
duration of 60 min before being cooled at the maximum rate to room temperature. The

annealing profile is shown in Figure 3.7.
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Figure 3. 7 Annealing profile used in this project showing the parameters that need to be set up prior to starting the

annealing procedures.

3.1.4 Chemical dealloying

For nanoporous evolution, dealloying method as a simple and effective method has
been employed to prepare the np-S thin films and bulk Ag sponges in this work. In our
experiments we prepared np-S thin films and bulk Ag sponges by the selective chemical etching
of Al from the AgiooxAlx thin film alloys and bulk Agioo-xAlx alloys using alkaline aqueous
solution to dealloy the alloy thin films and acidic aqueous solution to dealloy the bulk alloy
samples. Due to the formation of intermetallic compound during the preparation and heat

treatment processes of bulk Ag-Al alloys, which is resistant to dissolve in alkaline solutions,
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these bulk alloys are dealloyed in acidic solutions. We selected the Al as an active component
in the alloy due to direct and rapid dissolution of Al element in acidic or alkaline aqueous
solutions under free corrosion conditions. Additionally, Al has a lower density (2.7 g/cm?)
compared to Ag (10.3 g/cm?®) (Mint, 1964), which further increases the diffusion rate of
removal Al. Therefore, by controlling Al concentration in the alloy, we can control the speed
of reaction and nanopore structures.

In this project, the dealloying process for the thin film alloys was conducted using a
freshly prepared aqueous solution of NaOH at ambient temperature for different times.
However, the heat treated AgiooxAlx alloys were subjected to chemical dissolution in HCI1
aqueous solution at room temperature, continuing the dealloying process until no obvious
bubbles were formed. All samples that underwent dealloying were rinsed with fresh Milli-Q
water for cleaning, followed by ethanol for drying. The as-dealloyed samples were stored in a

vacuum desiccator to alleviate the effects of oxidation.

3.2 Characterization Techniques
3.2.1 Topography
3.2.1.1 Scanning electron microscopy (SEM)

Scanning electron microscopy is an effective technique for analysing the surfaces of
samples at the nanometer to micrometre scales. SEM can provide information about the
specimen's surface topography, grain orientation, chemical composition, and crystal structure
due to the producing of a number of signals when the primary electron beam interacts with
sample atoms as Figure 3.8 (a) demonstrates. These include Auger electrons, secondary
electrons (SE), backscattered electrons (BSE), characteristic X-rays, continuum X-rays, and
secondary fluorescence.

Our study focusses on understanding the SE and BSE signals, SE signal is generally
utilised to generate high-resolution images of the sample surface, which provide insights into
its morphology and topography, as well as BSE signal, which can also disclose information on
the chemical composition and crystal orientation. Areas with higher average atomic number
produce a larger quantity of backscattered electrons compared to areas with lower atomic
number, resulting in a brighter appearance in the image (Goldstein et al., 2017; Mohammed &

Abdullah, 2018).
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Figure 3. 8 (a) diagram of interaction volume, which shows generating variety of signals when the primary electron beam
strikes the sample atoms (Kelsall et al., 2005), (b) Simulation of electron trajectories using CASINO software in np-S thin

films with accelerating voltages of 5 kV and beam radius 10 nm.

For collecting SEM images and EDS spectra, the sample was mounted on aluminium
stubs, cleaned using a N> flow, and subsequently placed in the SEM chamber. A Zeiss Supra
55VP (model field emission scanning electron microscope (FE-SEM)) was the primary
instrument utilized for collecting the SEM images of the surface of the np-S thin films and bulk
np-S samples. This instrument is equipped with a Schottky field emission gun, and an in-lens
secondary electron detector. The primary function of this instrument was to gather
topographical and morphological images for the samples under investigation. The microscope
operated in high vacuum mode with a low acceleration voltage <5 kV to ensure that the beam
interacts with the sample in an area that is very close to the surface of the sample as can be
seen in Figure 3.8 (b). The SEM images were captured at high magnification and at a working

distance of < 4mm.

For quantitative analysis of the microstructure of the np-S thin films and bulk Ag
sponges, a statistical analysis of the SEM images was performed using ImageJ software
(Health, n.d.). The diameter of at least 100 pores and ligaments were measured to obtain

accurate size distributions.

3.2.1.2 Energy Dispersive X-ray spectroscopy (EDS)

As previously discussed in Section 3.2.1.1, the signals generated from the interactions
between the electron beam and sample atoms can be utilized to identify the elements within
the sample.

Choosing the appropriate accelerating voltage for the electron beams that can penetrate

the sample to collect information about the elemental concentrations is paramount. For thin
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films with a thickness of 118 nm, defining the penetration depth of the electron beam is
necessary to ensure that the analysis is confined to the film rather than the substrate. However,
determining the penetration depth of the thick bulk samples can assist in identifying the volume
of material being probed and the extent of beam-induced effects. For this reason, the CASINO
(Monte Carlo Simulation of Electron Trajectory in Solids) software (Sherbrooke, n.d.) was
used to investigate the penetration depth of electron beams with different accelerating voltages.
Figure 3.9 shows that the best values for accelerating voltage in studying the thin films are 10

kV and 15 kV for the bulk samples.

1400 " " s 1400

Figure 3. 9 Simulation of electron trajectories using CASINO software in (a) AgAl alloy thin films with accelerating voltages
of 10 kV, beam radius 10 nm, and (b) bulk samples with accelerating voltages of 15 kV, beam radius 10 nm. red lines

represent the backscattered electrons, while the blue lines indicate X-rays.

In present project, a Zeiss Evo LS15 (model scanning electron microscope (SEM)),
shown in below, was utilized. This instrument equipped with a Bruker SDD XFlash 5030
detector, it provided information about the chemical composition of the investigated samples
at high accelerating voltages ranging between 10 (for thin films) and 15 kV (for bulk samples),
and at a working distance of 10 mm.

For each sample, the EDS spectra were acquired at five different positions. The
uncertainty in the measured concentrations of the alloys and np-S thin films is within 1 at. %;

however, for the bulk Ag sponge samples, it is within £3 at. %.

3.2.1.3 Stylus profilometer

Stylus profilometry is the most commonly used approach to measure thin film thickness
due to its rapid and cost-effective performance while maintaining high accuracy and reliability.

It is useful for both opaque and transparent films.
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Figure 3. 10 a schematic diagram shows the profilometer configuration, the output response is shown in the monitor which

is directly proportional to the variation in the surface height of the sample.

In order to measure the thickness of metal thin films, a step must be created between
the coating surface and the substrate surface as Figure 3.10 illustrates. These steps were
established by removing film after deposition (Ohring et al., 1992; Piegari & Masetti, 1985).
The results provide a profile of the sample surface, with resolution limitations mostly due to
stylus radius scratching of the film surface, substrate roughness, and vibration during
measurement.

To minimize the film surface damage caused by stylus scratching, a low stylus force
could be applied during the scanning. To avoid damaging the stylus, the film should be well-
adhered to the substrate, and the testing surface should be cleaned. However, this technique
does not require particular sample preparation.

In this work, A DektakXT (model stylus profilometer) (Bruker, USA) is employed. The
stylus radius for the standard scan was 2 um with a tracking Force of 1 mg (9.81 uN), a
scanning length of 500 pm and a duration of 60 s.

3.2.1.4 Atomic force microscopy (AFM)

Atomic Force Microscopy (AFM) is a class of scanning probe microscopy (SPM) that
is highly effective in imaging surface morphology and measuring surface roughness at the
nanoscale. It offers extremely high magnifications of up to 10% and a resolution of 0.1 nm in
the x and y axes, and 0.01 nm in the z axis. This instrument shows the capability to examine
the surfaces of both conductive and non-conductive samples. The operation of AFM involves
the scanning of a sharp tip in proximity (0.2-10 nm probe-sample separation) to the surface of
the sample. It detects the forces between the tip and the surface in order to generate a
topographic map (De Oliveira et al., 2012; Sanders, 2019; Tanski et al., 2018).

The AFM has many advantages that include its ability to generate three-dimensional
topographic images of surfaces with extremely high resolution, allowing for the visualisation
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of surface features at the atomic level. Additionally, it enables imaging of dielectric material
surfaces without the need to apply conductive layers and can determine surface roughness
parameters without the need for additional tests. As Figure 3.11 demonstrates, this technique
operates in different modes, each affecting how the tip interacts with the sample. Our study

focused on non-contact where the tip oscillates and provides feedback based on its movement.

Contact moda

i

Moncontact mode

Tapping mode

Figure 3. 11 AFM operating modes namely; contact, non-contact and tapping modes (Asmatulu & Khan, 2018)

Herein, the surface roughness of AgAl thin alloy films was measured using an XE7
(model atomic force microscope) (Park Systems, Suwon, Korea). The scans were taken in non-
contact mode to avoid damaging the sample surface. The scans were performed using an
NSCI15 cantilever (radius of 10 nm, height of 15 um, length of 125 um, sensitivity of
59.99 V/um, force constant of 40 N/m, and resonance of 325 kHz, according to the
manufacturer) over an area of 2.5x 2.5 pm? with a resolution of 256x 256 pixels. The root mean
square (RMS) surface roughness of the alloy thin films was determined using XEI data

processing and analysis software (Park Systems, Suwon, Korea).

3.2.2 Crystal Structure
3.2.2.1 X-ray Diffraction (XRD)

X-ray diffraction is a powerful, and versatile analytical approach used to investigate the
crystalline materials structure. This technique is non-destructive and can be employed for both
qualitative and quantitative analysis of crystalline materials. It is employed in this work to
identify the diffraction peaks, determine the presented phases and the crystal structures of the
alloys, np-S thin films, and Ag sponge samples. Moreover, it can be also used to calculate the
crystal size and estimated the lattice parameters of these materials.

Figure 3.12 (a) displays the conventional diffractometer using the Bragg-Brentano
geometry. This geometry consists of several essential components, specifically the X-ray
source, which produces a monochromatic beam of X-rays. The sample holder is positioned
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opposite the source and is commonly rotated about an axis that is perpendicular to the incident
X-ray beam. This rotation ensures that all crystallographic orientations are uniformly exposed.
The detector, which captures the diffracted X-rays over a range of angles. In order to ensure
accurate alignment, the detector and sample holder are affixed to goniometers, which enable
precise modifications of their positions in relation to the incident beam. When X-ray beams
interact with the electron clouds surrounding the atoms within a polycrystalline sample, the
beam will penetrate to a specific depth within the sample before being fully absorbed or
scattered. As demonstrated in Figure 3.12 (a), the beams also undergo scattering which leads
to constructive interference of scattered waves. This results in diffracted beam when the path
difference between beams 1 and 2 equals » times of the X-ray wavelength, satisfying Bragg’s
law, which can be expressed as Eq.3.1:
nl=2dsinf.................... 3.1
Where 7 is integer, A is X-ray wavelength, d is the space between the planes in the

atomic lattice and @is the diffraction angle (Bunaciu et al., 2015; Lee, 2017; ZhiLi, 2022).

The penetration depth of the X-ray in the conventional XRD analysis is several
micrometers inside the sample (Brussel & Hosson, 1994). The collected XRD data is typically
shown in the form of diffraction patterns displayed as a plot of the intensity of the diffracted
beam against the Bragg angle (20) as Figure 3.12 (b) demonstrates. Peaks in the diffraction
pattern indicate angle at which the atomic spacing in the material satisfies Bragg's law. Each
substance has a distinct X-ray diffraction pattern, which can be likened to individual
fingerprints. As Figure 3.13 shows, the positions, heights, areas, shapes and widths of XRD
patterns provide critical information regarding the properties of the material under
investigation. To identify an unknown sample, the diffraction pattern compared with known
standards in the power diffraction database. This database provides essential information such
as the chemical formula, substance name, crystallographic data, specimen data, and diffraction
pattern data (Sharma et al., 2012). It can provide detailed information about crystallographic
orientations, phases, structures, and other structural properties, like strain, grain size, size and

degree of crystallinity, and crystal defects.
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Figure 3. 12 (a) schematic diagram of the arrangement of the conventional diffractometer components which follows the

Bragg-Brentano geometry (He, 2018), and (b) diffraction of the X-ray beam by the atoms of the material (ZhiLi, 2022).
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Figure 3. 13 structural information can be extracted from XRD pattern (Sharma et al., 2012)

Grazing incidence X-ray diffraction (GIXRD)

Grazing incidence diffraction methods are employed when the regional interest is found

within surface layer of the sample. The distinct grazing diffraction setup is illustrated in Figure

3.14. The grazing incidence approach employs a very small incident angle of the X-ray beam

on the sample, which is typically between 0.1° and 3.0°. At this shallow angle, the incident X-

rays interact just with the top layers of the sample, which leads to decreasing the penetration

depth of the incident X-rays. Therefore, the intense signal produces from the surface layers and

weak signal from the substrate, making this XRD setting highly sensitive to the surface of the

sample under investigation (Brussel & Hosson, 1994).

Surface 0%
normal
.

Incident beayy

b.L.

xﬂ.ay tube

Figure 3. 14 Schematic diagram showing the grazing incidence X-ray diffraction beam (GIXRD).
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The grazing incidence method has been utilised for the thin films in this work to
maximise the amount of signal obtained from the thin film and minimise the amount of signal
obtained from the substrate of the film,

The X-ray diffractometer utilised in this project was the Bruker D8 Discover (model X-ray
diffractometer (XRD)), with Cu Ka X-rays and A= 1.5418 A. The instrument featured a
primary beam monochromator and an LYNXEYE XE (0D mode) detector. The X-rays were
excited using an electron gun with an accelerating voltage of 40 kV and a current of 25 mA.
The X-ray diffraction (XRD) patterns were obtained using a grazing incidence angle of 1° and
a 26 angle spanning from 20° to 90°. For collecting the XRD patterns of the bulk Ag sponge
samples, A Ni (0.02 rad) slit was inserted in the detector arm to filter out the Kf radiation. The
XRD patterns were collected with incidence angles 6 between 7.5° and 40° with a step size of
0.01° and a 20 ranging from 15° to 80° with a step size of 0.02°.

These XRD patterns provide critical insights into the crystal structure, identify the crystalline
phases present, and determine their composition in the alloys and in both the np-S thin films
and the bulk np-S samples. This information forms the basis for the subsequent investigations

presented in this thesis.

Rietveld refinement of the XRD pattern

The Rietveld refinement method was performed using Match! software (version 4) and
FullProf software (Impact, n.d.). Initially, a profile-fitting search-match was employed for
qualitative analysis and identification of the phases in the alloys and sponges. Subsequently,
the Rietveld refinement process was utilized for quantitative analysis by closely replicating the
experimental diffraction pattern. This was achieved by fitting a model containing the crystal
structure data and preferred orientation of the phases. The calculation involves the refinement
of selected parameters such as zero-point, specimen displacement, scale factors, unit cell
parameters, profile shape, Caglioti half-width, and background to reduce the weighted average

Bragg R-factor and chi-squared (?) value
3.3 Physical properties
3.3.1 Electrical resistivity measurements

3.3.1.1 Hall effect measurement
Electrical resistivity describes the opposition of the materials to the flow of electrons
through it, which requires continuous pathways. In nanopore structures, the continuous

ligaments can easily provide those paths for the movement of the electrons. High connectivity
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of the nanostructures typically results in lower material resistivity, hence efficient electron
transport. In this work, the connectivity of np-S ligaments was assessed by measuring the
electrical resistivity and carrier mobility using Van der Pauw and hall effect measurements.
The Hall effect measurement is a simple method employed to investigate the electrical
properties of materials. This approach relies on the Hall effect phenomenon, which occurs
when a conductor carrying an electric current I is exposed to a magnetic field B, perpendicular
to the current. This results in the creation of a potential difference, known as the Hall voltage
Vi, whose direction is perpendicular to both the electric current and the magnetic field, as
depicted in Figure 3.15. The Hall effect is caused by the Lorentz force exerted on a moving
electron exposed to both an electric field and a magnetic field. The Lorentz force F is given by

Eq.3.2.
F=—eE+DBXBE)ciiiiinnnn. (3.2) (Dunlap, 2019)

where e represents the electron charge, E is the electric field, v is the velocity of the

electricity, and B is the magnetic field.

BL

R

~ Glass substrate

Figure 3. 15 (a) schematic diagram shows the basic arrangement of Hall effect experiment (Azarov et al., 2023), and (b)
schematic diagram shows Van der Pauw method and four ohmic contacts on the np-S thin films to conduct the Hall effect
measurements. In this measurement, the current is passed across opposite pair of contacts, while the voltage is measured

across the other pair of contacts.

This force leads to bending and accumulation the negative charges on one side and the
appearance of positive charge on the opposite side of the width. The charge accumulation
continues until a state of equilibrium is achieved, at which point the Hall force perfectly
balances the Lorentz force. Hence, the generated potential difference (Hall voltage) can be

calculated using Eq.3.3.
Vg = — (3.3) (Azarov et al., 2023)

Where 7 is the concentration of charge carrier, ¢ is the sample thickness and g is the

electric charge.
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By measuring this voltage, significant information about the charge carriers type and
concentration, charge density and carrier mobility in the materials under investigation can be

obtained (Azarov et al., 2023; Srinivasan et al., 2023).

3.3.1.2 Van der Pauw resistivity measurement method

Van der Pauw Method is suitable for samples exhibiting irregular and arbitrarily shapes.
It is frequently applied to reduce the impact of sample edge effects and the changes in size and
shape of the sample on the resistivity measurements. This approach fundamentally involves
the usage of four ohmic contacts, labelled as 1, 2, 3, and 4, as illustrated in Figure 3.16. Two
of these probes are designated for current sourcing, while the remaining two are employed for
voltage measurement. The configuration of the probes is switched to calculate different values
of the electrical resistance. Typically, a set of 8 measurements is commonly taken around the

sample's perimeter. Subsequently, the values are combined to calculate the resistivity. Eq.3.4

(Azarov et al., 2023; Peter & Cardona, 2010).

R R
p= ot HEMBALE (3.4) (Azarov et al., 2023)
. . . : v V.
Where R;234and R23,41 is the electrical resistances, and are given by Ry;34 = ﬁ, Ry341 = ﬁ,

F is a geometrical correction factor which is equals 1 for square sample.
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Figure 3. 16 (a) schematic diagram shows the basic experimental setup for conducting Van der Pauw resistivity

o)
o]

measurements (Azarov et al., 2023).

In the present project, the electrical resistivity measurements of np-S samples were
performed using ezZHEMS for the four-probe van der Pauw method on a Hall effect
measurement (NanoMagnetics Instruments, Oxford, United Kingdom) at the temperature 7" of
300 K, a magnetic field B of 0.6268 T and a current of 1 mA. The experimental geometry and

the parameters were placed in Table 3.1 and Figure 3.17.
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Table 3. 1 Thin films dimensions, length in mm and width in mm and thin films thicknesses employed during the resistivity

measurements
Sample No. Length (mm) Width (mm) Thickness (nm)
S1 9.8 9.8 89
S2 9.8 9.8 84
S3 9.8 9.8 81
S4 9.8 9.8 78
S5 9.8 9.8 71
Sé 9.8 9.8 60

L=9.8 mm

Figure 3. 17 Geometry of four-probe resistivity measurement

3.3.2 Dielectric functions and optical constant measurement

3.3.2.1 Spectroscopic ellipsometry (SE)

Spectroscopic ellipsometry is a sensitive, non-destructive, and non-contact optical
technique utilized for estimating the thickness of the thin films, and determining the optical
properties of various materials, thin films, interfaces, and surfaces (Politano & Versace, 2023).
Therefore, this technique has been employed in this study to provide important optical
properties, such as the complex dielectric function and effective refractive index of np-S thin
films with different pore and ligament sizes from the measured data using appropriate optical
model.

The ellipsometry measurements depend on detecting the changes in polarized light
resulting from either light reflection from or light transmission through a sample. The two
ellipsometry parameters ¥, the amplitude ratio, and A, the phase difference between p-
polarized and s-polarized light beam, can be measured at different wavelength of incidence
light. ¥ and A can be related to the complex ratio of Fresnel reflection coefficients of the p-

polarized and s-polarized light by the Eq.3.5:
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The ellipsometry method is characterised by its indirect nature, the procedures that
outlined in Figure 3.18 (a) were followed. The analysis of ¥ and A data necessitates the use of
an optical model since interpreting measurement results based on their absolute values is more
challenging (Fujiwara, 2007; Woollam, 2012). Figure 3.18 (b) shows an example of the optical
model where an incident light wave is reflected on and transmitted through the thin film
surface. The model consists of three layers, namely, air/thin film/ substrate, each layer is
defined by the complex refractive index and layer thickness. Therefore, the complex quantity

p can be written as Eq.3.6:

p (Ng, Ny, Ny, d,0,) = tan(W)e.................... (3.6)
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Figure 3. 18 (a) diagram depicting the procedures involved in analysing ellipsometry data (Woollam, 2012) and (b) an

example of the optical model of the film consisting of three layer; air/thin film/substrate (Fujiwara, 2007).

In the current work, the optical properties of the alloy systems and np-S thin films were
studied using a JA Woollam Variable Angle Spectroscopic Ellipsometer (VASE) (JA
Woollam, Lincoln, Nebraska, USA). This instrument consists of a rotating polarizer and a fixed
analyser to detect the two ellipsometry polarization parameters A and y. The ellipsometry
measurements were conducted within the spectral range of 300 to 2400 nm (corresponding to
photon energies ranging from 4.13 to 0.51 eV), using a wavelength step of 5 nm, at incidence

angles from 65° to 75° with the angle step of 5°, and a slit width of 1700 um.

Ellipsometry data analysis software

In order to evaluate the samples effectively, it is essential to employ an optical model
simulation using WVASE ellipsometry analysis software. Two optical models were
constructed to replicate the observed spectra of the as-deposited Agioo-xAlx alloy thin films and

np-S thin films. A four-layer model was used to analyse the experimental spectra of the thin
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films. This model consisted of a layer composed of a rough surface, AgiooxAlx alloy with varied
thicknesses, and TiO» layer, as well as a layer made of glass serving as the substrate (see Figure
3.19 (a)). Simultaneously, a three-layer model is employed to analyse the optical properties of
de-alloyed thin films. This model comprises an EMA (Agt+void) layer with different

thicknesses thickness, TiO» layer, and glass substrate layer, as illustrated in Figure 3.19 (b).

Due to the difficulties of obtaining the optical properties of inhomogeneous np-S thin
films experimentally, an optical model, specifically the Bruggeman effective medium
approximation (BEMA), is utilized to accurately calculate and predict the effective dielectric
function and effective refractive index of these nanocomposite systems. In this model, the
dielectric properties of Ag were utilized, while Ag fractions were estimated from the XRD

refinement results which are presented in chapter 4 and 5.

The quality of the proposed optical models for extracting the optical properties of the
AgiooxAlx alloys and np-S thin films was evaluated using the Mean Squared Error (MSE)
values, which ranged between 1.7 and 3.6. It was found that complex samples with multilayers
may have MES values more significant and still be considered acceptable (Losurdo & Hingerl,
2013). Therefore, these MSE values indicate a good agreement between the data measured by
ellipsometry and the data generated using the optical model. This implies that the employed
optical models are highly effective in accurately representing the optical properties of the

nanocomposite systems.
(a) (b)

Rough surface layer
AgAl layer

/ TiO, layer
At A .
i Glass substrate layer

Figure 3. 19 schematic drawing of (a) the four-layers model for analysing SE spectra of gradient alloy thin films, (b) the

7 |+ Ag+void layer
Y — Ti0, layer

Glass substrate layer

three-layers model for analysing SE of gradient Ag nano-sponge samples.

3.3.3 Reflectance and transmittance measurement

3.3.3.1 UV-Visible spectrophotometer
A UV-Visible spectrophotometer is a commonly used instrument to investigate optical
properties across a wide range of materials and sample types. It is a non-destructive, direct,
precise, adaptable, and easy to use toll that can perform absolute measurements of both
transmittance (T%) and reflectance (R%) within a single, integrated system and at multi-angles
(Samanta, 2022; Soonmin, 2022).
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Within this work, the interaction of light with np-S thin films, with varying ligament
and pore sizes, through reflection was investigated using a universal measurement
spectrophotometer (model Agilent Cary 7000) (Agilent Technologies, Agilent Technologies,
Santa Clara, California, USA). This analysis was conducted over the wavelength range of 300
to 2500 nm, encompassing both the solid Ag thin film and all de-alloyed Ag-based ligament

structure films.

3.3.4 Surface enhanced Raman scattering (SERS) spectroscopy

SERS has emerged as an ultra-sensitive and non-destructive surface analysis technique,
capable for the detection of very low concentrations of molecules adsorbed on plasmonic
nanostructure (Azimi & Docoslis, 2022; Hassanain et al., 2022; Le Ru & Etchegoin, 2009; Xie
et al., 2022).

The choice of molecules for enhancing Raman signals in surface-enhanced Raman
scattering (SERS) investigations is determined upon specific experimental requirements.
Frequently favoured molecules include dyes such as rhodamine 6G (R6G), methylene blue,
and crystal violet (CV), primarily due to their capacity for generating stronger signals and
facilitating effectively bond to noble metal surfaces (Muehlethaler et al., 2017). R6G has been
chosen as the probe molecule in this study. The decision was based on the fact that R6G is a
highly fluorescent xanthene derivative that exhibits a molecular resonance Raman (RR) effect
when stimulated within its visible absorption band at around 530 nm (Hildebrandt &
Stockburger, 1984; Le Ru et al., 2007) with the enhancement as significant as 10'* to 10'°
(Zhao et al., 2007). For this particular situation, a very low concentration of R6G was employed
because of the exceptional sensitivity achieved by the synergistic effect of molecular resonance
and surface enhancement (Hildebrandt & Stockburger, 1984). Moreover, the R6G molecules
have a higher affinity for adsorption on Ag (111) (Yuan et al., 2021), which is a dominant facet
for the present nanoporous thin film.

The SERS enhancement factor (EF) is a key factor for assisting the performance of a
sample to be SERS substrate. It is calculated by comparing the SERS intensity Iszrs to the
normal Raman intensity /yz, as well as considering the quantity of absorbed probe molecules
on the sample surface involved in SERS Nsgrs and regular Raman signals Nyg. This equation

can express as £q.3.7:

EF = sers/Nsers (3.7) (Cara et al., 2020)

INrR/NNR
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The number of the molecules that contributed to the enhancement signal can be

estimated by Eq.3.8:

N = (NAMVprobe solution

) X Sigser eeenvenreeneeneannn (3.8) (Zhang et al., 2011)

Ssubstrate

Since Ny is Avogadro's number equals 6.022 X 1023 mol™1, M is analyte molar
concentration, Vprove solution 1S analyte volume, Squpsirae 1S substrate size and Siuser i laser spot
size. This employed method was described in Reference (Zhang et al., 2011).

Herein, np-S thin films, which have varying nanopore structures, and varying surface
area with numerous active sites for the adsorption of analyte molecules, have been employed
as SERS substrate. To calculate the enhancement factors of produced np-S thin films, Raman
spectra were obtained by a Raman spectrometer system (model Renishaw inVia)
(Gloucestershire, UK) with an excitation laser wavelength of 532 nm and power of
0.01 % mW. The samples were mounted under a Leica DMLB microscope (Wetzlar, Germany)
equipped with a 50X/0.55 numerical aperture (NA) objective lens with a working distance of
1 mm, and the laser spot diameter was 1180 nm with the spatial resolution of 590 nm. The
spectra were collected at four random points in each position with an acquisition time of 10 s.
R6G with a 10 M concentration was used as the probe molecules. The dilute solution of the
R6G was freshly prepared the day before experimenting and was stored in a 200 mL bottle.
Before conducting the SERS measurements, A 2 pL droplet of the probe molecule is dropped
on the G-np-S film on glass substrate for 3 h to ensure sufficient adsorption of the probe
molecules onto the surface of the sample and obtain a strong signal, then washed with methanol

and left to dry in the air.

3.3.5 Electrochemical surface area measurements

The mass of the prepared np-S thin film being too small for performing the BET
measurements. Therefore, electrochemical capacitance measurements have been employed to
estimate the surface area of a duplicate S6 sample, see for example Lakshmanan et
al.(Lakshmanan et al., 2015). This method has been illustrated briefly in the reference (Cortie
et al., 2005). The method includes using an RC electric circuit consist of a DC power supply
source for producing a voltage (V5) of 1.0 V, an external resistor (R.) of 8 kQ, and a double
pole reversing switch connected to the np-S thin film electrodes of the capacitor. The np-S thin
film electrodes were immersed in 0.1 M KNOs3 aqueous electrolyte. The voltage across the

electrodes during the charge and discharge processes was measured using a LabJack U12 A/D
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convertor. The ostensible capacitance of the electrodes could be calculated from the discharge

voltage by transformation of the expression.

V() =Voe TRC ..o (3.9)
to
In (%)) = T p (3.10)

Since V() indicates the voltage across resistance R at time ¢, ¢ refers to the elapsed time, and C

is the ostensible capacitance of the electrodes.

Least squares linear regression of data taken in incrementally advanced segments was
used to define the slope _1/ rc- The capacitance at 0.20 V was chosen as the datum for

comparison due to the variation of the nanoporous system capacitance with time or voltage
(because of the necessity for diffusive processes in the electrical double layer or pores to occur).
At least five charge-discharge cycle measurements were performed on symmetrical electrodes,
as shown in Figure 3.20, with the prepared capacitor immersed in the electrolyte. The

capacitance was then normalized to the area of one side of a glass slide (18.75 cm?).
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Figure 3. 20 (a) R-C circuit employed for studying the charge and discharge of the capacitor. As the circuit is connected at
position A, the Vs (voltage of power supply) is equal to Vc+Vr (terminal voltage and external resistance voltage,
respectively). A discharge cycle through the resistor is achieved when the circuit is connected to point B. (b) A schematic
diagram of the supercapacitors used in this study consists of two sandwiches of np-S thin film electrodes with a piece of
filter paper as a spacer. (c) the polarity of alternate cycles was reversed to allow for symmetrical alterations (if any) to exist

on the np-S thin film electrodes.

3.4 Antibacterial properties

One of this project aims is studying the antibacterial performance of np-S thin films and
bulk Ag sponges with different nanoporous structures against two different strains of the
bacteria. Pseudomonas aeruginosa (P. aeruginosa) strain PAO1 and Escherichia coli (E. coli)

strain DH5a have been chosen for this test. P. aeruginosa PAOlserves as a model organism
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for investigating the influence of np-S thin films on the formed biofilm, making it an ideal
candidate for evaluating the efficacy of this new antibacterial agent. However, E. coli DH5a
as a non-pathogenic provides a convenient and safe model for antibacterial testing of both np-

S thin films and bulk Ag sponges.
3.4.1 Agar plate colony growth

The Streak-plate protocol, which is explained in detail in reference (Sanders, 2012) and
presented in Figure 3.21, has been employed in this project to grow bacterial culture and isolate
bacterial colonies on an agar plate. Two agar plates were inoculated: one with E. coli and the
other with P. aeruginosa. To avoid condensation from falling onto the colonies, the plate is
incubated in an inverted position at 37°C for 24 h, resulting in optimal growth conditions, and

then store at refrigerated temperature.
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Figure 3. 21 diagram of the streak-plate method used to prepare the bacteria culture. Adapted from “streak plate method”,

by BioRender.com (2024). Retrieved from https.//app.biorender.com/biorender-templates

3.4.2 Preparing Mueller-Hinton Broth (MHB) solution

Mueller-Hinton Broth (MHB) solution is the most common solution uses to growing a
broad range of bacterial species including E. coli and P. aeruginosa. In this project, the MHB
solution was prepared by adding 21 g of MHB powder to a clean, sterile container.
Subsequently, 1000 mL of deionized (DI) water was added to the MHB powder in the container
using a graduated cylinder. The mixture was stirred gently to fully dissolve the MHB powder
and thus ensure homogeneity of the resulting solution. The solution was placed in an autoclave

for 15 min for sterilizing at 121°C and then allowed to cool to room temperature.
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3.4.3 Preparing the np-S thin films and bulk Ag sponges for antibacterial

tests

The size uniformity is important factor for accurately studying the effect of the np-S
thin films on bacterial growth. For this reason, each film slide was cut to the same dimensions,
ensuring that the contact surface with the bacterial cells was consistent in all experimental
setups. The glass cutting toll was used to cut the thin film slides to 12 coupons each coupon
with the dimension of 5 mm in width and 5 mm in length as Figure 3.22 (a) depicted. Similarly,
each bulk Ag sponges, bulk Ag and bulk Al discs were cut radially into six pie-shaped pieces
as Figure 3.22 (b) demonstrates. Prior to conducting the experiment, the resulting thin films

and bulk samples were then sterilized using an autoclave in a dry mode at 121 °C for 60 min.

Figure 3. 22 Sketches (a) shows the use of a glass cutter tool to cut the np-S, Ag, Al, and TiO; thin films into square-shape
with dimensions of 5 mm in width and 5 mm in length, and (b) illustrates the way of cutting the bulk samples radially into 6
pie-shaped pieces.

3.4.4 Overnight bacterial culture growth

A Single colony of the inoculated bacterial in an agar plate was touched gently by a
sterile pipette tip and then transfer to a culture tube containing a 5 mL of MHB. The container
should not be filled to more than one-third of its capacity to allow for proper aeration. The
prepared culture tube was incubated overnight at 37°C for approximately 16 to 17 h in a
shaking incubator, to promote aeration and bacterial growth. On the following day, turbidity
was checked to confirm bacterial growth, and the optical density (OD) of the overnight culture
was measured using a spectrophotometer, and then they were diluted into fresh MHB medium
to obtain the OD of 0.05 at 600 nm and incubated for 2 h to precondition the culture prior to

experimentation.

3.4.5 Dose-response assay in a 96-well microtiter plate

A 180 pL aliquot of P. aeruginosa culture, incubated for 2 h, was transferred into each
well of a 96-well microtiter plate, with three replicates for each condition. Thin film coupons

were then added to the wells, as demonstrated in Figure 3.23. After seeding the wells, the plate
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was sealed with a gas-permeable membrane and then covered with its original lid. It was then

incubated statically at 37°C. After 24 h of incubation, the bacterial suspension was discarded,

and each well of the plate was washed twice with 200 puL of Phosphate-Buffered Saline (PBS)

to remove planktonic bacteria and retain only the bacteria forming attached biofilms.

Afterwards, 200 uL of CV was added to each well and kept for 20 min. Subsequently, the

excess dye was discarded. Finally, the CV was dissolved with 200 uL of acetic acid per well

and placed on a shaking surface for 10 min. These procedures are summarized in Figure 3.24.

To ensure consistency in the results, the experiment was repeated three times under the same

experimental conditions.
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s 3 coupons
4——— 5coupons

__ 4—— 1 coupon
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*——— 5coupons
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< 3 coupons
4—— 5coupons
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4Figure 3. 23 Top-view configuration of the 96-well plate used in dose-response assay, np-S- 1, 2 and 3 refers to np-S with

the ligament size of 13.1, 22.2 and 31.6 nm, respectively.
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Figure 3. 24 Schematic summary showing the experimental procedure used in the dose-response assay in a 96-well micro-
plate.

3.4.6 Growth inhibition assay

The growth curve of E. coli DH5a was recorded by turbidity measurements at 600 nm,
three biological replicates and three technical replicates were prepared, totalling nine tubes for
each film. The np-S thin films were added to each tube. One coupon of the np-S thin film was
added to the first tube, while the second tube contains five coupons of the np-S thin films,
followed by incubation at 37°C in a shaking incubator at 200 rpm for an additional 2 h. A
1000 pL aliquot of the culture was transferred to a cuvette to measure the OD every 2 h, up to
8 h and 4 measurements. The experimental procedures were demonstrating in Figure 3.25. The
experiment was conducted three times, and the measured OD values are presented as mean +

standard deviation.

Add 1000uL of overnight
culture in cuvette

Add 1 coupon of NPS to the
first tube and 5 coupon to

Figure 3. 25 Schematic summary represents the experimental procedure used in the growth inhibition assay.

3.4.7 Bacterial cell density measurements

Using the OD of a medium, which reflects the number of microorganism cells in the
medium, to estimate and measure the growth curve is a widely employed procedure in
microbiology for tracking the growth of microorganisms. OD measurements are typically
performed using spectrophotometry (Krishnamurthi et al., 2021).

The OD measurements are usually conducted at a specific wavelength, normally 600 nm,
which has a relatively low photon energy and will not induce autofluorescence (Godbey, 2014).
As number of bacteria cells grows, the amount of incident light that arrives to the detector
decreases due to increasing turbidity of bacteria suspension. Consequently, higher cell mass or
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density results in less transmitted light and a higher absorbance or OD reading (Wessner et al.,
2020).

The OD is measured compared to cell-free control solution according to Eq. 3.11.
0D =108()...cvoovercnn (3.11) (Carreira, 2017)

Where T is transmittance of the light passes through the bacterial cell suspension
compared to control dilution, can be calculated by finding the ratio between the intensity of

the transmitted light I; and the intensity of incident beam I, as expressed in Eq. 3.12:

T =2 i, (3.12) (Carreira, 2017)

3.4.7.1 Cell density measurement using spectrophotometer

A UV/Visible Scanning Spectrophotometer (model Shimadzu UV-1800) (Pvt.Limited
Company, Uttar Pradesh, India) equipped with a tungsten halogen lamp and a silicon
photodiode detector was employed for estimating the concentration of bacteria in a suspension.
The measurements were conducted at a fixed wavelength of 600 nm in the absorbance mode,

the measured OD is directly related to the density of bacteria cells.

3.4.7.2 Cell density measurement using microplate reader

The plate was placed in a multimode microplate reader (model Tecan Spark 20M) to
measure the optical density of bacterial populations. The plate was shaken for 10 s in orbital
mode before measurement.

The measured OD values of the bacterial suspension can be plotted as a function of
incubation time to obtain the bacterial growth curve. It is known that the typical bacterial
growth curve exhibits four phases namely, lag phase, exponential or log phase, stationary phase
and death phase as Figure 3.26 demonstrates. During the lag phase, bacteria adapt to their new
surroundings and there is a little to no increase in cell number depending on the environmental
conditions, type of organism and medium. In the next phase, the exponential or log phase,
bacterial growth begins, and rapid cell division is observed. As a result, the number of bacterial
cells increases exponentially. The growth rate of bacteria in the stationary phase decelerates
because of the longer intervals between bacterial cell divisions, and the rate of cell division is
equal to the rate of cell death. The bacterial culture enters the death phase due to consuming
the nutrient and accumulation of metabolites. This leads to a decrease in the number of viable
bacteria, with increasing the number of dead cells than the number of dividing cells (Dubey,

2014; Wessner et al., 2020).
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Figure 3. 26 a typical bacterial growth curve indicating four phases namely; lag, log, stationary and death phases (Wessner
etal., 2020).

3.4.8 Fluorescence microscopy

Fluorescence is the term that refers to the emission of the absorbed light that occurs
within the duration of nanoseconds or less. Fluorescence microscopy is a powerful and versatile
optical instrument widely used in biomedical and biological fields due to its ability to provide
specific, high-resolution imaging of specimens. This technique depends on the principle of
fluorescence, where fluorescent dyes or proteins absorb light at a specific wavelength
(excitation) and emit light at a longer wavelength (emission). The key parts of a fluorescent
microscope include a light source (often a high-intensity xenon or mercury lamp, or LED),
excitation and emission filters to isolate the desired wavelengths, a dichroic mirror to reflect
and transmit specific wavelengths, and highly sensitive detectors such as charge-coupled
devices (CCDs) or photomultiplier tubes (PMTs). Together, these elements enable the selective
illumination and detection of fluorescent signals within a specimen (Kater & Nicholson, 1973;

Lichtman & Conchello, 2005; Sachl & Amaro, 2023).

3.4.8.1 Staining of bacteria cells

Two different fluorescent dyes, SYTO-9 Green Fluorescent Nucleic Acid Stain
(SYTO-9) and propidium iodide (PI), were employed to distinguish between live and dead
bacterial cells. The green-fluorescent SYTO-9 dye, in conjunction with the red-fluorescent, PI
stain, allows for simultaneous staining and differentiation of live and dead cell populations.

It is known that SYTO-9 is a green-fluorescent dye that can enter and stain bacteria
with dead and live cells. on the contrary, PI is a red-fluorescent dye that stains bacteria with
disrupted cell membranes, indicating cell death. By using this dual staining approach, live and
dead bacteria cells within the treated and untreated samples can effectively be visualized and

quantified (Stiefel et al., 2015).
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A 1000 pL sample of E. coli culture is removed from the suspension and transferred to
an Eppendorf tube, then centrifuged at 13000 rpm for 1 min to pellet the bacteria. The pelleted
bacterial cells are washed twice by resuspending them in 1000 puL of PBS after discarding the
supernatant, followed by another centrifugation step under the same conditions. The resulting
pellets are then resuspended in PBS containing SYTO-9 stain at a concentration of 5 uM and
PI dye at a working concentration of 30 uM and incubated in the dark for 10 min to allow for
staining. After staining, the culture is centrifuged once more at 13000 rpm for 1 min to pellet
the bacteria. A microscope slide is prepared by adding a 2 % agarose pad within a Gene Frame.
The final pellet is resuspended in 100 uL of PBS, and approximately 4 uL of the culture is
applied to the prepared glass slide containing agarose pad, followed by placing a coverslip over
the Gene Frame to evenly distribute the agarose. The staining experiment was repeated in
triplicate, and a fluorescent image was captured each time under the same conditions for

statistical analysis.

3.4.8.2 fluorescent imaging

A high-performance deconvolution fluorescence microscope (model DeltaVision (DV)
Elite deconvolution fluorescence microscope) (GE Healthcare, USA) is employed for
fluorescent imaging to study the viability of bacteria. The microscope is set to specific
excitation and emission lines: for imaging cells stained with SYTO-9, 475/28 nm excitation
and 523/48 nm emission are used with the FITC filter channel, whereas cells stained with PI
dye are imaged with 632/22 nm excitation and 679/34 nm emission, which identifies cells with
compromised membranes. For each treatment and biological replicate, 5-6 images are captured
in Z-stacks using the DV Elite SoftWoRx program and are subsequently restoratively
deconvolved. The fluorescent images are then processed, and bacterial viability quantified

using ImageJ software (Health, n.d.).
Statistical analysis of antibacterial tests

Analysis of variance (ANOVA) is a commonly employed statistical test for evaluating
and analysing the differences in a measured variable among multiple groups to determine
whether they are significantly different. Compared to other statistical methods, such as the t-
test, which is limited to determining the differences between two groups at the same time,
ANOVA allows the comparison between multiple groups simultaneously, as in our experiment,

hence minimising the chances of errors that can occur while performing many separate tests.
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Furthermore, the findings are easy to explain, using values such as the F-statistic and p-value
to show if the variances between groups are statistically significant (Quinn & Keough, 2002).

The F-statistic is calculated by finding the ratio of the differences between groups to
within groups. In this study, one-way ANOV A was chosen as the statistical test to compare the
means of multiple groups. The F-statistic can have two possible outcomes: If the null
hypothesis (Ho), which assumes the means of all groups are equal, is true, then the F- statistic
value will be close to 1, meaning that the differences between groups and within groups are
similar. On the other hand, if the null hypothesis is false, the F- statistic value will be greater
than 1, indicating that the mean of at least one group is significantly different (Quinn &
Keough, 2002).

Regarding the p-value, it provides information about whether the differences between
groups are statistically significant. Similarly, there are two possible outcomes: p-value less than
0.05 (p < 0.05), meaning that at least one group is significantly different. On the contrary, the
p-value greater than 0.05 (p > 0.05) suggests no significant variance between the groups (Quinn
& Keough, 2002) (Knapp, 2017; van Emden, 2012).

In brief, this chapter provided important information about the techniques, methods and
experimental procedures followed to prepare np-S as thin films and bulk. For studying their
characterization such as morphology, chemical composition, and crystal structure, techniques
such as SEM, EDS and XRD were employed. The electrical properties of the materials were
studied using hall effect measurement and Van der Pauw resistivity measurement. Their optical
properties were studied using spectroscopic ellipsometry and UV-visible spectrophotometer.
This chapter describes the protocols and methods employed for study the antibacterial activity

of these materials.
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Chapter 4 Effect of precursor composition on the morphology and

optical and electrical properties of Silver nanosponges

4. Overview

Most of the previously published works on np-S produced by dealloying of AgiooxAlx
precursors have focussed on specific, fixed compositions of alloy synthesis by casting or melt
spinning (Luo et al., 2020; Qiu et al., 2011a; Song, Gao, Zhang, & Zhaib, 2011; Wang et al.,
2009a; Wu et al., 2015a; Zhang & Zhang, 2010; Zhang et al., 2009). Due to the segregation of
Al during the preparation process, melt-route alloys of Ag-Al will generally require
homogenizing the alloy. Moreover, the segregation would be observed and may not be
completely suppressed even for melt-spun ribbons. On the contrary, preparing the Ag-Al alloy
using magnetron sputtering technique at room temperature generates a metastable deposit that
is almost homogeneous, which may be attributed to the very low diffusion rates in the solid

material at the deposition temperature.

4.1 Objective of chapter

A magnetron sputtering system will be used to produce a series of Agioo-xAlx alloy thin
films with varying Al concentrations by controlling the applied current to one gun while the
fix current will apply to the other gun during the experiment. The morphology of the produced
np-S thin films after dealloying will be explored to investigate the impact of the Al
concentration on their morphology and microstructures. The optical properties of np-S thin
films will be studied because they are a sensitive indicator of nanoscale structure. The impact

of the varying pore and ligament sizes on the optical and electrical properties will be examined.

4.2 Experimental details specific to this chapter

The Agioo-xAly thin-film alloys were magnetron co-sputtered onto glass substrates at
room temperature. The composition of the film was controlled by varying the deposition rate
of Al while the rate of deposition of Ag was held constant. The deposition times were adjusted
so that the precursor films would all be nominally 110 nm thick. The sputtering chamber was
evacuated to a base pressure of 4.7x10* Pa. The working gas was argon. During the sputtering
process, the substrates were rotated at 12 rev/min to promote uniform film growth. The distance
between the targets and sample holder was fixed at 110 mm, with an angle of 60°. The glass
substrate was sputtered with three layers, consisting nominally of 5 nm of Ti as an adhesion

layer (first layer), 3 nm of Ag (second layer), and 110 nm of Ag-Al alloy (top layer). The actual
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thin films obtained were typically of the order of 115 to 120 nm in thickness. The deposition

parameters are provided in Tables 4.1 and 4.2.

Table 4. 1 DC current applied to the Ti and Ag guns during deposition of adhesion layer at room temperature along with the
corresponding Ti and Ag deposition rates, time of deposition, layer thickness.

Element Current (A)

Deposition rate (nm s™)

Deposition time (s)

Thickness (nm)

Ti

0.125

0.04

125

5

Ag

0.02

0.07

43

3

Table 4. 2 DC current applied to the Al and Ag guns during depositing the Al,Agicox alloy thin films at room temperature
along with the corresponding Al and Ag deposition rates, time of deposition, thin film thickness.

Sample Ag gun Ag deposition Al gun Al deposition rate  Deposition time  Thickness
No. current (A) rate (nm s™) current (A) (nm s1) (min) (nm)
S1 0.1 0.49 0.08 0.10 3:55 109.6+0.94
S2 0.20 0.18 3:27 110.2£1.20
S3 0.24 0.21 3:15 109.7+£0.94
S4 0.34 0.31 3:02 109.7£1.70
S5 0.44 0.41 2:39 110.0£1.52
Sé6 0.54 0.51 2:23 109.9£1.50

Dealloying was carried out in 1 M NaOH aqueous solution at room temperature for 13,
9,7, 6, 3 and 2 min respectively for samples S1, S2, S3, S4, S5 and S6. Dealloying in NaOH
concentration higher than 1M led to the film peeling off, while dealloying at much lower NaOH
concentrations resulting in a high concentration of residual Al even when dealloying was
conducted for a long period of time. The dealloyed samples were rinsed with deionised (DI)
water, dried by ethanol and then stored in a vacuum desiccator. Films were characterized in the
as-deposited state and after dealloying. The effect of an anneal in a forming gas atmosphere at

500 °C for 60 min to enhance the crystallisation of the precursor films was also investigated.

4.3 Results and Discussion

4.3.1 Composition of as-deposited and dealloyed thin film

The chemical compositions of the matrix in the AgiooxAlx thin film alloys and the
corresponding sponges were obtained using EDS, Table 4.3. The calculated relative standard
deviations are estimated to be within 1%. Dealloying of the as-deposited films was relatively
complete with the residual Al content of the np-S lying into the range 1.4 to 5.9 at.%. Residual
Al at these levels has been reported in np-S by past workers too (Wang et al., 2009b; 1.
Yamauchi et al., 2003). It is evident that the as-deposited samples were all dealloyed, even,
surprisingly, those with Al contents well below the 50 at.% or so of the traditional ‘parting
limit’ (Supansomboon et al., 2014). This is not the case for the annealed samples, which hardly
de-alloyed. This is evidently due, for the most part, to the formation of additional 3-AgrAl
phase in those samples (see next section). The 6-AgrAl phase is well known to be resistant to
corrosion in NaOH solutions (Luo et al., 2020; I. Yamauchi et al., 2003). Apparently, the
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relatively defective and metastable structure of the as-deposited films renders them very
susceptible to dealloying. The Al contents of the deposited surfaces are also marginally higher
after annealing. We attribute this to some Al>O3 having been formed on the exposed surfaces
of the films despite annealing having been conducted under near-vacuum conditions. The
corollary to this is that the Ag content immediately below the surface would be enriched

relative to the content of metallic Al
4.3.2 Phase constitution of the thin-film alloys and de-alloyed thin films
4.3.2.1 As-deposited then de-alloyed

The Bruker D8 Discover diffractometer has been utilised in this study to collect the
XRD spectra of ad-deposited and np-S thin films. The XRD patterns of the thin films in the as-
deposited condition, which are shown in Figure 4.1 a, reveal that with a low concentration of
Al (sample S1), there is a single phase — (Ag, Al) face-centred cubic crystal structure — with
space group Fm3m. This phase shows a weak (111) texture. This is despite the fact that the
binary equilibrium phase diagram for Ag-Al shows that 6-Ag>Al phase should have formed
(Murray, 2016). Evidently, a metastable solid solution of (Ag, Al) formed instead. This is a
common occurrence for magnetron sputtering at ambient temperature; there is often
insufficient thermal activation of diffusive processes to crystallise complex intermetallic
structures and so simple metastable closest-packed phases form instead. A transition in
microstructure was observed at Al of 33.8 at. % (S2), where 6-Ag>Al intermetallic compound
with hexagonal primitive structure and space group of P63/mmc started to form, resulting in a
mixture of two phases, namely metastable a-phase and 6-Ag>Al. The 3-AgrAl usually had a
strong 002 texture, but the (101), (012), (103), (112) and (004) peaks are usually also visible
in the patterns for S2 through to S4. According to the XRD results, with increase of Al content
from 33.8 to 52.6 at. %, the amount of (Ag, Al)wc decreases while that of 3-AgzAl increases as
indicated by the variation of diffraction peak intensities of these phases. This is as expected
from the binary phase diagram of this system. Nevertheless, an examination of the binary phase
diagram shows that far more 3-Ag2Al phase should have formed, so evidently the deposit is
still in a relatively metastable condition. At high Al concentrations of 62.2 and 72.6 atom %
(S5 and S6), the XRD peaks show only diffraction peaks associated with a single face-centred
cubic (fcc), in this case Al-rich (Ag, Al)xc phase solid solution. This result for S6 is in good
agreement with the results of Yang et al. (Yang et al., 2013) for their AgzsAly thin film
prepared using a magnetron sputtering system. Although the binary phase diagram predicts

some 0-AgyAl for lower temperatures, it will be noted that Ag is extremely soluble in (Ag,
78



Bimetallic Nanoporous sponges

Al at elevated temperatures. The absence of 6-AgyAl in these samples may therefore be

attributed to insufficient thermal activation being available at time of deposition.
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Figure 4. 1 XRD diffraction patterns of a) the as-deposited Al,Agi00-x alloy thin films with different Al concentrations, the
peaks are marked by different shapes of scatters representing different phases, b) enlarged (111) diffraction peak of the as-
deposited alloy thin films showing a small shift of that stronger peak with increasing Al concentration.

The progressive shift of the most intense (111) diffraction peak with 26 at different
concentrations of Al is displayed in Figure 4.1 b. The (111) peaks of the alloys shift towards
the higher angle with increasing Al concentration. The lattice parameters of these thin films
ranged systematically between 0.4081 + 0.0002 nm at the lowest Al content to 0.4042 =+
0.0002 nm at the highest Al content, which corresponds to the reported values of Ag
(0.40790 nm) and Al (0.40406 nm) in the Crystallography Open Database’s entries ID no.
9011607 and 9012956, respectively. The measured lattice parameter values have been plotted
against Al concentrations in Figure 4.2. The lattice parameter (ao) decreases with increasing Al
concentration, showing a not-quite linear relationship that is only in poor agreement with
Vegard’s law. The results indicate that when the Al composition is less than 40 at. %, it is the

a-Ag (Al) solid solution that is dominant whereas the a-Al (Ag) solid solution exists with Al
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composition higher than 60 at. %. A metastable a-phase exists between roughly 40 and 60 at.
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Figure 4. 2 variation in lattice constant of the as-deposited alloys as a function of changing the Al concentrations, it clearly
shows that the lattice parameter values decrease with increasing Al concentration.
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Rietveld refinement of the fractions of Ag and 3-AgrAl phases present was unstable

due to the strong texture of the films and the broad nature of the peaks from these thin films.

Instead, we used CRYSTALDIFFRACT’s ‘mixture’ and ‘preferred orientation’ functions to

estimate the amount of 5-Ag>Al phase (balance usually being a-Ag (Al) or a-Al (Ag) phases).

These results are also shown in Table 4.3. For comparison, the maximum amount of 6-Ag>Al

that could possibly form for the measured Al contents and from the published binary

equilibrium diagram (Erlebacher et al.) is also listed using 500 °C as a datum.

Table 4. 3 Composition and constituents of precursor and de-alloyed thin films. For comparison, the calculated equilibrium

amount of 6-Ag,Al at 500 °C is also shown

S1 S2 S3 S4 S5 S6
As deposited
Al, at. % 24.6 33.8 42.2 52.6 62.3 72.6
Approx. wt.% AgrAl, XRD 0 25-30 45-55 38-46 0 0
Equilibrium Ag,Al, wt.% 100 100 75 65 53 36
As-deposited then de-alloyed
Al, at. % 1.8 5.6 54 3.9 3.7 1.4
Approx. wt.% AgrAl, XRD 0 0 0-30 0 0-30 0
Equilibrium Ag,Al, wt.% 0 0 0 0 0 0
Annealed
Al, at. % 29.4 39.1 59.7 65.5 78.5 85.2
Approx. wt.% AgrAl, XRD 0 35-65 52-70 60-70 75-90 82-92
Equilibrium AgrAl, wt.% 85 78 57 48 24 5
Annealed then de-alloyed
Al, at. % 6.1 10.1 25.7 43.1 54.6 71.7
Approx. wt.% AgrAl, XRD 0 70-80 80-90 65-75 90-99 90-99
Equilibrium Ag,Al, wt.% 0 0 100 75 63 38
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The XRD patterns of the samples de-alloyed in 1 M NaOH solution (Figure 4.3)
generally showed only (Ag, Al)r. solid solution, although there was also evidence for a small
proportion of retained d-Ag>Al in some patterns of samples S3 and S5. It is evident that Al can
be mostly, but not entirely, leached out using NaOH solution as a result of the significant
difference in electrode potential Ag and Al. This is notwithstanding the known corrosion
resistance of 0-AgrAl in NaOH solutions and despite the fact that samples S1 to S3 had Al
contents below the traditional parting limit. The lattice parameters of these np-S thin films were
0.40810 + 0.00020 nm. This is within the range of values reported for pure Ag (cf. the COD
entry no. 9011607).
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Figure 4. 3 XRD diffraction patterns of the de-alloyed AlxAgio0-x thin film alloys in 1 M NaOH solution. The present peaks are
assigned to diffraction from the (111), (200), (220), (311) and (222) planes of single phase which is silver.

4.3.2.2 As- deposited, annealed at 500 °C, then de-alloyed

A duplicate of each as-deposited sample was annealed at 500°C to see whether this

would affect the morphology of the subsequent sponge. From Table 4.3 it is clear that annealing
of the as-deposited films caused a marked increase in the fraction of 6-AgzAl. In samples S1,

S2 and S3 this is likely the consequence of much of the Al in the as-deposited material having
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originally being in metastable solid solution in the (Ag, Al)rc phase. Annealing provided the
thermal activation necessary to precipitate out an amount of d3-AgrAl that was closer to the
equilibrium situation at 500 °C. However, the amount of 5-Ag>Al estimated for samples S4,
S5 and S6 was far above that predicted from the equilibrium phase diagram for the measured
compositions of the films. The reason for anomalously strong XRD peaks of 6-Ag>Al in these
samples is unknown but the phenomenon may be related to the preferred orientation being
stronger than assumed and/or the fact that some of the Al had oxidized thereby enriching the
ratio of Ag to metallic Al. Annealed sample S6 showed a very strong (201) texture of 6-Ag>Al,
which was unusual. Overall, the content of annealed 6-Ag>Al also made these films much more
resistant to de-alloying with the result that they still contained appreciable amounts of Al after
treatment in NaOH solution. Sample S2 also appeared to also contain some Al (OH); or other
third phase that had evidently formed during de-alloying (peaks at d=4.00, 3.48, 3.10 and 2.83
A). The XRD patterns of these films are shown in Figure 4.4.
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Figure 4. 4 X-ray diffraction patterns of the annealed precursor films. Comparison to the data for the as-deposited films
show that there is a considerably greater amount of 6-AgJAl present.

4.3.3 Effect of composition in the Agiop-xAl:. precursor alloys on the

morphology of np-S

The effect of the Al content of the precursor on the morphology of np-S seems
controversial. For example, Yamauchi et al.(I. Yamauchi et al., 2003) reported that there was
little effect of varying the Al between 61 and 85 at.%. In contrast, Wang et al.(Wang et al.,
2009a) and Song et al.(Song, Gao, Zhang, & Zhai, 2011) reported a significant decrease in
ligament size as Al was increased. Plane-view SEM images of some example regions of the
present np-S are shown in Figure 4.5. The thin films produced by de-alloying as-deposited
material all have bi-continuous spongy structures with nanoscale open-cell pores and Ag
ligaments. As can be seen from these images, when the concentration of the deposited Al was
low (S1), the sponge formed had pits distributed sparsely and randomly on the surface (Figure
4.5 a). Further increasing the concentration of Al in the Agioo-+Al, thin film alloy brought in an
appreciable change in the ligament sizes (Figure 4.5 b, c, d, e and f). There was less effect on
the pore size. The mean average sizes of the ligaments and pores are summarised in Table 4.4.
The ligament sizes are significantly smaller than the 90 to 450 nm and 140 to 330 nm reported
for melt-spun ribbon precursors by Wang et al.(Wang et al., 2009b) and Song et al.(Song, Gao,
Zhang, & Zhai, 2011) respectively. The thickness of the as-deposited films was measured using

atomic force microscopy and fell with the range 118 to 121 nm.

Table 4. 4 Average pore and ligament sizes of as-deposited thin films de-alloyed in 1 M NaOH. The confidence intervals
correspond to one standard deviation. The estimated surface diffusion of Ag adatoms during the de-alloying process is also
given.

S1 S2 S3 S4 S5 S6

Average pore size, nm 12.6 £4.9 139+44 144+45 155+45 11.8+3.1 11.1+£3.5

Average ligament size, nm 31.6+12.8 30.6+9.8 253+89 222+87 156+44 13.1£39

Average pore density,

93 117 131 152 231 262
pores per 10,000
Surface diffusion of Ag Ds  5.26x10718  4.96x107'®  4.49x10'®  3.93x10'®  1.08x10'8  0.72x10°!8
(m? )
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Figure 4. 5 Top-view SEM images of NP-S with the average ligament sizes of (a) S1, (b) S2, (c) S3, (d) S4, (e) S5 and (f) S6 thin
films. All the top-view SEM images were scanned at high magnification and a scale bar of 100 nm.

The histograms in Figure 4.6 a- f reveal that the pore sizes of the prepared nanoporous
thin films fall in the nanometer range between 2 to 27 nm, with the broad pore size distributions.
Specifically, the pore sizes range from 2 to 27 nm for S1, from 2 to 27 nm for S2, from 2 to 25
nm for S3, from 2 to 26 nm for S4, from 2 to 23 nm for S5, and from 2 to 20 nm for S6. The
distributions exhibit maxima between 12 and 17 nm for S1, between 12 and 15 nm for S2,
between 15 and 17 nm for S3, between 15 and 22 nm for S4, between 10 and 12 nm for S5,
and between 8 and 10 nm for S6, indicating significant variation in pore size depending on the
variation of Al concentrations in the initial alloys. The changes pore and ligament sizes as a
function of varying Al concentration in the initial alloys are depicted in Figure 4.7. It can be
seen that from the results in Table 4.4, increasing the Al concentration in the primary alloys

led to a linear decrease in the average ligament size and a linear increase in the average pore
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size of the resulting np-S which peaked at 52.6 at. % Al (S4). Density of pores is shown in

Figure 4.8 and Table 4.4.

Fore size distibution (nm)

Por Size distribution (nm)

Fore size distibution (nm)

Pore size distribution [nm)

Figure 4. 6 Histograms of the pore diameter distribution of the np-S samples derived from the top-view SEM images.
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Figure 4. 7 Variations of the np-S ligament sizes and pore sizes as a function of the Al concentration in the initial alloys after

300

dealloying in 1 M NaOH solution.
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Figure 4. 8 Pore density as a function of Al concentration in the Al,Agioox thin film alloys (filled symbols). The red line is the

best linear fit for the data.

Ligament size has been shown to be related to the rate of surface diffusion of the noble

metal alloys during dealloying (Ji, Wang, et al., 2011; Y. Yang et al., 2019). The latter can be

estimated using Eq. 2.1. The results in Table 4.4 demonstrate that the average ligament sizes

of np-S and the calculated surface diffusion Ds of Ag adatoms depend on the Al content in the
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precursors. Increasing the Al concentration from 24.6 to 72.6 at. % led to a decrease in the
ligament sizes from 31.6+12.8 to 13.1£3.9 nm, which may be attributed to lowering the surface
diffusion of Ag adatoms along alloy/electrolyte interfaces from 5.26x10'8 to 0.72x10'® m? s°!
and hence stabilising the np-S structure in the dealloying process. These results of D presented
in Table 4.4 are about two orders of magnitude lower than the value (10'® m? s ) of the surface
diffusion of Ag adatoms prepared by dealloying of Agioo-xAlx alloys at 363 K in H2SO4, H3POs,
C>2H>04 and HCI solutions reported by Song and co-workers (Song, Gao, Zhang, & Zhai,
2011). Moreover, the calculated values in Table 4.4 are significantly higher than the intrinsic
surface diffusion coefficients of Ag value (102 m? s'!) by about 2 orders of magnitude (Li et
al., 2017).

As mentioned earlier, the films that had been annealed before dealloying did not
substantially dealloy, although their surface regions were certainly partially etched. These
samples therefore are not yet converted to np-S although they could presumably be rendered
into that state by more aggressive etching, as for example by HCI which is known to attack -

AgAl (Luo et al., 2020).

4.3.4 Electrical resistivity of the np-S thin films

It has been reported that the electrical resistivity of nanoporous materials depends on
their morphology (Fujita et al., 2008; Zuruzi & Siow, 2015). The dealloyed nanoporous
materials have a bicontinuous structure, where the nanoscale ligaments create interconnected
networks that function as efficient channels for electron conduction. The electrical resistivity
of the np-S thin films can be directly correlated with the average ligament size and hence,
indirectly, the Al content in the precursor as Figure 4.9. The high-resolution SEM images in
Figure 4.5 show that the np-S ligaments are fully percolated (connected) across the samples,
providing conduction paths for electron transportation. Therefore, all the dealloyed Agioo-xAlx
samples formed conductive np-S thin films. However, we noted that the resistivities of the np-
S thin films are higher than the resistivity of a Ag thin film comparator (1.32x10 Q.m, which
is very similar to the value of 1.59x10® Q.m reported for bulk Ag (Fuller et al., 2002)). The
identical finding has been documented by Zhang and his colleagues (Zhang et al., 2009). They
found that nanoporous ribbons of gold (NPG), silver (NPS), and copper (NPC) had electrical
resistivities that were ten to one hundred times higher than those of the bulk materials. This

was attributed to the unique mechanism of the electron transport process in nanoporous metals.
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Figure 4. 9 The electrical resistivity changes as a function of the average ligament size of the np-S thin films, the curve
indicates that the electrical resistivity of the sponges increases with decreasing the average ligament size.

It is well known that the presence of pores with sizes below the electron mean free path,
which is roughly 57 nm at room temperature (Doremus, 2002), would have an impact on the
conduction mechanism in the Ag film. Figure 4.9 indicates that the electrical resistivity of np-
S increases with a decrease in the average ligament size. The np-S with 31.6 nm ligament size
(S1) was ten times more conductive (p=2.26x10" Q.m) than the np-S thin films with average
sizes of 25.3 (S3), 22.2 (S4), 15.6 (S5), and 13.1 nm (S6), with their measured electrical
resistivities being 2.30x107, 2.47x1077, 2.69x1077, and 3.05x107 Q.m respectively. The
resistivity (5.10x10® Q.m) of np-S with an average ligament size of 30.6 nm (S2) was
anomalously high and can probably be discarded as an outlier. The electrical resistivity of np-
S thin films goes up as the diameter of the ligaments goes down. This is because electrons
scatter strongly at the points where pores and ligaments meet, and this scattering gets worse as
microstructural features get smaller. This then leads to greater resistance (Fujita et al., 2008).
The Hall mobility of the charge carriers in np-S with a ligament diameter of 31.6 nm is two
orders of magnitude higher than that of np-S with a ligament diameter of 13.1 nm. This is true
even though the carrier density of the np-S remained relatively unchanged with the diameter of

the Ag ligaments, as Table 4.5 shows.
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Table 4. 5 Carrier concentration, Hall mobility and electrical resistivity of np-S thin films deposited on glass substrate with
different pore and ligament diameters

Carrier concentration (m?)  Hall mobility (m%..V-'s?)  Electrical resistivity ({2.m)

S1 1.5x10% 1.6x107 2.26x10°%
S2 1.9x10% 1.2x107 5.10x108
S3 2.1x10% 1.3x10* 2.30x107
S4 2.4x10% 1.0x10* 2.47x107
S5 2.6x10% 8.9x10°° 2.69%x107
S6 2.9x10% 3.2x10°° 3.05x107

According to Hakamada and his colleagues' research (Hakamada et al., 2016), the
electrical resistivity of np-G increases as the size of the ligaments decreases. Similarly, the Ag
foam ribbons, prepared by dealloying AgszoAl7, AgssAles, and AgaoAlso alloys, exhibited
increasing electrical resistivity as the porosity (pore density) volume fractions increased from
58% to 66% and to 69% (Wu et al., 2015a). Additionally, np-G thin films with nanostructure
parameters close to the dimensions of np-S in this study exhibit higher electrical resistivity.
The electrical resistivity of np-G thin films with ligament sizes of 77, 24, and 23 nm is 2.46
x107, 426 x107, and 5.48 x107 Q.m, respectively. However, the measured electrical
resistivity of np-S with the small ligament sizes is analogous to the findings by Stewart et al.
(Stewart et al., 2017) for np-S prepared by sintering Ag nanowires at 300° C to eliminate the
junction resistance between nanowires in a network. The electrical resistivity of the resulting
porous structure prepared by melting the AgNWs with 6.2 um in length and 48 nm in diameter
was 2.00x107 Q.m and for the nanoporous formed by sintering the AgNWs with 27 um in
length and 150 nm in diameter was 2.74x107 Q.m. Moreover, the electrical resistivity of the

interconnected network of particles formed by sintering the AgNPs was 2.93x107 Q.m.

4.3.5 Electrochemical capacitance as an indicator of specific surface area

The capacitance of the as-deposited Ag-75 at. % Al alloy thin film (S6) and then the np-S
produced from it were experimentally obtained from discharge curves of symmetric electrodes
in 0.1 M KNOs aqueous electrolyte, Figure 4.10. As-deposited Ag-75 at% Al thin film alloy
(similar to S6) had a capacitance of 67 #F cm™ (sd=214F cm?, n=6) at 0.20 V in 0.1 M KNOs
solution. In contrast, after dealloying, the subsequent np-S thin film had a capacitance of 665
LF cm™ (sd=124 uF cm, n=15). Therefore, it is evident that the surface area of this sponge is

about ten times larger than its starting film from an electrochemical perspective.
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Figure 4. 10 Discharge voltages and electrochemical capacitances of (a) as-deposited Ag-75.at% Al film, and (b) np-S
produced from the above film by de-alloying in NaOH. The capacitances vary with voltage and time and are compared at a
datum of 0.20 V (dashed lines).

4.3.6 Optical properties of the np-S thin films as an indicator of morphology
Further insight into the structure of the dealloyed films was obtained from an analysis of their
optical properties.

4.3.6.1 Dielectric permittivity

The frequency-dependent dielectric permittivity e(w) for non-magnetic materials is

expressed as (De Silva et al., 2017) :
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g(w) =g (w) +ieg(W)evrerreeeanee. 4.1)

where o is the frequency of the light, and & and & are the real and imaginary parts of
the permittivity respectively. The permittivity of the dealloyed films were extracted from the
ellipsometry data as described in the experimental section, and are plotted in Figure 4.11 a and
b, which shows the real (&;) and imaginary (&,) dielectric permittivity of the samples. In this
type of analysis, the sponges are conceptually treated as new materials in their own right, with
effective permittivity that differ from that of solid Ag. Essentially, the nanocomposite material
is being treated as a ‘metamaterial’ (A. I. Maaroof et al., 2007), albeit a rather simple one. In
general, the real and imaginary components of the dielectric permittivity of the nano-plasmonic
materials are the fundamental consideration when evaluating the optical and plasmonic
properties (Arnold & Blaber, 2009; Cortie et al., 2019) of a material. It is worth noting that the
real component of the permittivity determines the resonance frequency, which would be
operating point for many devices that exploit the optical properties. The imaginary component
(e2) of the dielectric permittivity is associated with the optical losses which arise from interband
transition, intraband transition (Erwin et al., 2016), and electron surface scattering caused by
grain boundaries (West et al., 2010), surface roughness (Sardana et al., 2014), lattice defects
(West et al., 2010) and porosity (Sardana et al., 2014).

Inspection of Figure 4.11 a and b shows that the curves for the real part of permittivity
are spread over a broad range, but all samples are less metallic than the pure Ag comparator.
The curves of samples S2 to S5 do not fall in a sequence however and are all rather similar in
magnitude. The situation for the complex part of the permittivity is even more irregular.
Samples S2 to S5 have a complex permittivity that is more positive than that of pure Ag,
attesting to the considerable electron scattering in these sponges. In contrast, samples S1 and
S6 showed a lower magnitude of &2 at low photon energies. Importantly, the optical properties
are also strongly affected by volume fraction of solid material, a factor that we will investigate

below using an ‘effective medium model’ (EMA).
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Figure 4. 11 Measured data of (a) the real part of the complex dielectric function of the np-S samples with the different
average ligament sizes, (b) the imaginary part of the complex dielectric function of the np-S samples with the different
average ligament sizes, and the optical constants of (c) the refractive index and (d) the extinction coefficient as a function of
wavelength. (This data is for the as-deposited then de-alloyed samples. The curves for solid Ag are shown for interest but
are not directly comparable to the data for the sponges.

When the characteristic size of the constituents of the material is small compared to the
wavelength of the light in the media, as is the case for the present sponges, their optical
response can be formulated by effective medium approximations. In these approximations, the
dielectric functions of the constituents that make up the composite material are combined in an
analytical relation that provides an estimate of the effective dielectric constant of the material
under investigation (Garoli et al., 2018). Many EMAs have been proposed but the Bruggeman
EMA is the most popular approach to obtaining the permittivity of mixed-phase films of the
present type. This EMA has been exploited, for example, for the computation of the optical
properties of nanoporous gold by Maaroof et al.(Maaroof et al., 2005), with the practise being

subsequently taken up for np-S by some subsequent workers, e.g. (Detsi et al., 2014; Garoli et
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al., 2018). Here we used this EMA to simulate the permittivity of sponges with varying volume
fractions of metal phase, Figure 4.12. We chose to use permittivity data for Ag-6.5 at% Al for
the metal phase as that composition was broadly representative of the np-S. The similarity in
form to the experimental data is striking even if the & values of the experimental data are
somewhat higher at low photon energies. Note especially that, at low volume fractions of metal,
the simulation reproduces the anomalous shape of the curves for samples S1 and S6 thereby
indicating that these two samples have lower volume fraction of metal than the others. We also
estimated the porosity by optimizing the volume fraction of each sample against its & curve
using the Bruggeman EMA. (The & curves of the sponges evidently contain additional scatter
and extinction beyond that present in the thin film of the reference Ag-6.5 at.% Al sample so
was not suitable for fitting against.) It was also observed that use in the Bruggeman model of
the dielectric function for Al-6.5 at% Ag from de Silva et al. (De Silva et al., 2017) produced
a much better fit than use of the dielectric function for pure Ag (an average least square
deviation of 1.7 relative permittivity units vs 2.7 respectively). This supports the observation
that the metallic portion on these sponges is Ag-Al alloy rather than pure Ag. The estimated
volume fractions of Ag in each sponge are plotted in Figure 4.13. Sample S6, produced from
the most Al-rich precursor has the lowest volume fraction, but the analysis indicates that all
the samples have metallic volume fractions are broadly in the range of 0.4 to 0.5, with those of
S1 and S6 being the lowest. This independently corroborates the unusual form of the & curves
of S1 and S6 which can only be reproduced in the model by using relatively low volume

fractions of metal.
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Figure 4. 12 Relative permittivity of sponges comprised of various volume fractions of Ag-6.5 at. % as calculated from the
Bruggeman effective medium equation. Note that the form of the experimental data for samples S1 and S6 is qualitatively
reproduced in these simulations when low volume fractions of metal are used
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Figure 4. 13 Volume fractions of metal in the experimental sponges estimated from the real part of their permittivity using a
Bruggeman model comprised of the Ag-6.5 at.% Al and voids.

4.3.6.2 Optical constants

These extracted values are presented in Figure 4.11 ¢ and d. The optical constants are
commonly described using a complex equation:

M) =n(A) + ik(D)eecenes (4.2)

The real component, 7, is typically known as the refractive index of the material which
governs a wave's phase shift and velocity as it travels through the material. The imaginary
component, k, is referred to as the extinction coefficient and is responsible for determining the
attenuation of the amplitude of the wave (Losic & Santos, 2015; Maaroof et al., 2005).
Nanoporous materials can be characterised as a composite of dense materials and air. As a
result, their refractive indices are determined by both the degree of porosity as well as the
refractive indices of the dense materials (ligaments) (Knez, 2019; Losic & Santos, 2015).

It is apparent in Figure 4.11 c that refractive indices of all of the np-S thin films were
larger than those of the Ag thin film in the wavelength range from 350 nm to 2250 nm. This is
because the Ag thin film has a very low refractive index in this range — less than 1 — which is
characteristic of metal behaviour. The refractive indices of the np-S§ thin films do not follow a
consistent pattern at the lower wavelength range from 300 to 1500 nm. Nevertheless, S2 shows
arefractive index that is almost identical to zero at wavelengths that are less than 350 nm, while

S6 shows the highest refractive index value at this wavelength range, which follows from its
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almost insulator-like behaviour. On the other hand, when the wavelength was greater than 1500
nm, S2 to S5 show high refractive indices values and exhibited a relatively less metallic
behaviour.

As can be seen in Figure 4.11 d the extinction coefficient values of the np-S thin films
and Ag thin film increase noticeably with wavelength of the incident beam. Nonetheless, the
extinction coefficients of the np-S thin films still show much lower values than those of the Ag
thin film. This is due to the Drude free electron response of Ag which is more developed in the
Ag thin film than in the sponges. As a result, the relative attenuation of the np-S thin films and

the Ag thin film diverges dramatically as the wavelength increases.

4.3.6.3 Reflectance of np-S thin film

The UV-Vis-NIR spectroscopy method is frequently used to measure the optical
response of metallic nanostructures. In the case of non-transparent samples, such as those used
in this investigation, the reflectance (R) spectra of the free-void Ag thin film and the de-alloyed
Ag-based ligament structure films were characterised using a UV-Vis-NIR spectrophotometer
in the wavelength range between 300 to 2500 nm.

The reflectance spectra of the free-void Ag thin film and the np-S samples with different
average ligament sizes are presented in Figure 4.14. It can be seen that the reflectance of the
Ag thin film and np-S with the average ligament sizes of 31.6 (S1) and 30.6 nm (S2) is
expectedly high in the NIR and Vis regions of the spectra. The reflected intensity drops sharply
in the UV region for these two samples, forming a dip showing the interband transition at
around 310 nm (photon energy of 3.99). Unlike the other coinage metals- gold and copper, the
wavelength of the absorption edge of Ag is at the short wavelength end (UV) of the visible
spectrum (around a wavelength of 309 nm or photon energy of 4 eV) due to the unique position
of the d-shell with respect to the Fermi level (Solé et al., 2005). In our case, the absorption edge
appears as the dip in reflectance spectra due to the onset of interband transition for Ag.

Contrary to that, the reflectance spectra of np-S samples with the average ligament size
of 25.3 (S3), 22.2 (S4), 15.6 (S5) and 13.1 nm (S6) display substantial departures from the
deposited Ag thin film spectrum, as figure 12 demonstrates. The reflectance spectra of np-S
samples are broadband, extending into the UV region with increasing the average ligament
size. The LSPR bands of those samples are broad and cover most of the visible region. These
shifts in the positions of the LSPR bands of nanostructure materials are due to their structural
properties, as their size and shape (Aizpurua & Bryant, 2011), and their width is likely affected

by the size distribution of particles (Kosovi¢ et al., 2015). Moreover, the intensities of the
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reflectance spectra decrease, which means that the np-S thin films lose their high reflectivity

and become absorptive across the spectrum due to the conversion of incident light into p-SPR
(Chen et al., 2011).
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Figure 4. 14 reflectance spectra of the Ag thin film and np-S thin films with different average ligament size.

In conclusion, AgiooxAlx alloys with a range between 24.6 and 72.6 at. % Al has been
successfully deposited on glass substrates. Dedealloying of the produced alloys was rapid and
effective, even at Al contents well below the traditional parting limit. This is likely due to the
profusion of atomic-scale structural defects in the as-deposited film, which renders it relatively
susceptible to corrosion. The produced np-S thin films exhibited finer structure with increasing
the starting Al contents.

Furthermore, the unique behaviour of the np-S thin films with increasing Al content is
a novel finding. This led to the tuning of the average ligament size from about 32 to 13 nm, a
change that was not detected for the average pore size. The density of the pores, in contrast,
increased markedly as the Al content in the precursor increased. The electrochemical
capacitance measurement for the np-S thin film produced from Ag- 75 at. % Al alloy showed
a surface area that was ten times greater than its primary alloy, further highlighting the unique
behaviour of these films.

The increasing electrical resistivity of the np-S thin films, as the average ligament

decreased, has significant implications. This is evidently due to a combination of finer ligament
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size and greater pore density. The dielectric permittivity of the np-S thin film with the average
ligament size of 13 nm showed non-metallic behaviour at the higher photon energies of the
spectra, and a noticeable decrease in its reflectance, which decreased sharply with decreasing
the ligament size. These findings have practical applications in the field of materials science
and engineering. The volume fraction of metal can be estimated by analysis of the optical
properties of the sponges. Specifically, spectroscopic ellipsometry was used to extract a relative
dielectric permittivity of each sponge, and the results for the real part of permittivity matched
to a volume fraction estimated by use of the Bruggeman effective medium model, using a
nanocomposite comprised of variable volume fractions of Ag-6.5 at.% Al and air.

Annealing the alloys before conducting dealloying was not effective because it
increased the amount of the intermetallic Ag>Al phase, formed some Al,O3, and consequently

enhanced the Ag content in the subsurface film.
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Chapter 5 Exploring the Antibacterial Power of Nanoporous Silver

Coating Against Pseudomonas aeruginosa and Escherichia coli

5. Overview

Metallic silver nanostructures have been widely incorporated into antibacterial and
medicinal applications due to their ability to kill or inhibit bacterial growth (Baker et al., 2005;
Gunawan et al., 2020; Ivask et al., 2014; Nomier et al., 2023; Pandian et al., 2010; Raza et al.,
2016). The problem associated with Ag nanoparticles their tendency to agglomerate, to form
larger clusters when they are exposed to air or water (L. Yang et al., 2019). This leads to a
decrease in the antibacterial efficacy of the nanoparticles. So far, various support materials
have been tested to reduce agglomeration to improve the stability of AgNPs, such as
mesoporous silica, mesoporous bioactive glass (BG), nanoporous metal oxide, zeolites and
mesoporous graphene (MpG) (Asli et al., 2022; Lu et al., 2014; Qing et al., 2020; L. Yang et
al., 2019; Zheng et al., 2019). However, these materials have some disadvantages as
antibacterial agents, including increase of the production cost, and health and environmental
concerns due to leaching the AgNPs from the substrate into water (Bharti et al., 2015).

To overcome these drawbacks of AgNPs loaded on nanoporous substrate, metallic np-
S structures have been produced. The result is like self-supporting non-aggregating Ag

nanoparticles.

5.1 Objective of chapter

In this study, we aim to investigate the antibacterial activity of the np-S thin films with
different nanopore and ligament. We have chosen the pathogenic strain Pseudomonas
aeruginosa (PAO1) and the non-pathogenic strain Escherichia coli (DHS5a) to provide a
comprehensive approach to evaluating the antibacterial efficacy of the np-S thin films. This
study relies on measuring the optical density of bacterial suspensions to assess bacterial growth.
Additionally, cell viability will be determined by distinguishing between live and dead cells

using fluorescence microscopy.

5.2 Results and Discussion

Precursor Agioo-xAlx thin film alloys with x=24.6, 52.6 and 72.6 at.%, Ag, Al and TiO:
thin films on glass substrate were prepared using magnetron sputtering. This was followed by
dealloying of the alloy thin films in SM NaOH aqueous solution at room temperature to produce

nanoporous structures, as described in chapter 4.
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The average pore and ligament sizes of the produced np-S thin films measured from the
SEM images are presented in Table 5.1. The concentration of residual Al measured using EDS

technique is also shown in Table 5.1 below.

Table 5. 1 The measured chemical compositions, Average pore and ligament size, and the concentration of residual Al in the np-S thin
films prepared by dealloying of AlkAgioox thin film alloys with x= 24.6, 52.6 and 72.6 at.% in 5M NaOH at RT.

S1 S2 S3
Al concentration (at. %) 24.6 52.6 72.6
Average pore size (nm) 12.6+4.9 15.544.5 11.1+£3.5
Average ligament size (nm) 31.6+12.8 222487 13.1£3.9
Residual Al concentration (at. %) 1.8 3.9 1.4

A glass cutting tool was used to cut the samples into coupons 5 mm x 5 mm square.
Prior to conducting bacterial experiments, the samples were sterilized using an autoclave in a
dry mode at 121 °C for 60 min. Coupons were also created from thin solid films of Ag, Al and
TiO; with the same thicknesses and dimensions to obtain accurate, comparable, and reliable

results.

5.2.1 Antibacterial performance of np-S thin films against P. aeruginosa
Np-S thin films were not effective in completely suppressing Pseudomonas aeruginosa
over a 24-hour period. The optical density (OD) of the 96-well microplate, which contains
untreated and treated P. aeruginosa with np-S, Ag, Al, and TiO; thin films, was assessed using
a microplate reader after a 24-h incubation period. The P. aeruginosa growth was continuous,
as evidenced by the measured OD values over 2.5 (higher than instrument reading). This result
indicates that none of the used treatments were effective in suppressing the proliferation of P.
aeruginosa. The persistence of substantial turbidity in the wells after adding the thin films of
np-S, Ag, Al, and TiO: and incubating for 24- h, as shown in Figure 5.1, proves that these
materials did not have a notable antibacterial impact on this specific bacterial strain in the given
experimental conditions. The same results were reported by Wu and co-workers for
nanoporous Ag foams prepared by two-step dealloying of AgzoAls, AgzsAlss, and AgaoAlso
alloys in a 5 wt.% HCI solution at 60°C for 30 minutes, followed by treatment at 90°C for 2
hours. These produced foams did not show any antibacterial activity against P. aeruginosa

(Wu et al., 2015b).
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Figure 5. 1 A 96-well microplate assay used for assessing dose- response effect of np-S, Ag, Al, and TiO; thin films on P.
aeruginosa. The turbidity of the wells shows the failure of all the treatments in completely inhibiting bacterial growth.

5.2.2 E. coli DH5a 10-h growth curve
The growth of E. coli DH5a cells was tracked over a 10-h period (2-h preconditioning

and 8-h treating) of measurements under various experimental conditions. The graph in Figure
5.2 a, b and ¢ shows the measured OD at 600 nm that was collected every two hours of
incubation. The conditions include E. coli DH5a cells only as a control and E. coli DH5a
cultures exposed to different types and amounts of treatments: np-S with different pore and
ligament sizes (1 coupon and 5 coupons), Ag thin film (1 coupon and 5 coupons), Al thin film
(1 coupon and 5 coupons), and titanium dioxide (TiOz) (1 coupon and 5 coupons).

The OD measurements were conducted before (from 0 to 2-h) and after (from 4 to 10-
h) introduction of the treatments. After 2 h of incubation, the treatment, including np-S, Ag,
Al, and TiO; thin film coupons, was added to the incubated bacterial cells. The measured OD
values for the period from 4 to 10 h show that all the treatment resulted in linear increase in the
OD values, indicating active bacterial growth in the exponential phase. The E. coli cells that
were treated with Ag, Al, and TiO> thin films and those that were not treated had identical
growth curves, as shown in Figures 5.2 a, b, and c. This indicates that the presence of Ag, Al,
and TiO; thin films in the bacterial suspension, even with an increasing number of coupons,

does not measurably inhibit the exponential growth of the bacterial cells. During this period,
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the OD values for E. coli cells alone and for treated cells with Ag, Al, and TiO: increased from

approximately 0.6 to 1.6.

Although E. coli in the presence of np-S thin films still proliferated, a reduction in
growth of E. coli cells was observed. The reduction was, however, to the limit of statistical
significance and further work would be required to confirm the differences. The reduction was
strongest for np-S thin film with a ligament size of 13.1 nm, with 5 coupons of np-S having a
greater inhibitory effect than 1 coupon of np-S as, achieving OD of about 1.4 by the end of the
10-h period of incubation Figure 5.2 a demonstrates. Treatment with five coupons showed a
stronger growth inhibition than treatment with a single coupon although the effect was
unexpectedly small. Np-S thin films with an average ligament size of 22.2 nm show a lower
reduction in bacterial growth than the 13.3 nm ligament thin films. Figure 5.2 b presents the
OD values for the incubated E. coli cells for 4 to 10 h, indicating a slight reduction in the OD
values compared to the control. Np-S thin films with an average ligament size of 31.6 nm do
not have any inhibitory effect on the bacteria within the timeframe of the experiment, even

when 5 coupons of np-S are added as seen in Figure 5.2 c.
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Figure 5. 2 Absorbance measurements of E. coli DHS5a at 600 nm after treating with np-S thin films with ligament size of (a)

13.1, (b) 22.2 and (c) 31.6 nm.

5.2.3 Bacterial growth rate

The growth rate, . of E. coli cells or the change in the number or mass of bacterial cells

per unit time (Srivastava, 2013) during the exponential (log) phase was investigated, and can

be obtained by finding the slope of the natural logarithm of OD (Ln(OD)) plotted against

incubation time t as Figures 5.3 (a-1), 5.4 (aand b) and 5.5 (a and b) demonstrate using Eq.5.1:

N,
lnN—: =UE —tg) e,

(5.1) (Hall et al., 2014)
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Where the number of bacteria cells at the final time ¢ denoted as N;, while N, is the
number of bacteria cells at the initial time #,. It is assumed that the OD of a bacterial suspension
is directly proportional to the number of bacteria cells in the suspension (Chatterji, 2011)
although there is some literature to suggest that at larger OD values (> 1.5) multiple scattering

may lead to an underestimation of the population.

The graph in Figure 5.6 a suggests that treating E. coli with np-S thin films, having an
average ligament size of 13.1 nm, has minimal impact on the bacterial growth rate. The
estimated growth rate of E. coli was 0.253 h™' when exposed to five coupons of np-S thin films.
Likewise, introducing of a single coupon of np-S thin film also has less influence on the growth
rate of E. coli, with a growth rate of 0.257 h™’, although slightly lower than that observed with

five coupons of np-S thin films with uncertainty of 1%.

In comparison to the growth rate of E. coli treated with np-S thin films with an average
ligament size of 13.1 nm, the introduction of np-S thin films with a ligament size of 22.2 nm
into the E. coli culture results in a slight decrease in the growth rate as Figure 5.6 b shows. The
growth rate of E. coli after adding 5 coupons of np-S thin films with the larger ligament size
was 0.259 h'. While the addition of 1 coupon of this treatment showed no noticeable effect on

the growth rate of E. coli, maintaining a growth rate like untreated conditions.

The growth rates of untreated and treated E. coli with np-S thin films with the ligament
size of 31.6 nm, Ag, Al and TiO2 thin films remain consistent, approximately around 0.262 h™*,
as figure 6¢ presents. This consistency confirms that the treatments used, even with increasing
their concentration, do not have any effect on the bacterial growth rate. The uniform and
unchanged standard deviation error bars in Figure 5.6 ¢ further indicate that the treatments do

not introduce substantial variation in growth rates.

An alternative method to express the bacterial growth rate is to calculate the time
required for a bacterial population to double in number, a parameter known as the doubling

time of bacterial growth. This can be determined using Eq. 5.2:

Doubling time = % .................... (5.2) (Ryser & Marth, 2007)

Table 5.2 below demonstrates the calculated values of doubling time for untreated and
treated E. coli cells. The required time for E. coli cells to double their number increases with
decreasing the average ligament size of the np-S thin films. Specifically, E. coli cells treated

with 5 coupons of np-S thin films with a 13.1 nm ligament size required 2.74 h to double their
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cell number, while 1 coupons of np-S thin films with a 13.1 nm ligament size and 5 coupons

of np-S thin films with a 22.2 nm ligament size need 2.69 and 2.68 h to double their cell number.

In contrast, other treatments required only 2.65 h for the E. coli cells to double, indicating a

slight but noticeable effect of the smaller ligament size on the bacterial growth rate.

Table 5. 2 calculated growth rate using Eq.1 and doubling time using Eq.2 for untreated E. coli and treated samples using np-S-1, 2, 3 thin
films with ligament size of 13.1, 22.2 and 31.6 nm, respectively, Ag, Al and TiO: thin films

sample np-S-1 np-S-1 np-S-2 np-S-2 np-S-3 np-S-3 Ag Ag Al Al TiO2 TiO2 Cells-only
Number of coupons 1 5 1 5 1 5 1 5 1 5 1 5 -
Growth rate [h™] 0.257 0.253 0.262 0.259 0.262 0.262  0.262 0.262 0.262 0.262 0.262 0.262 0.262
Doubling time [h] 2.74 2.69 2.65 2.68 2.65 2.65 2.65 265 265 265 265 2.65 2.65
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Figure 5. 3 The natural logarithm of optical density (In OD) versus time (h) for (a) 1 and 5 coupons of Ag thin films and (b) 1
and 5 coupons of np-S with ligament size of 13.1 nm. The slope of the linear region of the curve between 2 to 8 h is used to
estimate the growth rate of the E. coli culture.
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Figure 5. 4 The natural logarithm of optical density (In OD) versus time (h) for 1 and 5 coupons of np-S with ligament size of
22.2 nm. The slope of the linear region of the curve between 2 to 8 h is used to estimate the growth rate of the E. coli

culture.
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Figure 5. 5 The natural logarithm of optical density (In OD) versus time (h) for 1 and 5 coupons of np-S with ligament size of
31.6 nm. The slope of the linear region of the curve between 2 to 8 h is used to estimate the growth rate of the E. coli
culture.

106



Bimetallic Nanoporous sponges

5.2.4 Biomass growth

An alternative method to understand bacterial growth over a given period of time, is
related to the total mass of living organisms in a given population during that period
(Cunningham & Cunningham, 2014; IGNACIMUTHU, 2019). This parameter is a biomass

growth of organisms, it can be calculated using the following equation (Eq. 5.3):

Sample 0D600—blank OD600
Control ODeoo—blank OD600

(Kungolos, 2006)

Biomass growth (%) =

The bar graph in Figure 5.6 a, b, and c presents the biomass growth percentage of treated
E. coli cells relating to untreated cells over a 10-hour period. After the initial 2-h period,
treatments were added to the E. coli suspension, leading to observable changes in the growth
dynamics.

Upon addition of the np-S thin films, a slight decrease in the biomass growth percentage
of treated E. coli cultures was noted. Specifically, E. coli treated with 1 coupon of np-S thin
films with a ligament size of 13.1 nm exhibited a biomass growth percentage of 95%.
Increasing the concentration of np-S thin films to 5 coupons resulted in a further reduction of
the biomass growth percentage to 92%. This indicates a dose-dependent effect of the np-S thin
films on the bacterial growth, with higher concentrations leading to more significant growth
inhibition.

On the other hand, treating E. coli with 5 coupons of np-S thin films with a ligament
size of 22.2 nm led to a biomass growth percentage of 96%, suggesting a slightly lesser
inhibitory effect compared to the smaller ligament size. Other treatments, regardless of their
type or quantity, did not measurably reduce the exponential growth of the bacterial cultures, as
evidenced by the almost similar growth percentages across all treatments. This consistency
indicates that most treatments had minimal impact on the overall biomass growth, with the
exception of the np-S thin films, which demonstrated a measurable effect based on their

concentration and ligament size.
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Figure 5. 6 Biomass growth of E. coli DH5a. after treating with np-S thin films with ligament size of (a) 13.1, (b) 22.2 and (c)
31.6 nm.

5.2.5 Cell viability

The differences in the ratio of viable to non-viable cells between treated and untreated
samples serve as a direct measure of the antibacterial performance of the targeted thin films.
Therefore, for further examination of the antibacterial effectiveness of the treatments used,
including np-S, Ag, Al, and TiO; thin films, at least nine fluorescent images of each treatment
and an untreated E. coli culture were collected. For this reason, two different fluorescent dyes,
SYTO-9 and PI, were employed to distinguish between live and dead bacterial cells. The green-
fluorescent SYTO-9 dye, in conjunction with the red-fluorescent, PI stain, allows for
simultaneous staining and differentiation of live and dead cell populations.

The representative fluorescence microscopic images of treated and untreated E. coli are
shown in Figure 5.7 a, b, ¢, d, and e. The presented images display rod-shaped cell bodies, with
the width between 0.5 and 1.4 um and the length between 0.9 and 3.1 um. Moreover, elongated
rod-shaped E. coli cells with the length between 4 and 47 um were observed in all fluorescence
images. When compared with the literature, E. coli DH5a typically has a length ranging from
1 to 3 um and a width of approximately 0.5 um (Huang et al., 2018). The elongation in E. coli
cells can be caused by inhibition of cell division which will lead to filamentous cell formation.
Moreover, suppression of the Min proteins by RcsB prevents the formation of the Z ring in

rod-shaped cells, leading to elongated cells. The presence of antibacterial agents such as
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nanoporous metals can induce filamentation in bacteria as an adaptive mechanism to survive
adverse conditions. Lastly, nutrient starvation may be one reason for cell elongation (Poole,
2019).

The cell viability can be defined as the ratio of the number of live cells to the total
number of cells (both live and dead) (Mé&ficka et al., 2021). The calculated values of E. coli
cells viability depicted in Figure 5.8; the untreated E. coli cells viability reached 97.0+7%.
Similarly, the treated E. coli with Ag, Al and TiO: thin films exhibited the cells viability of
96.1+6%, 96.1+9%, and 96.1+7%, respectively. In contrast, a slight decrease in viability was

observed, with 87.0+6% after treating E. coli with np-S thin film with ligament size of 13.1
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Figure 5. 7 Fluorescence microscopic images of E. coli DH5a strain after treating for 6 h with (a) np-S thin films with
ligament size of 13.1 nm, (b) Ag thin films, (c) Al thin films, (d) TiO; thin films, and (e) without any treatment. Viable E. coli
cells appear as green rods while non-viable E. coli cells shown as red rods.
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Figure 5. 8 Cell viability of E. coli DH5a after treating for 6 h with np-S thin films with ligament size of 13.1 nm, Ag thin films,
Al thin films, and TiO; thin films. The presented graph demonstrates the mean values *standard deviations for live

The toxic mechanism of silver in its nanostructures against a broad range of
microorganisms is still not fully resolved. According to the existing literature, two main
proposed mechanisms are well-established; direct-contact killing and ion-mediated killing
(Baker et al., 2005; Dakal et al., 2016). Nanoporous materials with a high surface area provide

numerous active sites for releasing Ag" ions, which can subsequently lead to the disruption of
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bacterial membranes. In this study, np-S thin films with an average pore size of 11.1 nm exhibit
a surface area that is ten times greater than that of their corresponding alloy counterparts (see
Chapter 7), thereby offering significantly more active sites for Ag" ions release. On the other
hand, the average pore size of the used np-S thin films in this work was small ranging from
11.1 to 15.5 nm. These sizes are considerably smaller than the smallest dimension of both P.
aeruginosa and E. coli DH5a, which are approximately 1 um and 0.5 um, respectively (Huang
et al., 2018; Wu et al., 2015b). Therefore, the bacterial cells are unable to penetrate the
nanopore structure of the thin films. This observation demonstrates that the antibacterial
performance of the thin films is likely due to increasing the surface area of the thin films rather
than internal bacteria absorption. In regard to the direct-contact mechanism, the antibacterial
action of nanoporous metals does seem to be due to damaging the bacteria cell wall or even
weakening its cell wall, which is a common mechanism for metal nanoparticles and other
antibacterial agents. However, the negative hyperpolarization of bacteria cell walls may be the
main reason for the antibacterial activity of nanoporous metals. This change in the electrical
state of the bacteria cell wall in turn leads to delicately disrupt ion channels, which are crucial
for regulating the flow of ions into and out of the bacteria cell, thereby impairing bacterial
function (Miyazawa et al., 2018). The reported antibacterial activity of nanoporous gold (NPG)
against E. coli (K-12) was attributed to the hyperpolarization of the bacterial cell wall by NPG.
This observation was recorded after 400 pL of the bacterial culture was dropped onto NPG and
then incubated for 48 h (Miyazawa et al., 2018).

Despite their enhanced surface area which promotes active sites for direct contact with
the bacteria and for releasing Ag" ions, the produced np-S thin films demonstrated very low
antibacterial performance, which may be attributed to many reasons such as large volume of
bacterial suspension (Duggan et al., 2024) relative to the np-S thin films’ surface area, which
may lead to saturated the surface of the np-S thin film with bacteria, thereby decrease the area
for releasing Ag" and for contact. Moreover, relative humidity may contribute to decreasing
the effectiveness of np-S as antibacterial agent. Hakamada and co-workers studied the
antibacterial activity of nanoporous gold (NPQG) against Escherichia coli and Staphylococcus
epidermidis by dropping 400 pL of suspension onto the surface of NPG, flat gold (FG) and
control. The samples were incubated for up to 24 h, in a humidity-controlled environment at
35°C. They concluded that the antibacterial performance of NPG is highly affected by relative
humidity (RH). NPG became less effective at a low RH of 15% and at a high RH of 90%. At
15 % RH, the bacterial suspension dried out, causing bacterial death. While at 90% RH, the
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increased thickness of the suspension prevented direct contact between the antibacterial agent
and the bacteria. Moreover, they found that the antibacterial performance of NPG is highly
affected by the pore size, NPG with small pore size (20 nm) demonstrated higher antibacterial
activity than NPG with large pore size (50 nm), especially at RH of 60%. (Hakamada et al.,
2017).
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Figure 5. 9 The measured absorbance using microplate reader.

Finally, the growth of E.coli DH5a cells were also tested after 24-h incubation at 37°C.
In this case, the measured OD using microplate reader indicates that, comparison to the
measured OD using spectrophotometer after 8-h incubation, there is a great reduction in
measured OD values for the treated E. coli cells from 1.5 to 0.55. This implies that the bacteria
are entering the death phase, in which the number of cells dying out exceeds number of new
cells being formed. Moreover, the high decrease in OD values for the treated E. coli DH5a
cells compared to the untreated bacterial cells reveals that the np-S, Ag, Al, and TiO; thin films
are effective in killing the bacterial cells. The treatments are causing a more significant decline
in bacterial density, which may be attributed to the use of small volume of bacterial suspension,
proving their enhanced antibacterial performance as Figure 5.9 shows.

In conclusion, the antibacterial activity of np-S thin films with different pore and
ligament sizes was tested against two different gram-negative bacterial strains, Pseudomonas
aeruginosa (P. aeruginosa) strain PAO1 and Escherichia coli (E. coli) strain DH5a. Two
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protocols have been employed to measure bacterial density: the dose-response assay in a 96-
well microtiter plate and the growth inhibition assay. The results indicated that np-S thin films
with varying pore size, ligament size and doses were ineffective in inhibiting P. aeruginosa
growth. However, the spectrophotometer recorded a slight reduction in the density of E. coli
DHS5a by np-S thin film with the smallest pore and ligament size, suggesting a modest

antibacterial effect on this strain.
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Chapter 6 Gradient Nanoporous Silver Thin Film: Correlating

Compositionally with Optical Properties and Surface Enhanced

Raman Scattering

6. Overview

Traditionally, the nanostructure variation in np-S has been achieved through separate
sample preparation and processing. This conventional method can result in inconsistent
conditions between each step. In this chapter, a novel technique has been employed to create a
continuously changing composition across a substrate in a single deposition process coupled
with a simultaneous, single-step dealloying procedure. By fabricating different nanostructures
under uniform conditions, this method allows for a more accurate comparison between
different sections of the np-S by reducing experimental variability. This is crucial for a clear

understanding of how nanostructure variations impact the properties of the material.

6.1 Objective of chapter

This study aims to use a magnetron-sputtered system to create a thin film of an Agjoo-
xAlx alloy. The constant current will apply to the two deposition guns during the deposition
process. However, the rotation of the sample holder will be discontinued. The aim is to obtain
the thin film with varying Al content. This crystal structure and composition of alloy thin film
will be examined under EDS and XRD at different positions to investigate the effect of this
method on the Al content and crystal structure of the film. The dielectric permittivities and
optical constants at the same positions will be extracted by modelling the ellipsometry data.
The obtained film will be used as a surface-enhanced Raman substrate after applying R6G as

a Raman probe, and then the Raman signal will be collected at the same positions.

6.2 Experimental details specific to this chapter

The AlxAgioox alloy thin film with a gradient composition and was sputter deposited
by DC magnetron sputtering onto a 76 mm x 26 mm glass slide substrate. Before deposition,
the substrate was cleaned with antibacterial spray then ultrasonically cleaned with acetone,
ethyl alcohol and Milli-Q water for 20 min in each solvent and blow-dried under nitrogen gas.
Ag, Al and Ti targets with a purity of 99.99% were used as sputter targets. The glass substrate
was covered by three layers of 5 nm of Ti as an adhesion layer (first layer), followed by 3 nm
of pure Ag (second layer), and finally by the Ag-Al alloy (top layer). The purpose of depositing
Ag layer is to guarantee that the thin film adheres to the underlying substrate and inhibits the

115



Bimetallic Nanoporous sponges

adhesion layer from being oxidized during changing the targets. To ensure a gradient
composition and thickness across the long axis of the sample was realized, the deposition
process was performed with a nonrotating sample holder. The sputtering chamber was
evacuated to a base pressure of 5.9x10™* Pa in argon ambient. The Ar flow was set to a fixed
rate of 60 sccm. The guns were tilted at 26° relative to the substrate normal, with a gap spacing
of approximately 84 mm between the target and substrate. The DC current applied to each

target is summarized in Table 6.1.

Table 6. 1 Sputter deposition parameters for preparing gradient AlyAgicoxalloy thin film.

layer Material Current Deposition rate Thickness Deposition time
(A) (nm/s) (nm) (s)
Adhesion layer .
1 Ti 0.130 0.04 5 327
2 Ag 0.040 0.11 3 43
Ag-Al alloy | Al 0.340 0.2
gREy e Gradient 756
Ag 0.040 0.11

The whole sample was subjected to dealloying process which was conducted using a
freshly prepared aqueous solution of 0.5 M NaOH at room temperature with varying durations
due to the differences in Al concentration, as demonstrated in Table 6.2. The sample that
underwent dealloying was rinsed with fresh Milli-Q water for cleaning, followed by ethanol

for drying. The dealloyed sample was stored in a vacuum desiccator to reduce oxidation.

Table 6. 2 Al concentration in the gradient AlLAgioox thin film alloy and dealloying time in 0.5 M NaOH

Sample No. pl p2 p3 p4 p5 p6 p7 p8 P9 p10 pll pl12 p13 pl4 p15
Position from sample 35 3 5,5 5 45 1 05 0 0.5 1 15 2 25 3 35
centre (cm)
Al concentration 38 40 4 48 51 55 59 60 62 66 70 76 78 80 81
(at. %)
Dealloying time (min) 27 25 23 21 19 17 15 13 1 9 7 6 4 3 2

The data were collected at fifteen points along the film surface as Figure 6.1 shows; the

distance between each two points was 5 mm.
Increasing Al concentration

AgAlalloy ;i o5 ieigs oos i i is s

Pl p2 p3 p4 p5 p6 p7 p8 p9 pl0 pll pl2 pl3 pl4plS

Increasing pore fraction

NPS

B5 0 05 1 15 2 25 3 35
p7 p8 p2 pl0 pll pl2 pl3 pl4 pl5
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Figure 6. 1 A schematic figure illustrating the top-view of the sample surface of (a) the gradient thin film alloy and (b) the
gradient nanoporous silver thin film, showing the points where data was collected.

6.3 Results and Discussion

6.3.1 Investigation chemical composition and thickness of alloy and G-np-S
thin films

The elemental composition of the position dependent AlxAgioox thin film alloy was
determined by EDS. As seen in Table 6.3, the Al concentration ranges from 38 to 81 at. %. The
approximate thickness of the G-AlxAgioo-x alloy was measured at each position. The measured
thickness values are listed in Table 6.3. It is found that the thickness of the alloy layer increases
with the increase in Al content because the deposition rate from the Al target is higher than that
from the Ag target.

The EDS analysis of the G-np-S sample revealed the presence of residual Al through
dealloying in the 0.5 M NaOH solution; the results are shown in Table 6.3 below. The results
in Table 6.3 indicate that the residual Al content of the dealloyed sample increased with
increasing the Ag concentration in the precursor alloy. Previous studies on np-S through the
process of dealloying melt-spun Al-Ag alloy ribbons in 20 wt % NaOH aqueous solution have
provided evidence that np-S typically retains a certain amount of residual Al, typically in the
range of several atom percent (Wang et al., 2009b). Hence, it is justifiable to conclude that the
tiny quantity of residual Al identified using EDS is expected to be trapped inside the Ag
ligaments as a solid solution, especially with the Al concentration between 81 and 48 at.%. In
contrast, the residual Al at the high Ag concentration (alloy with less than 48 at.% Al) refers
to the existence of the d-Ag,Al, which is stable in an alkaline solution and can be partially

dealloyed in the alkali solution (Wang et al., 2009b) (I Yamauchi et al., 2003).

Table 6. 3 Chemical composition, thickness of the gradient Al,Agioox thin film alloy, and thickness of G-np-S thin films
extracted from the ellipsometry model.

Sample Alloy composition Thickness Thickness of G-np-S  Concentration of residual Al
No. (nm) (nm) (at. %)
pl 62 at. % Ag- 38 at. % Al 114 85 19.4
p2 60 at. % Ag- 40 at. % Al 129 93 15.1
p3 58 at. % Ag- 42 at. % Al 137 102 12.4
p4 52 at. % Ag- 48 at. % Al 143 109 10.6
p5 49 at. % Ag- 51 at. % Al 160 123 11.1
p6 45 at. % Ag- 55 at. % Al 181 141 10.6
p7 41 at. % Ag- 59 at. % Al 193 156 9.1
p8 40 at. % Ag- 60 at. % Al 206 163 8.8
p9 38 at. % Ag- 62 at. % Al 219 170 8.6

p10 34 at. % Ag- 66 at. % Al 223 184 8.1
pll 30 at. % Ag- 70 at. % Al 227 189 7.7
p12 24 at. % Ag- 76 at. % Al 252 193 7.8
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pl3  22at. % Ag-78at. % Al 261 206 74
pl4 20 at. % Ag- 80 at. % Al 273 234 6.1
pl5 19 at. % Ag- 81 at. % Al 301 256 5.8

6.3.2 Phase constitution of the G-AlxAg100-x alloy and G-np-S thin films
Three crystallographic phases can be identified from the G- AlxAgioox diffraction

patterns as shown in Figure 6.2, face-centred cubic (fcc) a-Ag (with Al in solid solution) phase,
hexagonal close packing (Ahcp) 6-Ag2Al phase and face-centred cubic (fcc) (Ag, Al)wc phase.

Two phases, 0-Ag2Al and (Ag, Al)r., are present in some samples. Those results are at
the positions of pl, p2, and p3 show one predominant peak at 38.9° and other small peaks at
41°, 72° corresponding to 0-AgrAl intermetallic phase with hexagonal primitive structure and
space group of P63/mmc. A minimal amount of a solid solution (fcc) metastable a- phase is
revealed by peaks at 44° and 78°, assigned to the diffraction from (200) and (311) planes.

Similarly, the same two phases were detected at the positions of p4, p5, p6 and p7 where
the Al concentration increased further, as Figure 6.2 a and b demonstrated. However, the XRD
in Figure 6.2 a and b show that the substantial diffraction peak shifts from 38.9° due to an
increasing contribution from the (Ag, Al)rc (111) peak at 38.64°. The other three diffraction
peaks grow at the 20 values of 44.80°, 65.28°, and 78.40°, attributed to the (200), (220), and
(311) diffraction planes of a single face-centred cubic (Ag, Al)wc phase with space group
Fm3m. The peak shift may be due to the small size of the Al atom compared to the Ag atoms
in the 6-Ag>Al phase, whose volume fraction increases with increasing the Ag content (Zhao
et al., 2017), which may lead to the reduction of the unit cell as Figure 6.3 shows. At these
positions, the amount of 6-Agz>Al intermetallic phase with hexagonal primitive structure and
space group of P63/mmc started to decrease, just one peak at around 26 value of 41.8° with an
exceedingly small intensity was detected, and the peak can be ascribed to the (101) diffraction
plane. These results for the positions from p1 to p6 are in good agreement with the results of
Mao et al. (Mao et al., 2016) for their gradient AgAl thin films prepared using a magnetron
sputtering system.

The XRD diffraction pattern in Figure 6.2 b and c clearly demonstrate that at the
positions of p8, p9, pl0, pl1, pl12, p13, pl4 and p15, the 6-Ag>Al phase disappeared, and the
precursor AgAl alloy consists of one distinct phase, namely, face-centred cubic (fcc) metastable
a-phase phase with space group Fm3m. The detected XRD peaks were designated to the
diffraction of the (111), (200), (220), (311), and (222) planes. The absence of 8-Ag>Al phase at

these positions can be linked to inadequate thermal activation during the deposition process.

118



Intensity [arb. units]

Bimetallic Nanoporous sponges

}_.3,5 A #(Ag, Al),_, A FAg Al |_—1 * *(Ag, Al AB-AgAl
(a

P P .

g (b) = - _ _
g8 g 8 ] %
iz A A A -

[ T P | | P R | [ B P B BT B | | | | I P B T BT Y
: 8 :
R ~ =
T
L b o b o L o b o 1 . 1 5 1 o | 5 E x B w0 a0 o 0 o 0 o 0 o0 0 0 8 .1 0.0,
5 [—o] _s
g =N -
= =, 2 R =
3 -y : * E
‘0
[P TP M P T S P EPEE PR PN IR AP c I I T I T T
[—2] _= -
s £
x A
I SIS S . . . Ml BME M PR P P I P P P M M B
I
= §% g z
= & =
AT ey s
I DR R TN EEN T B B BEEN E E BEE B Y L1 1 M " s d b L. B . & s B "N
20 25 30 35 40 45 S50 55 60 65 70 75 80 85 90 20 25 30 35 40 45 5 & 60 65 70 75 80 85 90
26 (degree) 20 [degree]
|=——35] =+ *(Ag, A,
s —
8 5 o
A AT
[l [l [P S A R e
—1E
- =]
=l § = -
" 3 z §
— L A T
z
— P Y 2 0 a6 b o 0 .0 .01 .1 | Y
§ [—as5
o - -
s § g
2 b < £
]
c
3
£

#(211)
#(222)

Y #(220)
> # (311)
#(222)

PR R R R R T R R R .

20 25 30 35 40 45 50 5 60 65 70 75 80 85 90
20 [degree




Bimetallic Nanoporous sponges

Figure 6. 2 XRD diffraction patterns of the as-deposited gradient AlAgioo alloy thin film with different Al compositions, a)
at position p1, p2, p3, p4 and p5 b) at the position of p6, p7, p8, p9 and p10, and c) at the position of p11, p12, p13, p14
and p15. The patterns illustrate that the alloy thin film consists of three distinct phases: (fcc) a-Ag (Al) phase, (hcp) 5-AgAl
phase and (fcc) a-Ag (Al) phase. The patterns show that the 6-Ag.Al phase existed with decreasing Al content, whereas the
a- Al (Ag) phase dominates when the concentration of Al increased.

The lattice parameters and unit-cell volume of the gradient thin film at different
positions varied systematically between 0.417 nm and 7.269 nm? for the lowest Al content, and
between 0.405 nm and 6.626 nm?® for the highest Al content. These values are consistent with
the reported values of Ag (0.417 nm and 7.262 nm?) and Al (0.405 nm and 6.623 nm?) in the
Crystallography Open Database's entries ID no. 9013053 and 9611602, respectively. The
lattice parameter and unit-cell volume values have been graphed against their corresponding
positions as Figure 6.3 illustrated. The lattice parameter and unit-cell volume exhibit a drop as
the Al concentration increases, indicating a non-linear relationship that deviates significantly
from Vegard's law.

The crystal structure of a dealloyed G-AlxAgioox alloy thin film in 0.5 M NaOH
aqueous solution at room temperature was investigated using GIXRD. As displayed in Figure.
6.4 a, b and c, the initial (Ag, Al)rc phase completely disappeared, and the 5-AgrAl
intermetallic phase was partially dissolved upon de-alloying in 0.5 M NaOH solution. A new
set of peaks emerged at the 20 values of 38.24°, 44.4°, 64.8°, 77.6° and 82.1°, which can be
ascribed to the diffraction of the (111), (200), (220), (311) and (222) planes of (fcc) metastable
a-phase with space group Fm3m. The residual (hcp) 8-AgoAl phase was observed at the
position of p1, p2 and p3, at the 20 values of 38.9°, 41.4° and 71.8°, and the peaks assigned to
the diffraction of (002), (101) and (103) planes. The lack of complete dealloying of 6-Ag>Al
can be attributed to the stability of 6-Agr>Al on alkali (Wang et al., 2009b) (I Yamauchi et al.,
2003).

The lattice parameters and unit-cell volume of the gradient np-S at various places were
measured to be 0.4078905533 + 0.0006608158 nm and 6.7863204 + 0.0329982848 nm?,
respectively, as depicted in Figure 6.4. This falls within the reported range of values for pure

Ag, as indicated by the COD entry number 9011607.
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gradient AlyAgio0x alloy and np-S thin films, the lattice parameter.

*a-Agial) A s-AgAal — 1 y *a. Ag [Al)
(b _
= = =
F - 8 T o
i : s 8
E ﬂi o AT
Pl I R N P e L L ' IR B
- 5 = 8 T a
g e = = 8 oo
- X % — ~ Fa
-]
_— ' P A B T T R .E ] | | B N BN N e
S L 25] _* 5
> E
£ § > T i3
[ e * = = - o
5 - o b ~ R
E P | [ i P | ' | [ L [ L. E P rE I R
= L2 _= =
2 = = =
- : 8 58
* * 3
o, N
I P T | | | '] 'l B B . 0 . 1 . 1 .1,
7 g - & g £
* 3 - * 5
FEE R R R B IR R BN B R PR e M B B R B RN N T T I
20 25 30 35 40 45 S50 55 60 65 70 75 80 85 90 20 25 30 35 40 45 50 55 60 65 V0 75 80 85 90
26 [degree] 20 [degree]

121



Bimetallic Nanoporous sponges

*a Ag [Al)
b 2 8
2\ P
| | 1 L i L i L i L L L L
. ig
* ;._.
L o
@
=Lnlnlnl '] i '] i | T . | | - | [l
= 2.5 *
> =
2 = o 5 =
= * 9 = &
&, i F 8
- *
=
g Ll 1 'l [ 'l [ 'l [ 'l 'l 'l 'l
2L
£
= = -
8 = g
&* T -
% AT
'] 1 [ 1 [ [ [ []
=) = -
I 53
A T
| | i '] i I R B DR B BN B Y

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

20 [degree]

Figure 6. 4 XRD patterns of the de-alloyed gradient nano-porous silver (G-np-S) thin film, a) at the position of p1, p2, p3, p4
and p5 b) at the position of p6, p7, p8, p9 and p10, and c) at the position of p11, p12, p13, p14 and p15. The patterns
demonstrate that the a-Al phase and 5-Ag,Al phase were dissolved upon dealloying in NaOH solution, and the Ag atoms left
behind at the passive surface, which exhibit small nanopores structure.

6.3.3 Influence of changing the Al concentration on the morphology of the

G-np-S thin film

Nanostructure of the G-np-S thin film formed through the chemical dealloying of the
G-Alx Agioox alloy (x= 38 to 81at.%) in the 0.5 M NaOH solution are shown clearly in top-
view SEM images presented in Figure 6.5 (a-o0). The surface morphologies of the nanoporous
exhibit homogeneous and bi-continuous ligament-pore structures with length scales of several
tens of nanometers.

For the sponges formed at the distance of p1, p2 and p3, as SEM images in Figure 6.5
(a-c) shows, the nanoporous structure of G-np-S can be observed at higher magnification SEM
images (insets), no apparent cracks can be remarked on the surface views of the fabricated
gradient sponges as low magnification SEM images show. With the decrease of the Ag content
in the precursor alloy thin film, the surface morphologies of the resulting G-np-S change

obviously, as Figure 6.5 (c-0) displays. A small number of tiny cracks with lengths between a
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few nanometers to several hundred nanometers start to form and can be detected on the surface
of the sponges generated at p4, p5 and p6, as demonstrated in Figure 6.5 (d-f). The dimensions
and quantity of the cracks progressively increase in the subsequent positions at p7 to p15. The
presence and characteristics of cracks in the sponges depend on their original composition,
whereby a lower Ag content in the precursor alloy corresponds to a higher occurrence of cracks
as demonstrated in Figure 6.5 (d-0). Some large cracks can reach several micrometers in length
and sub-micrometers in width, as Figure 6.5 (f-0). Cracks are frequently observed in
nanoporous metals, including nanoporous gold films (Lu et al., 2007; Sun & Balk, 2008),
monolithic nanoporous copper (Hayes et al., 2006), np-S films (Li & Lu, 2021; Yuan et al.,
2021), monolithic np-S ribbons (Wang et al., 2009b), and so forth. The mechanisms behind the
formation of the cracks remain poorly understood till now. However, several research groups
have investigated the underlying causes of crack formation. According to Sun et al. (Sun &
Balk, 2008) and Lu et al. (Lu et al., 2007), it has been postulated that the presence of cracks in
NPG can be attributed to the phenomenon of volume shrinking. Hayes and co-workers (Hayes
et al., 2006) argued that the presence of cracks in the monolithic NPC can be attributed to many
reasons, including residual stress, capillary forces resulting in "mud-cracking," or coherency
stresses between the alloy and the dealloyed copper. Wang and colleagues (Wang et al., 2009b)
have suggested that the presence of cracks in monolithic NPS may be attributed to residual
stress resulting from the significant volume reduction.

The formation of the nanopore structures by dissolving parent alloy to produce
bicontinuous and interconnected pore/ligament occurred by the contribution of two main
processes: (i) roughing due to the dissolving of active atoms, which has a lower electrode
potential and (i) coarsening process caused by the surface diffusion of less active atoms to the
rearrangement and growth of ligaments and pores, which interact in a complex mechanism
(Chen & Sieradzki, 2013; Yi Ding et al., 2004; Erlebacher et al., 2001b; Yu et al., 2008). The
variations in the dissolution rate of the active element and the surface diffusion of noble metal
can both cause different stress and, thus, the distinct architecture of nanoporous structures
(Wang et al., 2009b) (Huang et al., 2017). The findings in Table 6.4 indicate that the surface
diffusion rate Dy (derived using Equation 2.1) of Ag adatoms is influenced by the concentration
of Al component in the initial alloy; the surface diffusion rate of Ag increases with decreasing
the Al concentration.

Consequently, the augmentation of the Al concentration from 38 to 81 atomic percent

(at.%) resulted in a reduction in the surface diffusion of Ag adatoms along the interfaces of the
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alloy and electrolyte, which decreased from 1.82x107" to 0.32x107" m? s!. Therefore, the fine
and tiny pores demonstrated in the high magnification SEM images in Figure 6.5 (n and o) can
be attributed to the partial immobilization of Ag atoms, which impedes the surface diffusion of
Ag atoms along the ligaments. The values of D, provided in Table 6.4 exhibit a significant
decrease of almost three orders of magnitude compared to the surface diffusion value
(10" m%s!) of Ag adatoms obtained by the dealloying process of Ag-Al alloys at 363 K in
various solutions, including H>SO4, H3PO4, C2H204 and HCl solutions, as reported by Song et
al. (Song, Gao, Zhang, & Zhai, 2011). Furthermore, the calculated values presented in Table
6.4 exhibit a higher significance level than Ag's intrinsic surface diffusion coefficients, which

have a value of (102 m? s™!) by almost one order of magnitude (Li et al., 2017).

Table 6. 4 The calculated Ag surface diffusion rates during the dealloying process, it is clearly demonstrated moving to the
position with higher Al concentration led to decrease surface diffusion.

Sample No. pl p2 p3 p4 p5 pé p7 p8 P9 p10 pll p12 p13 pl4 p15
Position from

sample centre (cm) 3.5 3 25 2 1.5 1 05 0 0.5 1 15 2 25 3 35

Ag surface diffusion 1.87 1.68 1.51 1.48 1.47 1.41 136 137 135 134 135 132 104 029 032

(SD) (x10"° nm?s™)

Additional investigations into the G-np-S film's nanopore structure, as shown in Figure
6.5 inset, reveal that the measured pore and ligament diameters fall within the 10 to 30 nm
range and that their diameters increase linearly with the precursor alloy's Ag content.
According to the research, pore and ligament sizes between 1 and 100 nm show a highly

sensitive SERS surface (Kleinman et al., 2013).




Bimetallic Nanoporous sponges

125



Average size (nm)

Bimetallic Nanoporous sponges

& ; 5 .
Figure 6. 5 Top-view SEM images collected at different distances from the centre of the G-np-S, (a) at p1, (b) p2, (c) p3, (d)
p4 (e) p5, (f) p6, (g) p7, (h) p8, (i) P9, (j) p10, (k) p11, (I) p12, (M) p13, (n) p14 and (o) p15. The low-magnification SEM
images clearly show the existence of cracks on the surface of the sponges (scale bar 1 um), and the high-magnification
images (inset) demonstrate the nano-porous structure of the sponges (scale bar 200 nm).

It is evident from Figure 6.6 that the pore is smaller in diameter compared to the
ligament. Beyond that, as the relationship in Figure 6.7 shows, the density of the pore decreases

when moving along the sponge from p1 to p15.
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Figure 6. 6 (a) Histogram of the average pore size (red) and average ligament size (blue) of the G-np-S of 100
measurements using imagel software, and error bars indicate. (b) the volume fraction of Ag extracted from XRD refinement
of the diffraction patterns and used for modelling the ellipsometry data.
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Figure 6. 7 Position dependence of pore density of G-np-S thin film (shown by filled symbols).

6.3.4 Effect of nanoporous structure on the optical properties

The plasmonic behaviour of nonmagnetic nanomaterials during the interaction with
electromagnetic waves is commonly characterized by its intrinsic properties, such as dielectric
permittivity (effective dielectric functions) or optical functions (effective refractive index) (Y.
Li et al., 2021). Investigate the permittivity € (w) of the involves analysing the real ¢;, which
represents the polarization ability caused by the electric field, and imaginary &> portions, which
corresponds to energy losses resulting from this phenomenon (West et al., 2010). Figures 6.8
(a, b, c, and d) and 6.9 (a, b, c, and d) show the generated ¢; and ¢2 as functions of photon
energy, along with the refractive index » and extinction coefficient & as functions of wavelength
for the G-np-S and alloy thin films, respectively. Two optical models, depicted in Figure 3.18,
were designed to obtain the optical properties of the material by studying the interaction
between polarized light and the gradient alloy and np-S thin films.

The optical properties of the gradient morphology np-S thin film, interacting with
electromagnetic radiation with photon energies ranging from 0.49 to 4.1 eV, are demonstrated
in Figure 6.8 (a, b, ¢, and d). Pore and ligament size and their distribution are significant factors
affecting the optical properties of nanoporous materials, as these dimensions influence the
scattering mean free path of photons. Moreover, non-uniform distribution and irregular shape
of pores and ligaments in nanopore structures lead to the occurrence of anisotropic scattering

(Dixon et al., 2007).
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The investigation of Figure 6.8 a indicates that the nanoporous silver thin film with
gradient morphologies exhibits a red shift in the plasma frequencies, ranging from 3.70 eV at
position P7 to 0.78 eV at position P15. However, the expected red shift of the plasma
frequencies from positions P1 to P6 cannot be noticed, as the measurements did not extend
beyond a photon energy of 4.1 eV. The plasma frequencies of the np-S at positions P1 to P6
expected to be higher than the frequency of the incident electromagnetic field. As a result, the
np-S at these positions displays a negative real part of the dielectric function due to the high
density of free electrons, behaving like bulk metallic material (Wiederrecht, 2010). At these
positions, the nanoporous silver exhibits average pore sizes larger than 20 nm, ligament sizes
larger than 23 nm, and silver volume fractions exceeding 45 wt.%. The oscillating free
electrons reflect the incident electromagnetic radiation, at the same time, a significant portion
of the radiation is absorbed by the np-S due to increased surface plasmon resonance, leading to
an increase in the imaginary part of the dielectric function, as demonstrated in Figure 6.8 b.
Many studies revealed that the high ¢> values are related to the optical losses that result from
interband transition, intraband transition (Erwin et al., 2016), and electron surface scattering
by grain boundaries (West et al., 2010), surface roughness (Sardana et al., 2014), lattice defects
(West et al., 2010), and porosity (Sardana et al., 2014).

However, the real dielectric function ¢; for np-S formed at positions from p7 to p15
increases with the increase of photon energies in the near-infrared range and then reaches zero
at specific photon energies (0.78, 0.93, 0.99, 1.09, 1.74, 1.75, 1.98, 2.85, and 3.70 eV) at
corresponding distances from the center of the sample (p7 to p15) as Figure 6.8 a (inset) shows,
and beyond these photon energies, the real part of the dielectric constant becomes positive. The
np-S thin film at these positions exhibits a significant shift from the natural Epsilon-Near-Zero
(ENZ) photon energy for the bulk Ag. These ENZ transitions indicated a red-shift in the plasma
frequency w, compared to the bulk silver value reported by literature, which is a real fraction
of their permittivity that becomes essentially zero in the ultraviolet range (Zeman & Schatz,
1987), as Figure 6.8 a shows. This observation is consistent with those obtained by other
studies, which indicated that the plasma frequency @, of nanoporous gold exhibits a spectral
red-shift due to its lower density than bulk materials (Abbas I Maaroof et al., 2007; Ruffato et
al., 2011). Furthermore, several studies have demonstrated that the porosity of nanoporous
materials has a huge influence on the plasma frequency (Carton et al., 2013; Smith & Earp,
2009). Hence, the red-shift observed in the w, can be ascribed to the reduction in pore diameter

from 21 to 11 nm and ligament diameter from 23 to 10 nm, combined with the decrease in the
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fraction of Ag from 46% to 36% as shown in Figure 6.8 b. This frequency is often called the

shielded plasma frequency w,, which is lower than w, (Abbas I Maaroof et al., 2007). Based

on the effective medium theory, noble metals can be incorporated into a dielectric host medium

to create ENZ materials at visible or near-infrared frequencies (Gao et al., 2013; Sihvola, 1999).

As the fraction of the Ag metal decreases, a lesser amount of the electromagnetic wave travels

through the material, resulting in reduced optical losses as Figure 6.8 b demonstrates.

Conversely, field localization weakens, and the electromagnetic field expands across a greater

volume (Jaksi¢ et al., 2018).

B, & b o - ~a
th R gh = g @ B = v RN

b
n

10 15 20 25 30

Photon energy (eV)

Wavelength (nm)

s

500 1000 1500 2000

Refractive index {n)

Imaginary part of dielectric function e,

Position from sampis

cantre (cm)

—5
—3
— 25
—2
—a5
4
—a5

Position from sample center (cm)

-3.5

25 30 35 40

20
Photon energy (eV)

10

1000 1500
Wavelength (nm)

2000

Figure 6. 8 Variation of dielectric permittivity with photon energy at different positions on the G-np-S thin film, (a) real parts
&1, (b) imaginary parts &, and colour map of (c) refractive index n and (d) extinction coefficient (k) as a function of position

at each spatial position of the G-np-S thin film.

Upon examination of €; and ¢; of the gradient alloy thin film, which is displayed in

Figure 6.9 a and b, it is evident that &; values invariably remain negative, indicating a metallic
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nature of the gradient alloy at all positions of the gradient thin film. Figure 6.9 b demonstrates

that as the Al concentration decreases, ¢ exhibits an increase, especially at photon energy

values ranging from 1.5 to 4.1 eV. On the other hand, colour maps in Figure 6.9 ¢ and d show

that both n and k indicate a linear relationship with position (Al concentration) across the whole

range of the wavelengths. This finding is compatible with the dielectric permittivity data

presented in Figure 6.9 a and b, demonstrating a linear relationship with composition (position)

and providing further evidence of their linear dependency on composition.
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The small peak observed at a photon energy of about 3.9 to 4 eV in Figure 6.8 a is

assigned to interband transitions from 4d-band to Ssp-band (Erwin et al., 2016), since the onset

of interband transitions for Ag occurs at about 3.9 to 4 eV (Irani et al., 1971; Johnson & Christy,

1972). The results depicted in Figure 6.8 a demonstrates that the nanoporous structures formed
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at various locations on G-np-S thin film exhibit plasmonic solid behavior. This is evident from
the fact that the wavelength position of interband transitions, determined by the metal
composition, remains relatively constant even when the void content varies (Abbas I Maaroof
et al., 2007).

Due to the small nanopore feature sizes compared to the wavelength of the wave (1),
localized surface plasmon resonance (LSPR) can be induced across the electromagnetic
spectrum, from ultraviolet (UV) to near-infrared (NIR) (Koya et al., 2021). The resonance
position is affected by several factors, including the nanoparticles' dimensions and
morphology, as well as the properties of the surrounding medium. It helps to manipulate the
resonance throughout a broad spectrum of frequencies (Garcia, 2011; Kreibig & Genzel, 1985).
As displayed in Figure 6.8 a, the peak at the short photon energies is sensitive to the change of
the nanostructure sizes; it becomes narrower, and a redshift is observed as the pore and
ligament sizes and Ag fraction decrease. This peak can be assigned to LSPR excitation.

It is known that introducing nanopore structures into a material is an appropriate way
to achieve material with a reduced refractive index (Liu et al., 2012). Figure 6.8 c represents
the refractive index map as a wavelength function. The data demonstrates a positive correlation
between pore size and refractive index. The regions located at distances ranging from p7 to p1
exhibit the lowest refractive index values within the infrared (IR) spectrum. Subsequently, the
refractive index experiences a gradual increase at subsequent positions due to the progressive
increase of the pore diameters. This phenomenon can be attributed to the correlation between
the increase of pore diameter, the increase of light scattering and the resulting prolongation of

light path or light trapping (Pham et al., 2012).

6.3.5 Effect of nanoporous structure on the SERS intensity

To showcase the SERS capability of the prepared G-np-S thin film, R6G has been
chosen as the probe molecule. The decision was based on the fact that R6G is a highly
fluorescent xanthene derivative that exhibits a molecular resonance Raman (RR) effect when
stimulated within its visible absorption band at around 530 nm (Hildebrandt & Stockburger,
1984; Le Ru et al., 2007) with the enhancement as significant as 10'* to 10'° (Zhao et al., 2007).
For this particular situation, a very low concentration of R6G was employed because of the
exceptional sensitivity achieved by the synergistic effect of molecular resonance and surface
enhancement (SERS) (Hildebrandt & Stockburger, 1984). Moreover, the R6G molecules have
a higher affinity for adsorption on Ag (111) (Yuan et al., 2021), which is a dominant facet for

the present nanoporous thin film.
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The SERS spectra of a 10 M concentration of R6G on four distinct SERS substrates,
namely glass substrate, Ag thin film substrate, gradient alloy thin film substrate, and G-np-S
thin film substrate, are displayed in Figure 6.10. It is evident that the G6R did not produce any
SERS signals when the spectra were acquired using the identical acquisition procedure and
conditions on the glass slide, Ag thin film, and alloy thin film substrates, which can be
attributed to the low surface roughness of the thin film alloy, measured to be 3. It is important
to note that a surface morphology with a roughness scale of 50~200 nm is essential for

achieving a significant enhancement factor (Tian et al., 2002).
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Figure 6. 10 SERS spectra of R6G on the G-np-S thin film collected at different positions.

The intense Raman bands of the R6G dye adhered at 15 positions on the G-np-S thin
film were recorded at specific wavenumbers: 611 cm™ (corresponding to the C-C-C in-plane
bending vibration), 773 cm™! (associated with the C-H out-of-plane bending), 1127 cm™!, 1183
cm! (related to the C-H in-plane bending), 1310 cm™, 1573 cm! (assigned to the N-H in-plane
bending) (Wu et al., 2016), 1360 cm™!, 1573 cm™!, and 1649 cm™! (indicative of the aromatic C-
C stretching vibration) (Yuan et al., 2021). These results are consistent with those available in
the literature (Hildebrandt & Stockburger, 1984; Huang et al., 2017; Kudelski, 2005; Le Ru et
al.,, 2007; R. Li et al., 2014; Qian et al., 2007; Wu et al., 2016; Zhang et al., 2011). The

experiment was repeated several times to strengthen the credibility of the results, with SERS
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spectra collected from four random points at each position, as shown in Figure 6.11. The
standard deviation was then calculated based on the SERS intensity at the Raman band of 1649
cm !,

Because the pores and ligaments are smaller than the laser-beam spot (approximately 1
um in diameter), it is feasible to obtain almost identical spectra from different locations at the
same position using the same acquisition process. The low values of standard deviation
demonstrate this, as Figure 6.11 shows. The spectra exhibit variations in both bandwidth and
relative intensity at different locations. The G6R on the np-S structure formed at p15 displayed
the most intense SERS signal, particularly at 1183, 1360, 1507, and 1649 cm™ Raman bands.
It is found that the intensity of the Raman band of 1649 cm™! for the np-S evolute at p15 is more
than 11 times greater than that at p1, as shown in Figure 6.10 and Figure 6.11. Structurally, at
this position, the np-S exhibits the smallest pore and ligament diameter (11 and 10 nm,
respectively) compared to other sites, as Figure 6.5 and Figure 6.6 a show. Furthermore, a
gradual decrease in the SERS intensities was observed as moved along the x-axis of the G-np-
S thin film, corresponding to a decrease in the sizes of the pore and ligament. The Raman
intensity exhibited its minimum values at p1 (distance of -3.5 cm from the sample's centre),
corresponding to the produced np-S with the largest pore and ligament sizes of 28 and 31 nm,
respectively. Numerous studies have indicated that enhancing the Raman signal depends on
nanopore size. According to Qian et al. (Qian et al., 2007), the Raman band of R6G at 1650

cm™!

on np-Au with average pore sizes of 5 nm exhibited an intensity 100 times higher than
that of R6G on np-Au with average pore sizes of 700 nm. The signal enhancement of Raman
for the R6G on NPS was less significant, as stated by Li and his colleagues (R. Li et al., 2014).
They found that the intensity of R6G at 1650 cm™ was almost one order of magnitude higher
for the NPS with average pore sizes of 25 nm than that of big pore sizes of 100 nm. On the
contrary, the nanoporous copper (NPC) with average pore sizes of 34 nm displayed a
significant intensity at the wavenumber of 1650 cm™, compared to the NPC with larger pore

sizes of 118 nm (Chen et al., 2009).

133



Bimetallic Nanoporous sponges
70000
(b)

65000 -
60000
55000 -
50000
45000
40000
35000
30000
25000 -]
20000 -
15000 -
10000

Raman intensity at 1649 cm’” (a.u.)

5000 o
0
rrererrerrerTrerT T T T T T T T T T T T T T T T T

-4.0 -3.5 -3.0 -25 -20 15 -1.0-0.5 0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0

Position from sample centre (cm)

Figure 6. 11 position dependence of the R6G at 1649 cm™ of the aromatic C-C stretching. The solid line is a guide to the eye.
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In general, SERS activity of the G-np-S thin film can be attributed to various factors,
including the high surface area of the nanopore structures, which provides a multitude of spots
for probe molecules to adhere, then detect the signals from a more significant number of
molecules, hence enhancing the signal. Moreover, the electromagnetic (EM) enhancement
mechanism plays a significant role in enhancing Raman signals, which is linked to enhanced
local fields resulting from surface plasmon resonance excitation (Ko et al., 2008; Qian et al.,
2007; Sur & Chowdhury, 2013). According to Figure 6.8 a, the np-S structure at p15 displayed
the most intense LSPR peak in the visible region. This structure has an average pore size of 11
nm. Figure 6.8 a shows that the peak was close to the wavelength of the excitation laser.
According to Wu and his colleagues, the Raman enhancement seems unrelated to the SPR
spectral position but was instead linked to the size of the nanoparticles (Wu et al., 2016). As
shown in Figure 6.8 a, the LSPR peaks became weaker and broader, increasing the nanopore
sizes as they moved from p14 to p7. Eventually, the LSPR disappeared for the np-S generated
at the sites from p6 to pl. However, the SPR is known to be highly responsive to the dielectric
permittivity of the surrounding medium in contact with the metal surface. Consequently, the
resonance positions could be altered when the R6G molecules are adsorbed on the np-S thin
film, even with just a few molecules binding events (Garoli et al., 2019). Additionally, the EM
enhancement could be raised due to the high-density “hot spots™ that can emerge at the
subwavelength porous matrix (Garoli et al., 2019), as well as at nanoparticle junctions and flat

metal surfaces that sustain plasmon resonances. Many studies indicated that molecules
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confined within the narrow gaps between metal nanoparticles significantly enhance Raman
signals.

The active sites of SERS are not exclusively caused by the EM enhancement near the
metal surface but also results from the effect of chemical enhancement (Baia et al., 2005;
Balmes et al., 2005; R. Li et al., 2014; Moskovits & Jeong, 2004; Qian et al., 2007). As the
R6G, which is cationic, can bind to the surface of the gradient nanopore structure thin film,
lead to complete charge transfer from the np-S to the dye (Zhao et al., 2007) and hence enhance
the Raman signal.

Calculating the EF is a critical factor to evaluate the effectiveness of the G-np-S thin
film as a SERS substrate. The EF was calculated using Eqs. 3.8 and 3.9, which are presented
in the methodology section, and following the method described in Reference (Zhang et al.,

2011). Table 4 below illustrates the EF of G-np-S at different positions.

Table 6. 5 Enhancement factor calculated using Eqs. 3.8 and 3.9 at different positions on the surface of the G-np-S thin film

Sample No. Position from Enhancement
sample centre factor (EF)
(cm)
pl -3.5 3.43x108
p2 -3 4.19x108
p3 -2.5 4.61x108
p4 -2 6.30x10°
p5 -1.5 7.73x10°
p6 -1 9.64x108
p7 -0.5 1.52x107
p8 0 1.97x107
p9 0.5 2.14x107
p10 1 2.53x107
pll 1.5 2.56x107
p12 2 2.58x107
p13 2.5 3.18x107
pl4 3 3.79x107
p15 3.5 3.93x107

The EF values are directly correlated with the pore sizes, as evidenced by the data
presented in Table 6.5. Decreasing the size of nanopores enhances the Raman signals and,
thereby, the EF. Notably, the EF values obtained in this study are higher than those reported
for np-S substrates in the literature review section, even when employing comparable
concentrations of the probe molecules. This is also clear when comparing data for nanoporous
copper substrates (Hu et al., 2018). The findings are consistent with EF values reported for
nanoporous gold (Fang et al., 2014).

It can conclude that the magnetron sputtering system has been used effectively to
produce a gradient Agioo-xAlx alloy with a broad range of Al compositions between 38 and 81

at.%, by applying constant current to the two targets. As the Al content in the precursor alloy
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increases from 38 to 81 at. %, the average pore and ligament sizes decrease gradually from 28
to 11 nm and from 30 to10 nm, respectively. These results indicate a clear correlation between
the Al content in the starting alloy and the pores density, average pore and ligament sizes.

Varying the Al concentration in the precursor alloy allows for control of the formation
of cracks after dealloying in a 0.5 M NaOH solution. The cracks form when the Al content
increases from 48 to 81 at.%, and their diameter becomes broad. The nanopore structures
typically get finer at these positions. The mechanism behind the formation of the cracks after
dealloying is not fully understood yet. The proposed mechanism assumed that the cracks may
be formed due to volume shrinking, residual stress, capillary forces resulting in "mud-
cracking," or coherency stresses between the alloy and the dealloyed film.

A red shift towards longer wavelengths was observed in the plasma frequency w, when
the average pore size decreased from 21 to 11 nm, the average ligament size from 23 to 10 nm,
and the Ag fraction from 46 to 36 wt.%. This trend indicated a decrease in metallic behaviour.
The np-S thin film with Al concentrations between 59 and 81 at.%, displayed non-metallic
behavior at the wavelengths ranging from 350 to 1610 nm, respectively. The np-S produced by
dealloying the Agioo-xAlx alloy with Al content between 60 and 81 at.% demonstrated lower
optical constants due to increased pore density.

Due to the electromagnetic and chemical effects, G-np-S showed a superior intense
Raman signal at the Raman band of 1694 cm™. The SERS activities of the G-np-S thin film
are pore size-dependent; np-S with the small pore diameter exhibited the strongest SERS

enhancement and highest enhancement factor of 3.93x10”.
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Chapter 7 Impact of Heat Treatment Prior to Dealloying on

Nanostructure and Antibacterial Performance of Silver Sponges

7. Overview
Heat treatment process is a simple and effective method used in the processing and
microstructural modification of metals. This process facilitates the recovery and
recrystallization of deformed structures, resulting in the formation of more homogenous and
refined grains with fewer lattice defects. By subjecting metals to controlled heating and cooling
cycles, heat treatment can enhance mechanical properties, reduce internal stresses, and improve

overall material performance (Ghosh et al., 2019; Zhao et al., 2020).

7.1 Objective of chapter

Herein, we explore the impact of heat-treatment conducted before the dealloying
process on the nanostructure of the produced sponges. The AgiooxAlx alloy used was prepared
by casting the pure Ag and Al, followed by homogenization annealing. The AgiooxAlx alloys
were next subjected to dealloying in 2 M HCI aqueous solution to create the nanoporous
structure. Electrochemical measurements to estimate the capacitance of the bulk Ag sponge
electrodes was then conducted. The antibacterial activity of the Ag sponges with varied

nanoporous structure against E. coli DH5a was also studied.

7.2 Experimental details specific to this chapter

Bulk Ag-Al alloy was prepared using melting and casting method, and then alloy was
homogenized through a heat treatment under high vacuum as described in chapter 3.
Homogenized alloy discs were heat treated for 24 h at the temperature from 350 °C to 500 °C,
as shown in Table 7.1, to alter the properties of the homogenized alloy and its microstructure
and relieve the stress introduced during the preparation process. The annealed samples were
quenched in an ice brine path to prevent the formation of unwanted phases during the cooldown

process and to preserve the microstructure. The heat treatment profile is shown in Figure 7.1.

Table 7. 1 Temperatures for homogenizing and heat treating the bulk alloys, and dealloying times employed for preparing

the Ag sponges
Sample Temperature (°C) Dealloying time (h)
Homogenized alloy 500 -
T1- quenched 500 168
T2- quenched 450 168
T3- quenched 400 168
T4- quenched 350 168
H1- homogenized 500 7
H2- homogenized 500 16
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Figure 7. 1 Time- temperature profile used for heat treating the homogenized alloy to obtain the required microstructures.

The bulk alloy discs were subjected to chemical dissolution of Al in a 2 M hydrochloric
acid (HCI) aqueous solution at room temperature, continuing the dealloying process until no
obvious bubbles were formed. Meanwhile, the homogenized alloy discs were dealloyed in the
same concentration of HCI solution for different durations, as listed in Table 7.1. The dealloyed
alloys were rinsed with Milli-Q water, followed by ethanol, and then blow-dried with nitrogen.
The as-dealloyed samples were kept in a vacuum desiccator to reduce oxidation.

The XRD patterns were collected using an X-ray diffractometer (Bruker D8 Discover
diffractometer) in 0-20geometry equipped with a copper K-alpha (Cu Ka) radiation with a
wavelength of approximately 1.5418 A, primary beam monochromator and LYNXEYE XE
(OD mode) detector. The X-rays were excited using an electron gun with an accelerating
voltage of 40 kV and a current of 25 mA. A Ni (0.02 rad) slit was inserted in the detector arm
to filter out the K radiation. The XRD patterns were collected with incidence angles between

7.5° and 40° with a step size of 0.01° and a 260 ranging from 15° to 80° with a step size of
0.02°.

7.3 Results and Discussion

7.3.1 Determination of chemical composition of bulk alloys and Ag sponges

The chemical composition of elements in homogenized, and quenched bulk alloys was

determined using the EDS technique, as shown in Table 7.2. The EDS patterns (not included
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in this manuscript) were acquired at five different positions on the round discs of the bulk
alloys. The values in Table 7.2 represent the average Al and Ag concentration values and
standard error. The small standard error values confirm the compositional homogeneity of the
homogenized and quenched alloys. These minor variations in the concentrations of Ag and Al
components observed between the round discs are owing to the compositional fluctuations

within the primary cylinder alloy.

Table 7. 2 Elemental compositions of homogenized alloy at 500 C, and heat-treated alloys at temperatures between 350 C

and 500 C.
Heat treatment concentration (at.%)
Sample temperature (°C) Ag Al
T1 500 18+0.6 82+0.6
T2 450 17+0.4 83+0.4
T3 400 19+0.7 81+0.7
T4 350 17+0.3 83+0.3

The EDS measurements of the elemental composition of the dealloyed bulk samples
revealed that, even though the alloys were submerged in the HCI solution until no bubbles were
observed, the presence of Al was still detected by the EDS. The most probable causes for the
presence of the Al include the formation of intermetallic compounds (Ag2Al) during the
preparation and heat treatment processes, which are more resistant to dissolution (Wang et al.,
2009b). Moreover, the formation of a protective oxide layer (Al>O3) on the surface of the alloy
when exposed to air or during the dealloying process may prevent the dissolution of Al in HCI1
solutions (Boukerche et al., 2014). Additionally, the saturation of the solution with dissolved
Al ions may lead to the re-precipitation or adsorption of Al onto the surface of the Ag sponges
(McCue, Gaskey, et al., 2016). The measured concentrations of the elements present in the

dealloyed samples are shown in Table 7.3.

Table 7. 3 Elemental compositions of elements present in bulk Ag sponges prepared by dealloying the annealed Al,Ag100-x
alloys at different temperatures and by dealloying the homogenized Ag,Ali00x alloys at 500 °C for various durations.

concentration (at.%)

Sample Ag Al
B = T1-quenched at 500°C 91+0.5 9+0.5
5 § T2-quenched at 450°C 93+0.8 7+0.8
T 5 T3-quenched at 400°C 80+1.7 20+1.7
e T4-quenched at 350°C 86+0.4 14+0.4
50 H1-dealloyed for 7 h 3340.6 67+0.6
§ 5 H2-dealloyed for 16 h 48+1.3 52+1.3
= H3-dealloyed for 28 h 61+0.8 39+0.8
<® H4-dealloyed for 35 h 7310.4 2740.4
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7.3.2 Crystal structure and phase constitution

Referring to the binary AgiooxAlx phase diagram in Figure 7.2 (Porter & Easterling,
2009), at the temperatures between 350° to 500°C, two phases form in alloys with Al
concentrations greater than 42 at. % and lower than 89 at. %. These two phases are a-Ag (Al)
face-centred cubic (fcc) crystal structure — with space group Fm3m, and 3-AgrAl intermetallic
compound with hexagonal closed packing (Acp) structure and space group of P63/mmc.
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Figure 7. 2 Temperature—composition AgiooxAlyalloy phase diagram (McAlister, 1987)

The XRD diffraction patterns in Figure 7.3 confirmed the presence of these two phases
in the homogenized and heat-treated alloys. These findings confirm that no new phases were
observed to form during the heat-treatment processes, which means the alloy system is
thermodynamically stable before and after applying heat treatment (Barron et al., 2022). The
most intense peaks with the plane of (002), (101), (102), and (103) in the XRD patterns in
Figure 7.3 indicate that the 6-AgxAl intermetallic phase with space group of P63/mmc and
lattice parameter a of 0.288 nm and c of 0.458 nm is dominant. Whereas, the other planes
including (111), (200), (220), and (311) assigned for the a -Al (Ag) phase with space group of
Fm3m and lattice parameter a of 0.4048 nm. The Ag component exists here as a solid solution
of Ag in the o-Al matrix, but most of the Ag exist in the 6-Ag>Al phase. Moreover, the XRD
patterns of the treated alloys indicated the formation of Al2O3 during the heat treatment process,

which exhibits high corrosion resistance in the low concentration HCl aqueous solution
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(Curkovic & Jelaca, 2009), and also can prevent the diffusion of atoms or ions which acts as a
diffusion barrier, hence enhance the stability of alloys (Li et al., 2022).

It can be observed from the XRD patterns in Figure 7.3 a that, the peak intensities of
the homogenized alloy significantly decreased after heat treatment, as well as the intensity of
the diffraction peaks of the heat-treated alloys exhibited slight decrease with increasing the
treatment temperatures, this effect can be explained based on the Debye-Waller factor, also
called the temperature-factor. According to Debye-Waller theory, the atoms in the subjected
alloy to the temperature will experience significant thermal vibrations which leads to atomic
displacements from their equilibrium positions. As treatment temperature increases, coherent
elastically diffracted x-rays reduce due to increase the atomic vibrions, causing weak

diffraction signals (Levi & Suhl, 1979).
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Figure 7. 3 a) XRD diffraction patterns of the homogenized and quenched alloys at 500 <C, 450 °C, 400 C, and 350 C,
showing the two phases namely, a-Al and Ag;Al, and (b) the fraction of Al, and Ag,Al phases present in the alloys, as
determined from the Rietveld refinement.
Table 7. 4 Peak positions, lattice parameters ‘a’ and ‘c’, unit-cell volume and crystal sizes ‘D’ of the homogenized and
quenched alloys extracted from XRD patterns
Sample Phase

AgAl Al
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20[°] (hkl) D[nm] CIF a[nm] c[nm] Unit-cellvolume 20[°] (hkl) D [nm] CIF a[nm] Unit-cellvolume
[nm’] [nm’]
H-at500°C 35.79 (100) 0.38 1509589  0.288 0.458 3.29 38.44 (111) 1.16 4313217  0.405 6.65
39.11 (002) 0.68 44.64  (200) 1.20
41.00 (101) 0.40 65.03 (220) 1.23
T1-at500°C 35.34 (100) 1.44 1509589  0.288 0.458 3.29 38.45 (111) 2.24 4313217  0.405 6.65
39.25 (002) 0.89 44.68  (200) 1.53
41.10 (101) 1.44 65.04 (220) 2.74
T2-at450°C 35.90 (100) 1.45 1509589  0.288 0.458 3.29 38.43 (111) 1.73 4313217  0.405 6.65
39.25 (002) 1.74 44.68  (200) 1.94
4110 (101) 1.85 65.04 (220) 1.73
T3-at400°C 35.90 (100) 1.91 1509589  0.288 0.458 3.29 38.45 (111) 1.87 4313217  0.405 6.65
39.27 (002) 1.87 4470  (200)  2.09
41.10 (101) 2.04 65.06 (220) 1.89
T4-at350°C 35.92 (100) 0.95 1509589  0.288 0.458 3.29 38.45 (111) 1.77 4313217  0.405 6.65
39.27 (002) 1.77 4472 (200) 1.80
4112 (101) 1.69 65.08  (220) 1.93

The fractions of the a-Al (Ag) and 5-Ag>Al phases detected in the bulk alloys can be
determined using the Rietveld method. The results in Figure 7.3 b revealed that the fraction of
0-AgrAl phase is higher than the fraction of a-Al (Ag) phase in all the alloy samples. The
standard errors of the phase fractions are small. The obtained fraction of the phases presented
in homogenized alloy were 79 wt.% of 8-AgrAl phase and 21 wt.% of a-Al (Ag). Whereas the
0-AgrAl phase fractions in the quenched alloys at 500°, 450°, 400°, and 350°C were 76, 77,
80, and 82 wt.%, and the a-Al (Ag) phase fractions were 24, 23, 20, and 18 wt.%, respectively.
These values were compared with the phase fraction values estimated from the binary phase
diagram shown in Figure 7.1. According to the quantity rule (also known as the second lever
rule), the fractions of phases present in the alloy can be estimated as the ratio of the length of
the arm (ab length or bc length in Figure 7.1) opposite each phase to the total length of the tie-
line (ac length in Figure 7.1) (Tisza, 2001). The extracted 6-AgzAl phase fractions in the
quenched alloys at 500°, 450°, 400°, and 350°C were 77.8, 77.8, 81.4, and 83.3 wt.%, and the
a-Al (Ag) phase fractions were 22.2, 22.2, 18.6, and 16.7 wt.%, respectively, which is very
close to those values determined using the Rietveld method. The well-matched phase fractions
from the binary phase diagram and Rietveld analysis confirm the stability of the phases during
the heat treatment.

The influence of homogenization and heat treatment temperatures on the crystallite
sizes of the alloys was investigated. The XRD patterns, as shown in Figure 7.3 a, reveal that
all the alloys exhibit a crystalline structure because the patterns exhibit sharp, and well-defined

peaks. It can be seen that the XRD peaks become sharper after heat treatments, with the
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sharpest peaks observed following heat treatment at 500°C, compared to 350°C. The crystallite

size (D) was estimated using the Debye-Scherrer formula:

091

=2 (2) (Rijesh et al., 2018)

Where A is the X-ray wavelength in nm, [ is the full width at half maximum of the peak
in radian and 0 is Bragg’s diffraction angle in degree.

The calculated crystallite sizes are presented in Table 7.1. The results indicated that the
crystallite size of the alloy increase with increasing the treatment temperature, for example, the
crystal size D of (111) plane in a-Al (Ag) phase increases from 1.77 nm at 350°C to 2.24 at
500°C which indicated as a more crystalline alloy. This increase in crystallite size and peak
sharpness with increasing treatment temperatures refers to the growth of grains and reduction
of defects, hence alloy homogenization (Muhammed Shafi & Chandra Bose, 2015).

The evolution of nanoporosity during the dealloying process involves the dissolution
of the more electrochemical active component (Al atoms) at the surface of the alloy through a
rapid reaction between the Al atoms from the a-Al (Ag) and 3-Ag>Al phases and the HCI
solution. The HCI solution was used here based on the findings of Yamauchi and his co-
workers in their previous report. Their study indicated that the 5-Ag>Al phase presented in the
rapidly solidified AgxAlioox alloys with x= 15, 20, 25, 30 and 39 at.% is resistant to leaching
in NaOH solution, preventing its dissolution and contribution to the formation of nanoporous
structures (I. Yamauchi et al., 2003).

During dealloying process, the Al atoms dissolve in HCI solution, producing Al** ions,
and H: gas, which is released as air bubbles during the dealloying reaction (1) and (2):

2 Alg) + 6 HClgqy > 2 AlCl5 (aq) + 3 Hygy Toovvneinein (1)

ZAgZAl(S) + 8HCl(aq) d 4Ag(s) + 2A1C13 (aq) + 3H2(g) T (2)

The residual Ag component diffuse along alloy/electrolyte interfaces and agglomerates
to form interconnected and continuous nanoporous structures (Wang et al., 2009b). According
to Detsi and co-workers, the dealloying process involves the complete dissolution of the Al
from a-Al (Ag) phase first, followed by the selective removal of the intermetallic 5-Ag.Al
phase (Detsi et al., 2012; Wang et al., 2009b), creating a sufficient number of voids (Ji, Zhang,
et al., 2011). These voids became filled by aggregating surface Ag atoms. Consequently, Al
atoms with lower coordination diffuse to the alloy/electrolyte interface (Moore et al., 2002).
Leaching Al out of the a-Al(Ag) phase can be effectively achieved at room temperature (Qiu
et al., 2011b). The Ag remains as a porous structure after the Al is removed. The XRD
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diffraction patterns of the as-dealloyed alloys in Figure 7.4 a shows that the a-Al (Ag) phase
undergoes complete dealloying in HCI. Therefore, the XRD peaks due to a-Al (Ag), the (111),
(200), (220) and (311) peaks at 20=38.4°, 44.7°, 65.1°, and 78.2° are not present in the
diffraction patterns of the dealloyed samples, indicate the complete removal of a-Al (Ag)
phase. Meanwhile, there is a reduction in the diffraction intensity of the 5-Ag:Al phase,
suggesting partial leaching of the Al content from the 6-Ag.Al phase during the dealloying
process. The resultant Ag sponges are primarily composed of a face-centred cubic (fcc) a-Ag
phase (CIF#9011607) with the expected (111), (200), (220) and (311) peaks, characterized by
a space group of Fm3m, and a lattice parameter a of 0.4079 nm. Moreover, a minor amount of
un-dealloyed 6-Ag:Al phase within the structure is observed, as shown in Figure 7.4 b. This
implies that the 3-Ag:Al phase cannot be completely dealloyed when immersed in the HCI
solution (Wang et al., 2009b). The Ag sponge diffraction peaks are broader when compared to
those of the alloys which can be ascribed to the presence of ligament and pore nanostructures.

Figure 7.5 a present the XRD patterns of the as-dealloyed alloys, all subjected to the
same concentration of HCI solution but dealloyed for varying durations. The results indicate
the continuing presence of the Al phase in the alloy when immersed in the HCI solution for
shorter periods, specifically 7 and 16 h. The concentration of the residual Al atoms and the
dealloying duration as Figure 7.5 b demonstrated. After 28 h of dealloying, the peaks
corresponding to the a-Al (Ag) phase completely disappeared, and only the peaks of a-Ag (Al)
and 0-Ag»Al phases were detected.
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Figure 7. 4 XRD diffraction patterns of the dealloyed alloys quenched from 500 °C, 450 °C, 400 C, and 350 C, reflecting the
presence of the Ag,Al phase after dealloying in 2M HCI, and (b) the fractions of the primary phases, Ag and Ag,Al, present in
the as-dealloy specimens, as determined from the Rietveld refinement
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Figure 7. 5 XRD diffraction patterns of the dealloyed specimens prepared by dealloying homogenized alloys in 2M HCI for
different periods of time: 7, 16, 28, and 35 h, and (b) the phase fraction in wt.% of the primary phases, Ag and Ag,Al,
present in the as-dealloyed specimens, as determined from the Rietveld refinement.

7.3.3 Microstructure of Ag sponges prepared by dealloying heat-treated
alloys

The formation of Ag sponges with hierarchical structures during the dealloying process
in HCI solution for bulk AgiooxAlx alloys, with x between 81 and 83 at.%, is shown in Figure
7.6 a- d. The plan-view SEM micrographs in Figure 7.6 reveal that the selective dissolution of
Al atoms from the bulk AgiooxAlx alloys leads to the evolution of three-dimensional,
bicontinuous structures featuring interpenetrating ligament and open-pore architectures, which

align with the XRD results.
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Figure 7. 6 Top-view SEM images showing the microstructure of Ag sponges prepared by dealloying the annealed Ag2sAl;;
alloys in 2M HCl solution for the same durations and at different treatment temperatures (a) at 500 C, (b) at 450 <C, (c) at
400 <C, and (d) at 350 C. The SEM images in the left column were captured at a lower magnification with a scale bar of
1 um, whereas the images in the right column were taken at a higher magnification with a scale bar of 200 nm. The red
arrows indicated the presence of cracks.
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The average width of pores and ligaments of the produced bulk sponges were estimated
from SEM images and measured using ImageJ software, specifically utilizing the straight-line
tool, as detailed in Table 7.5. It is concluded that the smallest measured ligaments were with
the size greater than 30 nm, which is higher than the measured ligament we found in chapter 4
and 6 for np-S prepared by dealloying the Agioo-xAlx alloys in alkaline solution (NaOH).
Nonetheless, the obtained results are consistent with the findings of Ding et al. (2004). They
observed that dealloying of AuAl alloy in acidic conditions leads to the coarsening of Au
ligaments (Y. Ding et al., 2004). Similarly, in this study, the produced bulk sponges exhibited
an increase in the average pore and ligament sizes with higher heat treatment temperatures
prior to dealloying, indicating that the heat treatment impacted the microstructure of the
sponges.

Table 7. 5 Average ligament and pore sizes in nm of the Ag sponges prepared by dealloying the quenched AgxAlio0x alloys in
2M HCL for the same durations, and Ag surface diffusion

Dealloyed sample T1 at 500°C T2 at 450°C T3 at 400°C T4 at 350°C
Average Ligament diameter (nm) 58.5+17.9 45.9+12.9 45.2+18.2 31.1+8.3
Average Pore diameter (nm) 50.8119.6 49.4+20.9 40.1+12.8 36.1+14.3

Surface diffusion of Ag, Ds (m?s~1) 3.86x 10715 1.46% 10715 1.37x 10715 0.308x 10715

The histograms depicted in Figure 7.7 a- d demonstrate that the pore sizes are within
the nanometer range, with the broad pore size distributions in the Ag sponges. Specifically, the
pore sizes range from 20 to 120 nm for T1 heat-treated at 500°C, from 10 to 130 nm for T2
heat-treated at 450°C, from 10 to 110 nm for T3 heat-treated at 400°C, and from 10 to 90 nm
for T4 heat-treated at 350°C. The distributions exhibit maxima between 30 and 50 nm for Tj,
between 30 and 40 nm for T2, between 40 and 50 nm for T3, and between 20 and 30 nm for Ty,
indicating significant variation in pore size depending on the annealing temperature of the

alloys prior to dealloying.
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Figure 7. 7 Pore size distribution histogram (a) for sample T; annealed at 500 C, (b) for sample T, annealed at 450 <C, for
sample T3 annealed at 400 °C and (d) for sample T, annealed at 350 C.

According to Eq. 2.1, a linear relationship exists between the ligament size of the Ag
sponges and surface diffusivity, which describes surface diffusion-controlled coarsening Ds of
columns of the Ag atoms. The largest ligaments were observed for the Ag sponge derived from
the 500° C pre-heated AgiooxAlx alloy indicating the Ag atoms have higher surface diffusion
rate. Numerous studies have reported that the surface diffusion rate of heat-treated precursors
is faster than that of those without any treatment (X.-l. Tan et al., 2012), which may be
attributed to the decreased surface tension at the alloy surface with increasing heat treatment
temperatures. This reduction in surface tension promotes the diffusion of the more noble
component at the interface between the ribbon and solution (Zhao et al., 2022). The Ag sponges
obtained in this study exhibited higher surface diffusion values compared to the sponges
produced by dealloying Agioo-xAlx alloy thin films in NaOH, as discussed in Chapters 4 and 6
of this thesis. According to Wang et al. (2009) this difference may result from variations in
internal stress due to differing dissolution rates of components, variations in surface diffusion

of the components, as well as the viscosity of the dealloying solution (Wang et al., 2009a).

7.3.4 Microstructure of Ag sponges prepared by dealloying untreated alloys

To investigate the impact of heat-treatment and dealloying times on the microstructure
of bulk Ag sponges, four discs of untreated Ag-Al alloy were dealloyed for different durations,
ranging from 7 to 35 h (after 35 h of dealloying, no H> bubbles were observed which indicated
that the dealloying process finished). It can be observed that no obvious nanoporous structures
were formed when the dealloying of homogenized and untreated alloys were conducted for

only 7 and 16 h, as demonstrated in Figures 7.8 a and b. Instead, large cracks were seen,
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reaching several micrometers in length and increasing in width with the extended dealloying
time of 28 h. As Figure 7.8 ¢ and d shows, the evolution of pore structures began to appear
after dealloying for 35 h, with the mean pore and ligament diameters of the formed Ag sponge
being approximately 49.6 £ 25.3 nm and 60.3 £ 26.5 nm, respectively. The mean pore and
ligament diameters decreased when the alloy was immersed for 2100 min in HCI solution, with
the measured mean pore and ligament diameters being 31.7 = 15.3 nm and 46.6 = 15.2 nm,
respectively. The incomplete dealloying of the homogenized but untreated alloys may be

attributed to the formation of an oxide layer, as previously mentioned, or the creation of more

stable intermetallic phase during homogenization that are less reactive in HCI (Boukerche et

al., 2014; Qiu et al., 2011b; Wang et al., 2009b; R. Zhang et al., 2018).

Figure 7. 8 Top-view SEM images of Ag sponges prepared by dealloying Ag23Al7; alloy in 2M HCl at room temperature for (a)
420 min, (b) 960 min, (c) 1680 min and (d) 2100 min. The images indicate that nanoporous structures did not form after
dealloying for 7 and 16 h. In contrast, pore structures began to emerge after 28 and 35 h of dealloying, as inset images
show. The SEM images were captured at a lower magnification with a scale bar of 1 um, whereas the inset images were
taken at a higher magnification with a scale bar of 200 nm. The red arrows indicated the presence of cracks.

7.3.5 Bulk Ag sponges as electrode in a supercapacitor
Bulk Ag sponges were tested as electrodes in an aqueous supercapacitor. The square
wave charge/discharge cycles of asymmetrical electrodes (one electrode is bulk Ag sponge and
the other is bulk AgAl alloy) in 0.1 M KNOs3 aqueous electrolyte are illustrated in Figures 7.9
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(a- d). As can be seen in the figure, a constant current was applied to charge the bulk Ag sponge
electrodes, which led to an increase in the voltage until 1 V was reached. The charging period
was extended to 60 s, followed by a discharge cycle down to 0.50 V to release some of the
stored electrical energy. The duration of this discharge differs from one electrode to another
which depends on the surface area of the Ag sponge electrodes. Five charge and discharge
cycles were recorded, with the final discharge cycle being much deeper. The capacitance of
each two-electrode system was then determined in order to provide an estimate of the
electrochemically active surface area. Here the estimated capacitance up to 60 s after the final

discharge started was plotted in Figure 7.10 (a- d).
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Figure 7. 9 Voltage against time plots for five charge/discharge cycles for bulk Ag sponge electrodes, (a) T1 sample heat-
treated at 500 C, (b) T2 sample heat-treated at 450 C, (c) T3 sample heat-treated at 400 °C, and (d) T4 sample heat at
350, and (e) as-cast alloy+ not dealloyed.
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Figure 7. 10 Estimated capacitance (in Farads) as a function of time for bulk Ag sponge electrodes, (a) T1 sample heat-
treated at 500 C, (b) T2 sample heat-treated at 450 C, (c) T3 sample heat-treated at 400 C, (d) T4 sample heat at 350 <,
and (e) as-cast alloy+ not dealloyed. The high estimated capacitance in red, and the low estimated capacitance in blue

The graphs show that the capacitance of the bulk Ag sponge electrodes increases over

time and/or decrease in cell voltage. This indicates that there is either some diffusion of ions

out of deep channel OR that there is a redox process that produces energy at the lower voltages.

The possibility of redox activity that occurs at the electrode surface after multiple and
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reversible charge/ discharge cycles leading to an increase in the charge storage capability
through Faradaic reactions is the most likely (Ansari et al., 2022). Moreover, the graph
demonstrates similar oscillations in every case, which may be attributed to the same dynamic
processes in each electrode. It may be due to successive redox reactions occurring on the
surface or maybe to different ionic species successively coming off the sponge surface.

A 10 s running filter was applied to the data to make the fluctuating data smoother and
reduce the noise to make the trend more visible, followed by applying the linear fitting to
estimate the capacitance. The high estimated capacitance (indicated in red) and the low
estimated capacitance (shown in blue) might indicate slight differences in the capacitance
evolves raging between190 to 385 as Table 7.6 demonstrates. Compared to the as-cast bulk
alloy capacitance, bulk Ag sponges exhibited high estimated capacitance 2 times larger for T1,

1.6 times larger for T2, 1.4 times larger for T4, 2.1 times larger for T4.

Table 7. 6 high and low estimated capacitances of bulk Ag sponges heat-treated at different temperature before dealloying

Sample T1-dealloy T2-dealloy T3-dealloy T4-dealloy As-cast
High estimated capacitance (uF) 2394 1955 1691 2464 1190
Low estimated capacitance (uF) 2009 1693 1501 2123 1152
Difference (pF) 385 262 190 341 38

The above results show that the highest capacitance values were recorded for the Ag
sponge with the lowest and highest pore sizes, which means that the nanoporous structure had

no impact on the capacitor performance.
7.3.6 Growth Inhibition of E. coli by Bulk Ag Sponges prepared from treated
alloys

The growth of E. coli bacteria in the presence of Ag nanosponges, Ag and Al were
investigated and evaluated by measuring the OD at 600 nm during their interaction. The growth
curve results indicated that the optical density, which reflects the bacterial cell density,
increased with increasing the incubation times, as illustrated in Figure 7.11. However, a smaller
increase in the measured OD was observed after 6 h of exposure of the E. coli culture to
nanosponges. This reduced growth was more marked when the culture was exposed to
nanosponges prepared from the heat-treated alloy at higher temperatures 450° and 500° C.
Smooth Ag and Al specimens produced no noticeable inhibition on bacterial growth.

Statistical analysis was performed using the ANOVA statistical method to compare the
OD values of the different replicates by calculating F and p-values. The F-value can be found
by calculating the variance ratio between the means of the replicates to the variance within the

replicates, while the p-value determines whether the differences in OD values of these different
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replicates are statistically significant or not, P>0.05 indicates good consistency and reliability
in the measurements of OD between treatments and controls (Knapp, 2017; van Emden, 2012).
The results showed that the F-values was 0.179 and P-value was 0.98, which reflected that the

OD measurements are consistent across different replicates of the same treatment.
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Figure 7. 11 Absorbance measurements of E. coli DH5a at 600 nm after treatment with Ag nanosponges prepared by heat-
treating the AlyAgio0-x at different temperatures ranging from 350 to 500 C, bulk Ag and bulk Al. The area shaded in yellow
indicates the lag phase, while the area shaded with purple refers to the exponential phase.

The growth inhibition was determined on the basis of the measured values of OD
obtained for the E. coli suspension treated with Ag sponges, bulk Ag and bulk Al over a 6-h

test period. The inhibition was calculated according to Eq. 7.1.

__control (ODgp)—treated (ODgp)
" control (ODg p)—control (ODyp)

X100.......ccoiiiiin (7.1) (Doskocz et al., 2017)

Since control (ODg}) and control (OD,j) are the optical density of the bacterial
dilution at 8 h and 0 h of incubation, respectively, treated (ODg ) is the optical density of the
bacterial suspension after treating with Ag sponges for 8 h.

The growth of E. coli was inhibited by 26% following treatment with Ag sponges
prepared by dealloying T1, which was quenched at 500°C, as Figure 7.12 demonstrated. This
inhibition increased slightly to 28% when the suspension was treated with Ag sponges prepared
by dealloying T2, quenched at 450°C. In contrast, significantly lower inhibition rates of 2.6%
and 3% were observed for treatments with Ag sponges produced by dealloying T4 (quenched
at 350°C) and T3 (quenched at 400°C), respectively. For comparison, bulk Ag and bulk Al

exhibited minimal inhibition, with percentages of 0.9% and 0.5%, respectively.
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Figure 7. 12 Effect of treatment with ag sponges, bulk Ag and bulk Al on the growth of E. coli

7.3.7 Growth rate of E. coli

According to OD vs. time curves presented in Figure 7.11, two phases of bacterial
growth were noticed namely, lag phase and exponential phase. The lag phase refers to the initial
period in the bacterial population life, in this phase the bacteria begin to adapt to their new
surroundings before commencing exponential growth, typically covering the first two hours of
incubation. This is followed by the exponential phase, where rapid cell division is observed
(Wessner et al., 2020).

The bacterial growth rate (o) during the exponential phase, which is describes the
change in the number or mass of bacterial cells per unit time (Srivastava, 2013), was estimated

using the relationship:

InTE = a(t —to) covoorrrennnn (7.2) (Hall et al., 2014)

0

Where N is the number of bacteria cells at the final time t, and N, is the number of
bacteria cells at the initial time to. It is confirmed that the OD of a bacterial suspension is
directly proportional to the number of bacteria cells in the suspension (Dr. S. Sivakalai, 2023).
Consequently, to estimate the growth rate, we use the slope of the natural logarithm of OD
(Ln (OD)) plotted against time t as Figure 7.13 (a- c) shows. E. coli doubling time was
calculated from Eq.7.3.

Doubling time === ... (7.3) (Ryser & Marth, 2007)
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The growth rate of E. coli treated with bulk Ag sponges is influenced by the pore and
ligament sizes, as well as the concentration of residual Al. It was observed that an increase in
pore and ligament sizes, coupled with a decrease in residual Al concentration, resulted in a
reduced growth rate of E. coli. As illustrated in Figure 7.13 (a-c) and detailed in Table 7.7, the
Ag sponges prepared by dealloying T1 quenched at 500°C (characterized by the largest pore
and ligament sizes and the lowest residual Al concentration) exhibited the lowest E. coli growth
rate at 0.189 h™' £ 1.173, leading to a longer doubling time of 3.67 hours. When the pore and
ligament sizes decreased from 50.8+19.6 and 58.5+17.9 nm to 49.4+£20.9 and 45.9+12.9 nm,
respectively, the growth rate decreased slightly to 0.183 h™" + 1.147, reducing the doubling
time to 3.79 hours. Notably, the bacterial growth rate increased by 82.24% and 78.91% for Ag
sponges prepared by dealloying T3 quenched at 400°C and T4 quenched at 350°C,
respectively, compared to T2 quenched at 450°C. This increase in growth rate is likely
attributed to the higher concentrations of residual Al, which were 20 at.% and 14 at.% for T3

and T4, respectively.
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Figure 7. 13 The natural logarithm of optical density (In OD) versus time (h) for (a) T1 quenched at 500 °C and T2 quenched
at 450, (b) T3 quenched at 400 °C and T4 quenched at 350 C and (c) bulk Ag. The slope of the linear region of the curve
between 2 to 6 h is used to estimate the growth rate of the E. coli culture.

Table 7. 7 calculated values of the growth rate and doubling time of E. coli without treating and after treating with the Ag
sponges, bulk Ag and bulk Al. The doubling time was calculated based on the growth rates observed in Figure 7.13.

Sample T1-dealloy T2- dealloy T3- dealloy T4- dealloy Bulk Ag Bulk Al Cells-only
Growth 0.189 0.183 0.334 0.327 0.335 0.342 0.336
rate [h]
AT 3.67 3.79 2.07 2.12 2.07 2.03 2.06
time [h]
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7.3.8 Cell viability

The antibacterial activities of the Ag sponges against E. coli DH5a were further
inspected using the live/dead two-color staining fluorescence method. This process relies on
probing the permeability of the bacterial membrane, which serves as a marker for the viability
of bacterial cells. Images in Figure 7.14 show the representative fluorescence microscopic
images of E. coli DH5a treated with Ag sponges, bulk Ag, and bulk Al. All the presented
images display rod-shaped cell bodies, with a width between 0.7 and 1.8 pm and the length
between 1 and 3.2 um. Moreover, elongated rod-shaped E. coli DH5a cells with a length
between 5 and 30 um were observed in all fluorescence images. The cell viability can be

estimated using Eq.7.4 (M¢éficka et al., 2021):

Viability (%) = ——wmoflvecells, o q40 .. (7.4)

sum of all (live+dead) cells
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Figure 7. 14 Fluorescence microscopic images of E. coli DH5a strain after treating for 6 h with (a) Ag sponges prepared by
dealloying the heat-treated alloy at 450 °C (T2), (b) Ag sponges prepared by dealloying the heat-treated alloy at 350 C (T4),
(c) bulk Ag, (d) bulk Al, and (e) without any treatment. Viable E. coli cells appear as green rods while non-viable E. coli cells

shown as red rods.

The results in Figure 7.15 indicate that the calculated cell viability of E. coli was high,

reaching 96.7+4.0% without treatment. After treatment with bulk Ag and Al, cell viability

remained similarly high at 96.1+4.3% and 95.9+£5.7%, respectively. A slight decrease in

viability was observed, with 93.1+6.0% after treating E. coli with Ag sponges produced from

the heat-treated alloy at 350°C (T4). However, a more significant reduction in cell viability, to

72.0+£6.3%, was recorded after treatment for 6 h with Ag sponges produced by dealloying the
heat-treated alloy at 450°C (T2).
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Figure 7. 15 Cell viability of E. coli DH5a after treating for 6 h with Ag sponges prepared by dealloying the heat-treated alloy
at 450 C, Ag sponges prepared by dealloying the heat-treated alloy at 350 C, bulk Ag, and bulk Al. The presented graph

demonstrates the mean values £standard deviations for live cells.
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The antibacterial properties of Ag sponges are closely linked to their morphologies.
The produced Ag sponges feature small pore sizes ranging between 35 and 51 nm, significantly
smaller than the width of E. coli DH5a, which is approximately 0.5 pm (Huang et al., 2018).
This indicates that bacteria cannot penetrate the pores of the Ag sponges, suggesting that their
antibacterial activity is primarily due to surface interactions rather than internal absorption of
bacteria. These interactions are facilitated by the presence of ligaments ranging from 30 to 59

nm, which provide a substantial surface area for bacterial contact and for releasing Ag”.
7.3.9 Growth Inhibition of E. coli by Bulk Ag Sponges prepared from

untreated alloys

The impact of microstructure of bulk Ag sponges and residual Al concentration on
bacterial growth was further explored. As shown in Figure 7.16, an increase in Al concentration
notably affects the antibacterial action of the sponges. Specifically, Figure 7.16 illustrates that
measured OD values increase with higher Al concentrations. A direct correlation between the
residual aluminum (Al) content in the silver (Ag) sponges and the growth rate of £. coli DH5a
was observed. The highest bacterial growth rate, 0.334 h™', was recorded for the Ag sponge
dealloyed for 7 h. This rate decreased slightly with prolonged dealloying time, reaching 0.332
h " at 16 h. After 35 h of dealloying, the growth rate further declined to 0.328 h™'. These values
closely align with the growth rates observed for bulk Ag, bulk Al, and untreated cells. Higher
concentrations of residual Al may limit the available surface area for bacterial interaction by
covering or blocking some active silver sites. This can reduce the effectiveness of the
antibacterial properties of the sponges by diminishing the surface interactions crucial for their
function (Qiu et al., 2011b).
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Figure 7. 16 The measured values of the absorbance versus incubation time, the area shaded in yellow indicates the lag
phase, while the area shaded with purple refers to the exponential phase.

The findings above indicate that homogenization and heat treatment enhance the
microstructure of Ag sponges, thereby improving their antibacterial performance. Higher
quenching temperatures (500°C and 450°C) result in stronger inhibition (26-28%) due to
reduced residual Al and increased Ag surface exposure. In contrast, the high residual Al content
in Ag sponges prepared from untreated alloys correlates with higher bacterial growth rates,

likely due to the lack of a well-formed nanoporous structure.

A proposed antibacterial mechanism for Ag sponges involves the sustained release of
Ag" from the ligament surface into the culture media. These silver ions then attach to the
negatively charged bacterial cell walls (Wang et al., 2023). The unique three-dimensional self-
supported structure of the Ag sponges helps to avoid the self-aggregation often seen with
traditional antibacterial nanoparticles (Hu et al., 2012; Zheng et al., 2019; Zhu et al., 2014),
allowing for a continuous and controlled release of silver ions. This enhances their interaction
with bacterial cells and improves antibacterial efficacy. For example, Ag sponges prepared by
dealloying Cus7AgaoLas (at.%) alloy ribbons in 0.25 mol/L HNO3 at room temperature for 90
hours, with ligament sizes of 119 + 12 nm and pore sizes of 78 + 9 nm, exhibited high
antibacterial performance against E. coli, Staphylococcus aureus, and methicillin-resistant
Staphylococcus aureus (MRSA), with antibacterial rates exceeding 95% (Wang et al., 2023).
On the contrary, Ag sponges prepared by dealloying Mges(AgxCuix)25Y 10 (x =0, 0.5, 0.75, and
1.0, at%) alloys in 0.04 M H>SO4 for 50 minutes, with a specific surface area of 7.06 m*/g and
average ligament size of 31 nm, demonstrated lower antibacterial activity compared to Ag-Cu
alloy sponges due to lower concentrations of released Ag ions (0.1 mg/L), highlighting the
importance of ligament size and ion release rates in antibacterial performance. The superior
chemical stability of Ag further enhances its potential for sustained antibacterial action (Wang
et al., 2019). In another study, NPS/Fe;O4 nanocomposites with a specific surface area of 5
m?/g, prepared by chemical dealloying of rapidly solidified Al-Ag—Fe precursors in 20 wt.%
NaOH at 90+£5°C, with ligament/pore sizes ranging from 20 to 50 nm, displayed excellent
antibacterial properties against E. coli K12. The antibacterial efficacy was evaluated by
counting E. coli colonies on LB agar plates incubated for 18 hours at 30°C (Zhang et al., 2013).
Controlling experimental conditions, such as maintaining a relative humidity of about 60%, is
crucial for investigating the antibacterial actions of metallic nanoporous structures. For

instance, nanoporous gold (NPG) demonstrates excellent antibacterial properties against
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Escherichia coli and Staphylococcus epidermidis under controlled humidity conditions

(Hakamada et al., 2017).

In conclusion, the heat-treatment of the bulk AgiooxAlx alloy prior to the dealloying
process successfully produced np-S with different nanostructure sizes, as evidenced by
increased pore and ligament sizes with increasing the temperatures from 350 to 500°C.
However, despite these altering in the nanostructure, it appears to be no clear correlation
between the nanoporous and ligament sizes and the capacitance performance of these bulk Ag
sponges. However, sponges with large pores and ligament sizes demonstrated a good

antibacterial effect.
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Conclusion and future work

Nanoporous materials have size-dependent physical and chemical properties. This
means the control of the morphology of nanoporous sponges can tune the materials for different
applications. The nanoporous morphology can be adjusted by changing the composition of the
precursor alloy and the dealloying conditions, such as time, temperature, and electrolyte type
and concentration. This work focused on fabricating np-S nanostructures with different
morphologies by tuning the composition of primary alloys using different routes.

A general method of controlling the morphology of np-S films was demonstrated, by
varying the composition of the precursor alloy before dealloying in NaOH. This method was
applied to the formation of np-S thin films by varying the current in a single gun during
magnetron co-sputtering of the precursor alloy. Homogenized Ag-Al alloy thin films were
prepared by rotating the sample holder during deposition while a gradient composition was
achieved by keeping the sample holder static.

Np-S thin films with different ligament and pore sizes were produced and it was shown
that these different morphologies resulted in different physical properties. It was found that
decreasing the pore and ligament size in nanoporous structures with increasing Al content led
to increased electron scattering evidenced by a reduction in electrical conductivity. Similarly,
decreasing pores and ligaments size led to decreased light reflectance by nanoporous material
due to increasing light scattering within the nanofeatures. The np-S films behaved as an optical
metamaterial in the visible region with a large real dielectric function at short wavelengths,
lower energy loss as indicated by the imaginary part of the dielectric function, anomalous
refractive index, and low light absorption, as the extinction coefficient demonstrated. Material
with a high real dielectric function and low absorption can be used in applications such as
second-harmonic generation, a possibility which could be cosidered in future work. Np-S
exhibited non-metallic behavior with increasing Al content from 59 and 81 at.%, at
wavelengths ranging from 350 to 1610 nm, respectively. The np-S produced by dealloying the
AgiooxAlx alloy with Al content between 60 and 81 at.% demonstrated lower optical constants
due to increased pore density. Due to the electromagnetic and chemical effects, G-np-S
(gradient np-S) showed a superior intense Raman signal at the Raman band of 1694 cm™. The
SERS activities of the G-np-S thin film are pore size-dependent; np-S with the small pore
diameter exhibited the strongest SERS enhancement and highest enhancement factor of

3.93x10".
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The antibacterial performance of these np-S thin films was examined against
Pseudomonas aeruginosa (P. aeruginosa) strain PAO1 and Escherichia coli (E. coli) strain
DH5a. A dose-response assay in a 96-well microtiter plate and a growth inhibition assay
protocol were used in this study. The results demonstrated that np-S thin films with varying
pore size, ligament size and doses were ineffective in inhibiting P. aeruginosa growth due to
the formation of strong biofilm, which acts as a barrier to prevent the Ag" from interacting with
the bacteria. On the other hand, the measured OD values using a spectrophotometer indicated
a slight reduction in the density of E. coli DH5a by np-S thin film with the small pore and
ligament size (11.1 and 13.1 nm, respectively), which indicate a small antibacterial effect of
np-S on this strain. These findings open the door for future studies, which involve studying the
antibacterial effect of nanoporous Ag using different protocols, such as the spread plate
method. The bacterial colony number should be counted and analyzed for colony-forming unit
(CFU). The light exposure should be controlled as Ag particles are known catalyse organic
reactions under illumination.

Morphology of np-S was also controlled by heat-treatment of the bulk AgiooxAlx alloy
prior to dealloying process, as evidenced by increased pore and ligament sizes corresponding
to increasing annealing temperatures from 350 to 500°C. However, despite these altering in the
nanostructure, it appears to be no clear correlation between the nanoporous and ligament sizes
and the electrochemical capacitance performance of these bulk Ag sponges. However, a more
significant reduction in cell viability, to 72.0+£6.3%, was recorded after treatment for 6 h with
Ag sponges produced by dealloying the heat-treated alloy at 450°C compared to untreated
bacterial suspension which demonstrated high cell viability 96.7+4.0%. This suggests that
factors other than pore and ligament sizes may have a more critical impact in determining these
properties, such as the concentration of residual Al in the alloys after dealloying.

This work has highlighted the versatility of np-S and, in particular, how its
microstructure can be controlled by producing it by dealloying Agioo-xAlx precursors.

In general, nanoporous structures with different morphology and feature sizes were
produced by adjusting the composition of the alloy using different routes. The work serves as

a platform for the continued development of this fascinating nanomaterial.
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