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Abstract 

This thesis presents the synthesis and characterization of three types of three-dimensional (3D) free-

standing nanostructure assemblies, pure gold (Au), gold-silver (Au1-xAgx, 0<x<1) alloys, and 

hierarchical nanoporous gold nanowire networks (NWNWs).  

The NWNWs are produced by electrodeposition in ion-track etched templates. First, polycarbonate foils 

are irradiated from four directions with GeV Au ions at the UNILAC accelerator of GSI, creating 

interconnected ion tracks. Subsequent chemical etching results in membranes with interconnected 

nanochannels with tunable density number and diameter. Au and Au1-xAgx alloys are then 

electrodeposited in the channels. We investigated how nanowire growth rate and atomic composition 

are influenced by electrolyte compositions and applied potentials. The hierarchical nanoporous 

NWNWs are created by additional selective dealloying of the Au-Ag alloy NWNWs with Ag content 

higher than 55 at%. By adjusting NWNW composition and dealloying time, nanoporous NWNWs with 

tunable ligament and pore sizes are created.  

We systematically studied the morphology, composition, crystallinity, and porosity of these three 

systems, as a function of various synthesis parameters, employing scanning electron microscopy (SEM), 

energy dispersive x-ray spectroscopy (EDX), transmission electron microscopy (TEM), and x-ray 

photoelectron spectroscopy (XPS) techniques. The obtained results demonstrate precise and mostly 

independent control over nanowire diameter (40-200 nm), composition (10-90 at% Ag), porosity (10-

98%), and hierarchy.  

The synthesized NWNWs exhibit high surface areas and excellent transport properties, making them 

strong candidates for electrocatalysis. At the same time, their structural and compositional tunability 

make them ideal model systems to study structure-function relationships in porous materials. We 

determine their electrochemically active surface area (ECSA), catalytic performance, and cyclic stability 

during methanol electro-oxidation reaction.  

Pure Au NWNWs exhibit around 100 times higher ECSA than the corresponding flat Au film electrode, 

the measured ECSA values are in good agreement with the theoretically calculated geometrical surface 

areas. The catalytic reaction of the Au NWNWs towards the methanol oxidation exhibits 5 times higher 

ECSA-normalized current density than the flat Au film. The Au1-xAgx NWNWs exhibit composition-

dependent catalytic behavior, different from pure Au or pure Ag. For x<0.2, both the methanol oxidation 

peak potential and current density decrease compared to the pure Au NWNW of identical geometry. 

Ag-rich NWNWs (x>0.5) and pure Ag NWNWs are inactive.  

Hierarchical nanoporous NWNWs obtained by dealloying of Au1-xAgx (x>0.6) NWNWs retain residual 

Ag in the nanowires as well as Ag-rich surface shells. Notably, their electro-catalytic performance 

resembles that of Au1-xAgx NWNWs with comparable composition. Due to their significantly higher 

ECSAs, and reduced mass, these nanoporous Au NWNWs outperform pure Au NWNWs in terms of 

current density normalized by projection flat area.  

Surface wettability critically influences nanostructured catalysis by modulating the adsorption and 

desorption of reactants and products at the catalyst interface, thereby affecting catalytic activity and 

selectivity. We explore the wettability of the Au NWNWs as a function of porosity using sessile drop 

measurements. As porosity increases from 20% to 98%, the NWNWs transit from hydrophilic to 

hydrophobic. Structures with 60% to 80% porosity display super-hydrophilic behavior, while >90% 

porous networks exhibit the rose-petal effect, where water droplets are adhered to the surface.  
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The 3D free-standing structure offers a stable reaction environment, excellent conductivity, and a high 

specific surface area. The atomic composition can be precisely tailored for specific catalytic reactions. 

By adjusting the wettability, they can be tailored in the future for reactions involving either liquid or 

gas-phase reactants. The developed 3D NWNWs exhibit a high degree of structural and compositional 

tunability, which enables precise control over their physical and chemical properties. This versatility 

makes them excellent model platforms for systematically investigating the complex interdependencies 

between structure and function in nanoporous systems. By adjusting various parameters, we can gain 

deeper insights into how specific structural features influence performance, transport phenomena, and 

other functional behaviors in nanomaterials. 
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Zusammenfassung 

In dieser Arbeit werden die Synthese und Charakterisierung dreier Typen von dreidimensionalen (3D), 

freistehenden Nanostruktur-Assemblies vorgestellt: reines Gold (Au), Gold-Silber-Legierungen (Au1-

xAgx, 0<x<1) sowie hierarchische nanoporöse Gold-Nanodrahtnetzwerke (NWNWs). 

Die Herstellung der NWNWs erfolgt durch Elektroabscheidung in ionenspurgeätzten Templates. 

Zunächst werden Polycarbonatfolien am UNILAC-Beschleuniger der GSI mit GeV-Au-Ionen aus vier 

Richtungen bestrahlt, wodurch ein Netzwerk miteinander verbundener Ionenspuren entsteht. Durch 

anschließendes chemisches Ätzen entstehen Membranen mit vernetzten Nano-Kanälen variabler Dichte 

und einstellbarem Durchmesser. In diese Kanäle werden anschließend Au und Au1-xAgx Legierungen 

elektrochemisch abgeschieden. Es wurde untersucht, wie Wachstumsgeschwindigkeit und atomare 

Zusammensetzung der Nanodrähte von Elektrolytzusammensetzungen und angelegten Potentialen 

beeinflusst werden. Die hierarchisch nanoporösen NWNWs entstehen durch selektives Entlegieren der 

Au-Ag-Nanodrahtnetzwerke mit einem Silbergehalt von mehr als 55 at%. Durch Variation der 

Zusammensetzung und der Entlegierungszeit lassen sich nanoporöse NWNWs mit gezielt einstellbaren 

Ligament- und Porengrößen herstellen. 

Die Morphologie, Zusammensetzung, Kristallinität und Porosität dieser drei Systeme wurden in 

Abhängigkeit von den Syntheseparametern systematisch untersucht. Hierfür kamen 

Rasterelektronenmikroskopie (REM/SEM), energiedispersive Röntgenspektroskopie (EDX), 

Transmissionselektronenmikroskopie (TEM) und Röntgenphotoelektronenspektroskopie (XPS) zum 

Einsatz. Die Ergebnisse zeigen eine präzise und weitgehend unabhängige Kontrolle über den 

Nanodrahtdurchmesser (40–200 nm), die Zusammensetzung (10–90 at% Ag), die Porosität (10–98 %) 

sowie die hierarchische Struktur. 

Die synthetisierten NWNWs weisen eine große spezifische Oberfläche und exzellente 

Transporteigenschaften auf, wodurch sie vielversprechende Kandidaten für die Elektrokatalyse 

darstellen. Ihre strukturelle und chemische Einstellbarkeit macht sie zudem zu idealen Modellsystemen 

zur Untersuchung von Struktur-Funktions-Beziehungen in porösen Materialien. Bestimmt wurden die 

elektrochemisch aktive Oberfläche (ECSA), die katalytische Leistung sowie die zyklische Stabilität 

während der Methanol-Elektrooxidation. 

Reine Au-NWNWs zeigen eine etwa 100-fach höhere ECSA im Vergleich zu flachen Au-Film-

Elektroden; die experimentell ermittelten Werte stimmen dabei gut mit den theoretisch berechneten 

geometrischen Oberflächen überein. Die katalytische Aktivität der Au-NWNWs gegenüber der 

Methanoloxidation ist fünfmal höher (ECSA-normalisierte Stromdichte) als die einer flachen Au-Film-

Elektrode. Die Au1-xAgx NWNWs zeigen ein zusammensetzungsabhängiges katalytisches Verhalten, 

das sich von reinem Au oder reinem Ag unterscheidet. Für x<0,2 nehmen sowohl das Oxidations-

Peakpotential als auch die Stromdichte im Vergleich zu Au-NWNWs identischer Geometrie ab. 

Silberreiche NWNWs (x>0,5) sowie reine Ag-NWNWs sind hingegen katalytisch inaktiv. 

Hierarchische nanoporöse NWNWs, die durch Entlegierung von Au1-xAgx (x>0,6) NWNWs erzeugt 

werden, enthalten Rest-Silber im Draht sowie silberreiche Oberflächenschichten. Auffällig ist, dass ihre 

elektro-katalytische Leistung der von Au1-xAgx NWNWs mit vergleichbarer Zusammensetzung ähnelt. 

Aufgrund ihrer deutlich höheren ECSA und reduzierten Masse übertreffen diese nanoporösen Au-

NWNWs jedoch reine Au-NWNWs in Bezug auf die flächen-normalisierte Stromdichte. 

Die Oberflächenbenetzbarkeit beeinflusst die nanostrukturierte Katalyse entscheidend, da sie die 

Adsorption und Desorption von Reaktanten und Produkten an der Katalysatoroberfläche steuert und 

somit die katalytische Aktivität und Selektivität bestimmt. Mittels Sessile-Drop-Messungen wurde die 
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Benetzbarkeit der Au-NWNWs in Abhängigkeit von der Porosität untersucht. Mit steigender Porosität 

(20–98 %) ändert sich das Verhalten von hydrophil zu hydrophob. Strukturen mit 60–80 % Porosität 

zeigen superhydrophiles Verhalten, während hochporöse Netzwerke (>90 %) den „Rose-Petal-Effekt“ 

aufweisen, bei dem Wassertröpfchen an der Oberfläche haften bleiben. 

Die 3D-freistehende Struktur bietet eine stabile Reaktionsumgebung, hervorragende Leitfähigkeit und 

eine hohe spezifische Oberfläche. Die atomare Zusammensetzung kann gezielt auf bestimmte 

katalytische Reaktionen abgestimmt werden. Durch Anpassung der Benetzbarkeit können die Strukturen 

zukünftig für Reaktionen mit flüssigen oder gasförmigen Reaktanten maßgeschneidert werden. Die 

entwickelten 3D-NWNWs weisen insgesamt eine hohe strukturelle und kompositionelle Variabilität auf, 

die eine präzise Kontrolle ihrer physikalischen und chemischen Eigenschaften erlaubt. Diese 

Vielseitigkeit macht sie zu exzellenten Modellplattformen, um die komplexen Wechselwirkungen 

zwischen Struktur und Funktion in nanoporösen Systemen systematisch zu untersuchen. Durch 

Variation relevanter Parameter lassen sich tiefere Einblicke gewinnen, wie spezifische strukturelle 

Merkmale die Leistungsfähigkeit, Transportphänomene und weitere funktionale Eigenschaften von 

Nanomaterialien beeinflussen. 
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1.  Introduction 

1.1 Background 

The rapid pace of technological advancements has created an increasing demand for innovative 

materials that can meet the challenges of modern applications. This has significantly driven the field of 

materials science, leading to the exploration and development of new materials with superior properties. 

As devices become smaller, faster, and more efficient, the materials used in their construction must also 

evolve to meet these new challenges. This has led to a surge of interest in nanomaterials, which have 

been heavily developed over the past 20 years1,2. 

Nanomaterials, defined by at least one dimension smaller than 100 nanometers, exhibit unique properties 

that differ significantly from bulk materials3,4. The drastic increase in surface-to-volume ratio at the 

nanoscale enhances their reactivity and catalytic properties, making them particularly effective in 

catalytic applications.5,6 Additionally, quantum confinement effects can significantly alter their 

electrical, optical, and thermal characteristics, broadening their utility across various fields7,8. In 

catalysis, nanomaterials offer increased active sites due to their high surface area, leading to improved 

catalytic efficiency and selectivity. Their tunable size, shape, and composition further allow the 

customization of catalysts for specific reactions, advancing applications in energy conversion, 

environmental protection, and beyond. 

Among these nanostructures, nanowires stand out due to their one-dimensional geometry and high 

length-to-width aspect ratios, which provide unique advantages in technological applications9. This 

geometry provides a large surface area-to-volume ratio, enhancing their sensitivity in applications such 

as biosensing and chemical detection. For instance, silicon nanowire-based field-effect transistors have 

demonstrated superior performance in detecting biomolecules, owing to their efficient charge transport 

and surface functionalization capabilities10. In electronics, nanowires facilitate the development of 

nanoscale devices with improved electrical properties, enabling advancements in transistors and 

interconnects11. Additionally, their unique optical properties make them suitable for photonic 

applications, including light-emitting diodes and photodetectors12. In energy conversion and storage, 

nanowires enhance the efficiency of photovoltaic cells, boost lithium-ion battery performance, and 

catalyze reactions in fuel cells. Their high surface area combined with direct electron transport pathways 

makes them ideal for electrochemical applications, where surface interaction processes are crucial13–17. 

Overall, the structural and functional attributes of nanowires position them as superior candidates over 

nanoparticles for various technological applications. 

The growing interest in nanowires and other nanomaterials has driven the development of various 

synthesis techniques. The vapor–liquid–solid method employs a metal catalyst to facilitate NW growth 

from vapor-phase precursors, allowing precise control over size and crystallinity; however, it requires 

high temperatures and may introduce catalyst contamination18. Chemical vapor deposition enables the 

formation of uniform nanowires by decomposing gaseous precursors on a heated substrate, but it 

involves hazardous gases and demands precise control of reaction conditions19. Solvothermal and 

hydrothermal methods involve chemical reactions under high temperature and pressure, enabling the 

formation of nanowires from diverse materials. These techniques often require extended reaction times 

and may offer limited control over nanowire orientation20. Template-assisted synthesis employs porous 

materials like anodic aluminum oxide to guide nanowire growth, allowing precise control over 

dimensions. However, removing the anodic aluminum oxide template without damaging the nanowires 

can be difficult, potentially affecting their structural stability21. In contrast, ion-track etched polymer 
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templates are easy to remove, without damaging the nanowires22,23. Template-assisted electrodeposition 

method stands out as a low-cost, scalable, and ambient-condition process that deposits nanowires onto 

conductive substrates24,25, allowing precise control over NW length by adjusting deposition time22,26, as 

demonstrated in studies where the length of nickel nanowires increased proportionally with longer 

deposition durations, reaching up to 20 μm after 60 minutes27. Electrodeposition is compatible with a 

wide range of materials, including metals, semiconductors, and alloys, making it suitable for various 

applications26,28–31. 

In comparison with 1D nanowires, three-dimensional (3D) nanowire network (NWNW) assemblies 

offer enhanced performance in various applications. The interconnected 3D structures provide increased 

surface area and porosity, improving light absorption and charge transport, which is beneficial in 

electrochemical and photoelectrochemical applications. For instance, CuO branched nanowires have 

demonstrated approximately 2.6 times higher photocurrent density in photoelectrochemical water 

splitting compared to conventional CuO nanowires, due to their larger surface area and improved light 

absorption32. Additionally, the mechanical stability and electrical reliability of 3D nanowire networks 

make them suitable for energy storage devices, such as batteries and supercapacitors, where efficient 

ion diffusion and electron transport are crucial. A study on 3D carbon nitride nanowire scaffolds 

combined with conducting polymers reported a specific capacitance of 202 Fg-1 and maintained 83.5% 

of initial capacitance after 5000 cycles, highlighting their potential in flexible supercapacitors33. The 

ability to tailor geometrical parameters independently in 3D nanostructure assemblies allows for 

optimization of device performance, surpassing the capabilities of isolated 1D nanowires34–36. 

Electrochemical and energy conversion devices increasingly rely on 3D nanostructures with engineered 

surface wettability to optimize performance under diverse operating conditions. Controlled wettability 

at the nanoscale is essential for regulating mass transport, enhancing interfacial reactions, and improving 

stability in systems such as fuel cells, batteries, and solar energy devices. In nanostructured catalysts, 

for instance, surface wettability governs the adsorption and desorption of reactants and products, directly 

affecting catalytic activity and selectivity. Li et al. demonstrated that increasing hydrophobicity in 

covalent organic frameworks enhanced Pd-catalyzed hydrogenation of nitroarenes by facilitating 

interactions with hydrophobic reactants37. In electrocatalysis, Wang et al. showed that tuning wettability 

on Pd@zeolite surfaces shifted product selectivity in furfural hydrogenation38. Moreover, in real-world 

environments, solar cell efficiency often declines due to dust accumulation, which blocks sunlight. 

Superhydrophobic surfaces, with their self-cleaning properties, can mitigate this issue by preventing 

particle adhesion39. These examples underscore the importance of designing wettability-controlled 

nanostructures to improve efficiency, selectivity, and adaptability in advanced energy technologies. 

1.2 This Work 

This work focuses on the synthesis and study of Au-based nanowire networks (NWNWs), including 

pure Au nanowires, Au-Ag alloyed nanowires, and dealloyed porous nanowires. By combining ion-

track nanotechnology, electrodeposition, and dealloying, we create nanostructured tailored porous films 

with controlled geometry, atomic composition, and morphology. The aim of this work is to explore 

reproducible, reliable, and stable synthesis methods for various Au-based 3D NWNWs. The networks 

are characterized with various techniques. Achieving excellent structural and compositional tunability 

allows us to apply them as porous model systems to study their electrochemical performance as a 

function of their structural and compositional parameters. 

Gold is a precious noble metal, the origin of gold in the universe has been a subject of extensive research, 

and current scientific consensus supports the idea that gold was formed through cataclysmic 

astrophysical events, specifically the collision of supernovas and neutron stars, then deposited on earth 

by meteorites40. Gold has been used by humans for over 4,500 years, with ancient Egyptians utilizing it 
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to create jewelry, statues, and even dental bridges41. In modern times, gold's applications have expanded 

significantly into more technical fields, including use in computers, cellphones, and the aerospace 

industry42. Since the beginning of the 21st century, advancements in technology have further pushed the 

boundaries, leading to the development of micro- and nanostructured gold for specialized applications. 

Gold nanoparticles are of interest for biomedical applications, where they can be utilized in drug-

delivery, radiotherapy, and biomolecular detections43,44. For innovative energy devices, gold is also of 

huge interest, nanostructured gold has proven promising for energy storage and conversion applications, 

such as supercapacitor, battery, and water-splitting.45–48 Au nanostructured and porous materials 

exhibiting high surface areas and excellent transport properties are also strong candidates for 

electrocatalysis6,49–51. 

This thesis is structured in 6 chapters. After this introduction, chapter 2 presents all the experimental 

and characterization methods applied in this work, as well as relevant employed parameters. This 

includes the synthesis process of the Au and Au1-xAgx NWNWS by electrodeposition in ion-track etched 

templates, their structural and compositional characterization, as well as the electrochemical techniques 

applied for the determination of the electrochemically active surface area (ECSA) and the catalytic 

performance for the methanol electro-oxidation reaction52. 

Chapter 3 presents the results obtained on the synthesis of NWNWs. We discuss how the 

electrodeposition conditions are investigated and optimized. We demonstrate that sample morphology, 

crystallinity, and atomic composition can be controlled through the electrodeposition process, by tuning 

different parameters such as electrolyte composition, temperature, and electrodeposition potential.  

In this chapter, we also discuss the synthesis parameters and characterization of hierarchical nanoporous 

NWNWs. Hierarchical nanostructures are able to integrate multi-level of porosities, provide even higher 

specific surface area availability for catalysis reactions, tailored pore size can increase the selectivity 

towards desired reactions or products53–55. In this work, we specifically investigate the synthesis and 

characterization of hierarchical nanoporous NWNWs produced by dealloying the Au1-xAgx NWNWs. 

Dealloying involves selectively removing a chemical element from a solid solution, resulting in a 

nanoporous crystal. Various mechanisms, such as evaporation and dissolution, drive this process. 

Despite diverse experimental protocols, the atomic-scale processes driving nanostructure formation are 

similar, relying on a competition between dissolution and passivation. The special structure of 

nanoporous gold (NPG) made by dealloying, can uniquely provide catalytically active sites at the atomic 

scale and a robust scaffold structure at nanoscale56. The mechanical behavior has also been extensively 

studied for stability and sensitivity to heterogeneity57,58, with good uniformity and reproducibility. In 

this chapter, we present how by dealloying, the Ag atoms in the Au1-xAgx NWNWs can be selectively 

removed, resulting in a network consisting of porous nanowires, this allows us to create a special 

hierarchical nanostructure with controlled size and porosity. Nanoporous nanowires have a different 

morphology than cylindrical solid nanowires, they usually possess various size of pores on the nanowire 

surface and in the core, ranging from a few nm to hundreds of nm. Some wires even show a hollow 

structure with a tunnel-shaped pore. The goal is to find an optimized set of parameters, that can produce 

a stable nanoporous NWNW with suitable pore size, and increased surface area. Therefore, various of 

parameters were investigated, including pristine NWNW geometry, composition, and dealloying time.  

Chapter 4 discusses the electrochemical properties of the three types of NWNWs, including their 

electrochemically active surface area (ECSA), and their catalytic performance towards methanol 

electro-oxidation reaction. The NWNWs were characterized systematically as a function of geometry, 

composition, and dealloying time. The influence of electrolyte and reactant concentration on the 

catalytic performances was also investigated. 

One important aspect investigated in this work is the influence of residual Ag in NPG catalysis systems, 

which is a still an open question in the field. From this perspective, we analyzed detailly the catalytic 
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performance of Au1-xAgx NWNWs as a function of the Ag content, then compared the results with the 

dealloyed nanoporous NWNWs. This comparison allows us to investigate solely the influence of 

composition, without the additional variation of porosity and surface area, which are always intertwined 

in traditional NPG thin films. 

For catalysis, one property that is not discussed frequently is the wettability of the porous electrode, 

which is also an influencing factor that could potentially modulate reactants adsorption to the surface, 

or the catalytic selectivity.  

Chapter 5 presents the investigation of NWNW surface wettability as a function of the structural 

porosity. The main method employed is the sessile drop contact-angle measurement, both static and 

dynamic, which allows a direct characterization of the surface wetting state. The static characterization 

shows the water droplet behavior on a horizontal sample surface, while the dynamic characterization 

involves tilting the sample to different angles to test the droplet adhesion to the sample surface. The 

results showed a porosity-dependent change, from hydrophilic to superhydrophilic, then change to 

hydrophobic, as the porosity increases from 20% to 98%59. 

In chapter 6, we summarize all the important results presented in this work, and provide an outlook to 

future work in the field of Au-based NWNW catalysis.  
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2.  Experimental Methods 

The chapter first introduces the experimental methods applied in this work for the fabrication of 

nanowire networks, including the different steps to fabricate etched ion-track membranes, and the 

synthesis processes optimized for the three types of NWNWs, namely pure Au, Au1-xAgx, and 

nanoporous Au. Then, the various characterization techniques employed in this work will be described 

together with all the relevant experimental parameters required to reproduce the results. 

2.1 Fabrication of Etched Ion-Track Membranes 

In this work, Au, Ag, and Au1-xAgx NWNWs are fabricated by electrodeposition in etched ion-track 

membranes. This is a template-assisted synthesis method commonly used to fabricate nanowires60,61. It 

is a bottom-up approach, and the template defines the morphology and dimension of the nanowires, 

which is known for providing good control of the nanowire structure and dimension, being cost-

effective, and applicable for a great variety of materials. Especially for the synthesis of nanowires, the 

most commonly used templates are polycarbonate (PC) tracked-etched membranes and anodized 

aluminum oxide (AAO) membranes. Early reports on the fabrication of nanostructures by 

electrodeposition in polycarbonate (PC) membranes were published by Penner and Martin62, and by 

GSI63. 

The steps involved in the fabrication of PC track-etched membranes are: (i) swift heavy-ion irradiation, 

(ii) UV exposure of the irradiated polymer foils, and (iii) selective chemical etching of the ion tracks. 

Below, we explain how the three steps are applied to produce polymer membranes with interconnected 

and well-controlled nanochannels. 

2.1.1 Irradiation of polymer foils with swift heavy ions 

In this work, 30 PC µm foils (Makrofol N, Bayer AG). were irradiated at the UNILAC linear accelerator 

of the GSI Helmholtz Centre for Heavy Ion Research in Darmstadt, with Au ions of specific energy up 

to 11.4 MeV per nucleon (MeV/u). At such high energies, ion beams have a penetration depth in 

polymers of about 140 μm22. On their way through the foil, each ion creates a highly localized nanometer 

range damaged region called the ion-track. The ion track core has a diameter of about 5-10 nm. In the 

case of polymers, along the ion penetration trajectory, the polymer chains are damaged by the high 

energy, and the Au ions will lose energy accordingly.  

The interaction of energetic ions with matter is governed by two primary mechanisms: nuclear stopping 

and electronic stopping, each dominating at different ion energy regimes. At a lower ion energy regime 

(~100 keV), nuclear stopping is the predominant process. In this regime, ions lose energy primarily 

through elastic collisions with the nuclei of target atoms, resulting in the transfer of kinetic energy to 

these atoms and causing atomic displacements within the material64,65. As the ion energy increases to 

the MeV–GeV range, electronic stopping becomes the dominant energy loss mechanism. In this high-

energy regime, ions interact predominantly with the electrons of the target material, leading to excitation 

and ionization processes. The energy transferred to the electronic system can result in the formation of 

an electron cascade, which subsequently transfers energy to the lattice atoms, potentially causing 

localized heating and structural changes along the ion's trajectory66,67. The energy losses in the electronic 

stopping regime are described by the Bethe-Bloch formula: 

−
𝑑𝐸

𝑑𝑥
=  

𝑒4(ℏ𝑐)2

4𝜋𝜀0
2𝑚𝑐2

𝑛0

𝑍2

𝛽2
[𝑙𝑛 (

2𝑚𝑐2𝛽2

(1 − 𝛽2)𝐼
) − 𝛽2] 2 − 1 
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where e is the electron charge, m is the electron mass, I is the ionization energy of the target atoms, n0 

is the electron density of the target material, Z is the charge state of accelerated ions, and β is the speed 

of the accelerated ions, relative to light speed68. 

The ion fluence (ions/cm2) can be adjusted during irradiation between 1 ion/sample up to ~1010 ions/cm2, 

the ion beam is adjusted before the irradiation process, to guarantee a homogeneous distribution of ions 

on the entire surface area. In particular, for the fabrication of membranes with interconnected 

nanochannels, each foil was irradiated four sequential times from four different directions, as shown in 

Figure 2.1. The template polymer foil was tilted by 45° to the incoming ion beam. After each irradiation 

step, the PC foil was rotated 90° around the central axis. After the rotation, the PC foil was ready for the 

next irradiation. This process will be repeated two more times, which added up to ion tracks in four 

directions and perpendicular to each other. 

 

Figure 2.1 Four times irradiation of the PC membrane61. 

In this work, polymer foils were irradiated with several ion fluences, namely 1 ∙ 109 𝑖/𝑐𝑚2 , 5 ∙

108 𝑖/𝑐𝑚2 , and 1 ∙ 108 𝑖/𝑐𝑚2  for each irradiation direction, leading to a total nominal fluence of 

4 × 1 ∙ 109 𝑖/𝑐𝑚2, 4 × 5 ∙ 108 𝑖/𝑐𝑚2, and 4 × 1 ∙ 108 𝑖/𝑐𝑚2 for each foil. Due to the angle between 

the ion beam and the PC foil during the irradiation process, the actual ion track density in the PC foil is 

lower than the nominal applied ion beam fluence, namely 2.8 ∙ 109 𝑖/𝑐𝑚2 , 1.4 ∙ 109 𝑖/𝑐𝑚2 , and 

2.8 × 108 𝑖/𝑐𝑚2, respectively. The templates used in this work are referred to by the nominal ion beam 

fluence during irradiation, which has a deviation of around 20%. However, for the calculation of the 

NWNW surface area and porosity, the template fluence was characterized by SEM analysis of the etched 

pore numbers per nominal area, to guarantee a reliable theoretical value close to the experimental results. 

2.1.2 UV exposure of irradiated foils 

Prior to chemical etching, the irradiated foils are exposed to UV light to stabilize and increase the 

sensitivity of the ion tracks. This UV exposure results in a narrower diameter distribution of the 

nanochannels69. In this work, the irradiated PC foils were exposed to UV light (T-30M Vilber Lourmat 

lamp, 30W, 312 nm) for one hour on each side. 

2.1.3 Chemical etching of ion tracks 

To transform an irradiated polymer foil into a porous template, the damaged material along the ion-

tracks were selectively etched and enlarged to form pores of well-controlled dimensions. The pore shape 

and geometry are determined by two factors, the isotropic bulk etching rate (VB) (dissolution rate of the 

unirradiated material in the solution), and the anisotropic track etching rate (VT) (dissolution rate 

significatively enhanced by the damage produced by the ions). The etching selectivity is determined by 

the ratio of these two factors, the schematic drawing of the etching pore cross-section along with these 

two rates are shown in Figure 2.2. The half-angle of the etching pore is given by the function: 
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sin 𝛼 =
𝑉𝐵

𝑉𝑇
2 − 2 

 

 

Figure 2.2 Schematic drawing of the pore etching cross-section view17. 

When VT is slightly higher than VB (VT>VB), conical or bi-conical pores are generated, while for VT>>VB 

cylindrical pores are generated. The etching process for polymer ion tracks is typically performed in 

aqueous etching solutions. The choice of polymer material also affects the inner surface morphology of 

the pores. For instance, polycarbonate (PC) foils generally yield smoother pore walls, while 

polyethylene terephthalate (PET) foils often result in rougher internal surfaces. This difference is 

attributed to the distinct chemical structures and etching behaviors of these polymers70.  

Furthermore, the pore shape can be modulated by adjusting etching parameters such as temperature, 

etchant composition, and the addition of surfactants. For example, incorporating methanol into the 

alkaline etching solution or applying a transmembrane potential can influence the cone angle of conical 

nanopores. Additionally, surfactants can adsorb onto the polymer surface during etching, leading to the 

formation of unique pore geometries like spindle-shaped channels71–74. 

In this work, only interconnected cylindrical nanochannels were employed. During etching, the 

nanopore diameter increases proportionally to the etching time. PC foils were etched by immersion in a 

6 M NaOH solution at 50 °C. Under these conditions, the etching rate is around 23 - 25 nm/min22. During 

the etching process, the solution was kept at 50 °C using a water-heated thermostat and was constantly 

stirred by a magnetic stirring bar. After etching, the templates were rinsed three times, and immersed in 

de-ionized (DI) water (Millipore Direct 8) for at least 20 min. Then dried with paper towels and stored 

in a sample box. We applied etching times between 1.6 and 8 min to produce nanochannels with 

diameters between 40 and 200 nm, respectively. 
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2.2 Fabrication of Various Nanowire Networks 

The nanowire networks were electrodeposited into the interconnected pores of the etched ion-track 

membranes. The sequential experimental steps in this case are: (i) sputtering of a conductive Au layer 

on one side of the polymer membrane, (ii) electrodeposition of a thicker Au back-electrode for stability, 

and (iii) electrodeposition of the nanowires, which are described in the following sections. 

2.2.1 Sputtering of a thin Au layer 

To electrodeposit material in the ion track-etched pores, a conductive layer has to be prepared on one 

side of the membrane, which will act as a cathode during the electrodeposition process. The PC foils 

exhibit a rough side and a smooth side, which originates from the fabrication process. In this case, a thin 

layer of gold was sputtered on the rough side of the template to attain good adhesion between the PC 

template and the Au layer. A thin Au layer (thickness ~100 nm) was sputtered using an Edwards Sputter 

Coater S150B with 10-1 torr pressure, and with a sputtering current of 30 mA for 200 s. This layer is 

then reinforced with a thicker electrodeposited Au layer to completely close all the pores and provide a 

stable substrate for the nanowire network. Details on the preparation of the thicker layer are given in 

chapter 2.2.3. 

2.2.2 Electrodeposition process  

Electrodeposition is widely used for the synthesis of numerous materials including metals and alloys. It 

enables the engineering of surfaces, traditionally being used to fabricate e.g., anti-corrosive coatings or 

electrical conducting surfaces. Electrodeposition is also a commonly used method for the synthesis of 

nanostructured metals, alloys, and metal matrix composites. This method can be applied to synthesize 

multiple nanostructures, such as nanoparticles, nanowires, and thin films24,75–77. There are three main 

electrodeposition modes, namely potentiostatic deposition, galvanostatic deposition, and pulse-plating 

deposition. During potentiostatic deposition, a constant potential is applied to the working electrode, 

while the current between working electrode and counter electrode is recorded as a function of time. 

During galvanostatic deposition, a constant current is applied, and the potential is recorded. Pulse plating 

refers to the process during which the deposition potential or deposition current are applied at a certain 

frequency for a certain amount of time repeatedly23,24,75,78. 

A schematic two-electrode electrodeposition cell is shown in Figure 2.3, It consists of two electrodes, 

an anode, and a cathode, the electrolytic bath, and a power source. 

 

Figure 2.3 Schematic representation of the electroplating process75. 



Experimental Methods 

9 

PhD Thesis - Mohan Li 

The metal ions Mn+ in the electrolyte can be driven by the potential difference between the two electrodes, 

and move towards the cathode by migration, diffusion, or convection79. The metal ion will be reduced 

at the cathode surface and be deposited on the substrate, the reaction is represented by this equation: 

𝑀𝑛+ + 𝑛𝑒− ⇄ 𝑀 2 − 3 

The metal ions will consume electrons during the reduction reaction, and generate a cathodic current. 

Accordingly, an oxidation reaction will happen at the anode at the same time and generate an anodic 

current. If the system reaches the dynamic equilibrium condition, then the two currents will be equal, 

and the equilibrium potential can be described by the Nernst equation: 

𝐸𝑒𝑞 = 𝐸0 +
𝑅𝑇

𝑧𝐹
ln 𝑎 2 − 4 

where E0 is the standard potential, R is the gas constant, T is the absolute temperature, z is the ion valence, 

F is the Faraday constant, and a is the metal ion activity. This ion activity a is related to ion 

concentration.7 For the two-electrode system, each electrode is a half-cell, when there is no external 

contribution, the two half-cells are at dynamic equilibrium. To polarize the interface, an external 

electrical field needs to be applied to the two electrodes, and a current flow is generated. Thus, an 

overpotential will be generated due to the two half-cells' potential shifts, this is described by the equation 

below, 

𝜂 = 𝐸 − 𝐸𝑜.𝑐. 2 − 5 

where 𝜂 represents the overpotential, E is the external electrical field potential, and Eo.c. is the open 

circuit potential. For this research, a three-electrode setup was used, so the overpotential is measured 

against a third reference electrode. The overpotential is the main driving force, which generates the 

polarization of the electrode-electrolyte interface68. 

In this work, electrodeposition was applied to the reinforcement of Au back-electrode, as well as the 

growth of pure Au, pure Ag, and Au1-xAgx nanowires. 

2.2.3 Electrodeposition of back-electrode layer 

As mentioned in section 2.1.1, the thin Au layer sputtered on the rough side of the PC template was 

reinforced by a thicker and more stable Au layer which was produced by electrodeposition. This layer 

completely closed the pores on one side, which provided good electrical contact and a stable substrate 

for nanowire growth. The schematic of the employed two-electrode experimental setup is shown in 

Figure 2.4. A copper ring was in direct contact with the sputtered Au layer, which acted as the working 

electrode. A gold spiral rod was used as the counter electrode. The electrodeposition was conducted 

galvanostatically at room temperature, applying a constant current density of 2 mAcm-2. The electrolyte 

used for back-electrode deposition is a commercial gold sulphite solution (AuSF, 15 g/L Au, 

METAKEM). The electrodeposition was conducted for 3000 s to deposit a back-electrode layer of 

thickness ~ 2 μm, which was stable enough to support the NWNWs during the handling processes. 
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Figure 2.4 Schematic representation of a two-electrode setup for electrodeposition of a Au layer on the 

sputtered gold of the membrane60. 

2.2.4 Electrodeposition of nanowire networks 

Figure 2.5 shows a schematic of the three-electrode electrochemical cell employed for the 

electrodeposition of the Au, Ag, and Au1-xAgx NWNWs. A platinum (Pt) spiral wire acted as the counter 

electrode and an Ag/AgCl electrode as the reference electrode (Sensortechnik Meinsberg). The Au back-

electrode acted as the working electrode and was contacted via a copper ring. A Gamry potentiostat 

600+ was used to apply the voltage during the potentiostatic process. The experimental parameters 

(voltage, temperature, and electrolyte composition) were investigated and optimized for each of the three 

types of networks, details are given in the following sections. 

 

 

Figure 2.5 Schematic representation of a three-electrode setup consisting of working, counter, and 

reference electrodes, connected to a potentiostat60. 

Au NWNW 

For the electrodeposition of pure Au NWNWs, the electrolyte consisted of 50 mM potassium 

dicyanoaurate (KAu(CN)2, Carl Roth, ≥ 99.5%) and 250 mM sodium carbonate, (Na2CO3, Carl Roth, > 

99.8%), with 1 vol% surfactant (2A1 Dowfax, Dow). The addition of surfactant resulted in a more 
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homogeneous nanowire network structure31. Na2CO3 was added to the electrolyte to maintain an alkaline 

pH value, which is about 12-13, to prevent the production of the toxic hydrogen cyanide. The Au ion 

exists as a complex [𝐴𝑢(𝐶𝑁)2]− in the electrolyte. The gold cyanide electrolyte is very stable at room 

temperature, the reduction reaction is: 

[𝐴𝑢(𝐶𝑁)2]− + 𝑒− → 𝐴𝑢 + 2𝐶𝑁− 2 − 6 

After applying a certain potential, the Au (1) complex will react with one electron and be reduced at the 

working electrode. Au atoms will be reduced at the bottom of the nanochannels, on the sputtered 

conductive Au layer, and form nanowires. Before the electrodeposition begins, the electrolyte was filled 

inside the cell compartment, and the whole cell was heated to 60 °C for 1 hour, to ensure a homogeneous 

electrolyte temperature inside the pores, and that the pores are completely filled with electrolyte.  

To select the deposition potential, cyclic voltammogram (CV) was recorded under the same 

experimental conditions as employed for nanowire depositions, a representative CV is shown in Figure 

2.6, which exhibits a main reduction peak at about -1.1 V, shown as the red dash line, which is in 

agreement with the reduction potential reported by Alber17 for the electrodeposition in parallel 

nanochannels. 

 

Figure 2.6 CV recorded using a PC template with nanochannel density 𝑑=4×1×108 𝑐𝑚−2, and pore 

diameter 150 nm with a Au back-electrode, in 50 mM KAu(CN)2 electrolyte with 1% Doxfax 2A1, at 

temperature 60 °C. 

The electrodepositions were performed potentiostatically, applying voltages between U = -1.1 V and U 

= -0.8 V vs. Ag/AgCl. The current was recorded during each electrodeposition as a function of time. 

The deposition time is different according to applied potential, and the actual deposition curve. The 

deposition process is separated into three stages (Figure 2.7), at first, atoms gradually fill inside the 

nanochannels and form the NWNW structure. Then after a certain amount of time, which is related to 

the deposition potential and electrolyte concentration, all the pores will be fulfilled. Once the pores are 

filled and material starts to be deposited outside the membrane, there is a rapid current increase shown 

on the I-t curve (Figure 2.8). The depositions were terminated manually as soon as this current increase 

started, to attain NWNWs of 30 µm height. If the reaction is not stopped in time, caps are formed on top 

of the nanowires, as shown in Figure 2.7. 
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Figure 2.7 Schematic drawing of the deposition process of nanowire networks.80 

 

Figure 2.8 Representative I-t curve of NWNW deposition process. 

Ag NWNW 

Ag NWNW was also deposited potentistatically, at 60 °C, using 50 mM potassium argentocyanide 

(KAg(CN)2, Carl Roth, ≥ 99.5%), with 250 mM sodium carbonate, (Na2CO3, Carl Roth, > 99.8%) and 

1 vol% surfactant (2A1 Dowfax, Dow). The Ag(1) ion deposition mechanism is the same as Au, one Ag 

ion will consume one electron and deposit on the substrate, The electrodeposition equation of Ag ion is 

shown as below: 

[𝐴𝑔(𝐶𝑁)2]− + 𝑒− → 𝐴𝑔 + 2𝐶𝑁− 2 − 7 

The other experimental conditions remain the same as Au NWNW deposition. However, Ag and Au 

ions have different reduction potentials during the electrodeposition process, primarily due to their 

distinct standard electrode potentials81. From literature results, we selected U = -0.8 V17 to deposit Ag 

NWNWs. The detailed recorded CVs and the corresponding reaction mechanisms will be shown and 

discussed in section 2.2.4.  

Au1-xAgx alloy NWNW 

For the electrodeposition of Au1-xAgx nanowires, we used an electrolyte consisting of potassium 

dicyanoaurate (KAu(CN)2, Carl Roth, ≥ 99.5%), potassium argentocyanide (KAg(CN)2, Carl Roth, ≥ 

99.5%), 250 mM sodium carbonate (Na2CO3, Carl Roth, > 99.8%), with 1 vol% surfactant (2A1 

Dowfax, Dow). In a binary electrodeposition system, in this case, is an Au-Ag alloy system, both Au 
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and Ag ions will deposit at the same time and form alloyed NWNWs. Both Au and Ag ion form cyanide 

complex [𝐴𝑢(𝐶𝑁)2]−and [𝐴𝑔(𝐶𝑁)2]−, their crystallized structures are both face-centered cubic, and 

they exhibit similar lattice parameters (4.0862 Å for Au and 4.0782 Å for Ag), thus they can form a perfect 

solid solution82. In this case, the composition of the deposited NWNWs, can be adjusted by varying both 

reduction potential and/or electrolyte composition. 

For the electrodeposition of Au1-xAgx NWNWs we employed the same amount of sodium carbonate 

(250 mM) and surfactant (1 vol%), varying the relative contents of Au and Ag ions in the electrolyte, as 

well as the deposition potential, between U = -1.1 V and -0.8 V vs. Ag/AgCl. The summarized 

electrolyte compositions and the applied deposition potentials are given in Table 2.1. The synthesized 

samples are analyzed with different characterization methods, and the results are discussed in section 

3.2. 

Table 2.1 Au1-xAgx alloy nanowire network deposition conditions 

Electrolyte 

name 
KAu(CN)2 (mM) KAg(CN)2 (mM) 

Au:Ag 

ratio 

Deposition potential 

(V vs. Ag/AgCl) 

10Au1Ag 50 5 10:1 -1.1; -1.0; -0.9; -0.8 

9Au1Ag 45 5 9:1 -1.1; -0.8 

8Au2Ag 40 10 4:1 -1.1; -0.8 

6Au4Ag 30 20 3:2 -1.1; -0.9; -0.8 

5Au5Ag 25 25 1:1 -1.1; -0.8 

4Au6Ag 20 30 2:3 -1.1; -0.8 

3Au7Ag 15 35 3:7 -1.1; -0.8 

 

2.2.5 Template removal 

After electrodeposition, the nanowires are released from the polymer template for further 

characterization. In this case, we employed dichloromethane (DCM, CH2Cl2, Carl Roth, ≥ 99.5%) to 

dissolve the polycarbonate membrane. Each sample was immersed in DCM for around 2 weeks, with at 

least one time exchange daily, to ensure a complete dissolution of the polymer template, otherwise a 

thin layer of polymer residual can be observed on the nanowire surface from SEM analysis. Afterwards, 

the sample is removed from the DCM solution, and then dried out in air. After removal of the polymer 

template, the NWNW sample remains entire without breaking. It can be easily handled with a tweezer 

and manipulated for further measurements. Specific sample preparation procedures for further 

experiments and characterizations (e.g., catalysis, wettability) will be explained in detail in the 

corresponding chapters. 

2.2.6 Dealloying process to fabricate nanoporous Au NWNWs 

Dealloying is the selective dissolution of one or more components from an alloy or solid solution, using 

chemical or electrochemical corrosive methods to remove the less noble component83. This technique 
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commonly utilizes alloys such as Au-Ag, where the less noble Ag is dissolved to create nanoporous Au. 

Similarly, Co-Pd alloys are used to generate nanoporous Pd. The two primary dealloying methods are 

electrochemical and chemical. In electrochemical dealloying, the less noble metal is removed from the 

alloy by applying an electrical voltage in the electrolyte. This method allows precise control of the pore 

size and shape, making very fine and even structures. On the other hand, chemical dealloying uses acids 

or bases to dissolve the less noble metal, which is simple and easy to scale up for large amounts, but it 

usually makes larger, less uniform pores84,85. 

Over the years, it has been shown that dealloying is an effective way to produce a porous structure. A 

typical pore evolution process is shown in Figure 2.9. During dealloying, the less noble atoms dissolve, 

allowing the remaining atoms to diffuse along the interface, and the more noble atoms reorganize to 

form a bicontinuous network of ligaments and pores, and reconstruct a 3D porous structure. Over time, 

coarsening occurs due to surface diffusion, resulting in the growth of ligaments and pores and a decrease 

in surface area85. This is a competitive process between dissolution and passivation, the pore and 

ligament size, typically ranging from a few nm to several µm, which can be tuned by balancing 

dissolution and surface diffusion rates56,86,87. 

 

Figure 2.9 Working model for porosity evolution in dealloying in the Ag-Au alloy system (Ag, gray; 

Au, orange). (a) The rate-limiting step is the formation of terrace vacancies, which then grow into 

lateral vacancy clusters. (b) As dissolution proceeds layer by layer, surface diffusion passivates low-

coordination sites with Au, leading to surface roughening. (c, d) As dealloying continues, there is 

insufficient Au to totally passivate the increasing surface area, leading to undercutting and bifurcation 

of ligaments. (e) The result of this process is a bicontinuous porous structure in which ligaments have 

Au-rich surfaces and Ag-rich interiors. ( f ) As coarsening increases the length scale of the initial 

structure, residual Ag atoms are exposed and dissolved, leaving a final structure with much reduced 

Ag content85. 
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For the AuAg system, the less noble part Ag, has to surpass 55 at% to start the dealloying process, so 

only Au1-xAgx NWNWs with more than 60 at% Ag was tested88,89. In this work, we apply chemical 

dealloying to produce hierarchical porous Au NWNWs. For this, Au1-xAgx NWNWs of various 

compositions (0.6<x<0.8) were placed in a 65% nitric acid (HNO3) solution to selectively dissolve Ag. 

Dealloying occurred under the free corrosion conditions for durations from 30 min to 24 hours. 

Subsequently, the samples were rinsed with DI water for three times, to eliminate any residual acid 

solution. Finally, the samples were air-dried. All dealloyed samples were analyzed by SEM and EDX, 

to study the morphological and structural evolution during the dealloying process. Several series of 

samples, with nanowires varying between 60 nm and 150 nm were synthesized and analyzed, in order 

to investigate the influence of nanowire size on the dealloying process, and find the optimum 

geometrical parameters for fabricating free-standing porous Au NWNWs. 
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2.3 Characterization Methods 

To study the morphology, composition, and different properties of the Au, Ag, and Au1-xAgx nanowire 

networks synthesized under different experimental conditions, various characterization techniques are 

applied in this work. High-resolution scanning electron microscopy (HRSEM) was used to determine 

the morphology of the nanowire networks, along with energy-dispersive X-ray spectroscopy (EDX) for 

the determination of the elemental composition. The nanowire crystallographic structure was studied by 

transmission electron microscopy (TEM). In order to test the catalytic performance and to determine the 

electrochemically active surface area (ECSA) of the Au nanowire networks, cyclic voltammetry (CV) 

measurements were performed. To study the wettability of the NWNWs we applied contact angle (CA) 

measurements. 

2.3.1 High-resolution scanning electron microscopy (HRSEM) 

Scanning electron microscopy (SEM) is widely used to image materials surface characteristics even in 

the nanometer range, by scanning the specimen with a focused electron beam. In the scanning electron 

microscope, electrons emitted at the top of the column by an electron gun then accelerated and focused 

to a beam by passing through several lenses. As shown in Figure 2.10, the beam is scanned over the 

surface of a sample, which is placed on a stage in the vacuum chamber90. 

 

Figure 2.10 Schematic representation of SEM structure90. 

When the primary electrons hit the sample surface with energy in the keV range, some electrons 

scattered back from the sample surface due to elastic collisions. During the hitting, the energy of primary 

electrons is transferred to the sample, which is an inelastic scattering process, ejecting low-energy 

secondary electrons. Secondary electrons, backscattered electrons, and diffracted backscattered 

electrons are used to generate a three-dimensional image of the materials' surface topography. During 

this interaction between the primary electron beam and sample, sample electrons from the valence band 

and conduction band are excited and return to lower energy states releasing X-rays, which have a 

characteristic wavelength that is analyzed by energy-dispersive X-ray spectroscopy90. 
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Figure 2.11 Interaction between the electron beam and sample90. 

SEM is the most important characterization technique in this work, which is used for nanowire 

morphology, geometry, and structural homogeneity analysis. It is a powerful tool in assisting the 

optimization of the NWNW fabrication process, as well as analyzing the sample evolution during the 

electrochemical reactions. In this work, we employed a Zeiss Gemini 500 field emission scanning 

electron microscope. 

2.3.2 Energy dispersive X-ray spectroscopy (EDX) 

Energy-dispersive X-ray spectroscopy (EDX) is a chemical analysis method to determine the local 

elemental composition by analyzing emitted X-rays. The X-rays are generated when the sample is hit 

by the electron beam, because electrons inside the atom absorb the energy of the primary electrons. The 

electron of the sample atom is excited to a higher energy level, leaving an electron vacancy inside the 

atom, which is filled by an electron from a higher level falling down, emitting X-rays. Their energy is 

determined by the atom, since the energy state positions are a specific material property91,92. 

EDX analysis is both a qualitative and quantitative characterization method. EDX spectra contain 

multiple peaks, whose positions correspond to the energy level of different elements. By integration of 

the peak line intensity, the relative peak height can be calculated, which represents the elemental content. 

An example of the EDX spectra is shown in Figure 2.1292.  

 

Figure 2.12 EDX spectra from a SrBi2Ta2O9 nanotube91. 

SEM and EDX measurements were performed at GSI using a Zeiss Gemini 500 microscope equipped 

with a Bruker EDX detector. SEM analysis can characterize the nanowire network morphology, 

including nanowire dimension, structure homogeneity, nanowire surface morphology, and cross-section 

of the nanowire networks. EDX provides the elemental analysis, especially for the Au1-xAgx nanowire 
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networks, which allows us to have a detailed analysis of the atomic composition of the alloyed nanowire 

networks in different scales, including a detailed scanning and an overview analysis. The sample is fixed 

on s SEM stub, either using a ring to fix it, or glue on top using a silver paste. 

2.3.3 High-resolution transmission electron microscopy (HRTEM) 

Transmission electron microscopy (TEM) is a commonly used characterization method to obtain high-

resolution analysis in the nanoscale, which is widely applied in materials science and biological science 

fields. Figure 2.13 shows the schematics of a TEM. An electron beam is generated from the electron 

gun at the top, and then is focused by several metal apertures and electromagnetic lenses below. At the 

end of the column, only a small part of the electron beam is focused on the sample, which has a well-

defined energy. After the beam passes through the column, only a small portion of the electron beam 

will focus on the sample, which has a well-defined energy93. 

 

Figure 2.13 Schematic representation of transmission electron microscope93. 

Normally, transmission electrons can penetrate through samples thinner than 100 nm, the exact 

transmission thickness however depends on sample density and composition. There are two observation 

modes in TEM, bright-field and dark-field imaging. In the bright-field mode, transmitted electrons pass 

through the aperture and transmit through the specimen, so at thicker spots or where heavier atoms are 

present, a darker area appears on the screen. However, in the dark-field imaging mode, only diffracted 

atoms will pass through the aperture, and the transmitted electrons are blocked. Thus, this mode can 

reveal the crystal information of the specimen. The two observation modes of bright-field and dark-field 

are demonstrated in Figure 2.1493. 

 

Figure 2.14 Transmitted and diffracted electrons for (a) bright-field and (b) dark-field images in 

transmission electron microscope93. 
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For TEM analysis, a small piece (~3 mm × 5 mm) of the nanowire network sample was cut off and 

placed in a glass tube filled with a small amount of isopropanol. The tube was inserted in an ultrasonic 

bath for 2 - 3 min to separate the network structure from the back-electrode layer and break it into small 

pieces consisting of only a few individual nanowires. Then this nanowire containing suspension was 

drop-casted on to a copper TEM grid with a pipette. Once the isopropanol evaporates, the sample is 

ready for TEM characterization. TEM and TEM-EDX measurements were performed by Dr. Wilfried 

Sigle at the Max Planck Institute for solid state research in Stuttgart, using a JEOL ARM200F TEM. 

2.3.4 X-ray photoelectron spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (XPS), also known as electron spectroscopy for chemical analysis 

(ESCA), is a quantitatively analyzing method focusing on elemental composition and chemical states 

on a material's surface, providing insights into surface properties within a depth of approximately 1-10 

nm. XPS employs high-energy X-ray photons to stimulate electrons within a substrate (Figure 2.15). 

The ejected electrons are sorted based on their kinetic energies using a hemispherical electron energy 

analyzer. Then electrons with specific kinetic energies are directed to an electron detector and counted. 

XPS software generates graphs illustrating the number of electrons versus binding energy. Despite x-

rays penetrating deeper into a sample, the photoelectrons exhibit a restricted mean free path, therefore 

XPS is highly surface-sensitive94,95. 

 

Figure 2.15  Diagram and main components of an XPS system94.  

In this work, XPS measurement was done in the Surface Science Laboratory at the Technical University 

of Darmstadt. A SPECS PHOIBOS 150 spectrometer implemented at the DAISY-FUN cluster tool was 

used. It is equipped with an Al Kα X-ray source. Samples were cut into smaller pieces and then used 

directly for XPS measurements, without extra treatment. The data analysis was performed with 

CasaXPS. XPS can provide information focused on the nanowire surface, instead of EDX analysis 

averaging over a number of wires, it can also distinguish the surface oxidation layer, or other impurities 

and contaminations. 

2.3.5 Electrochemical measurements

For nanomaterials using in catalytical applications, it is important to first characterize their 

electrochemical properties in a controlled experimental condition. These properties include catalytic 

activity, electrocatalysis, overpotential, durability, selectivity, charge transfer kinetics, surface area, and 

susceptibility to poisoning or deactivation. Catalysts influence the rate and efficiency of electrochemical 

reactions, impacting processes like energy conversion and storage. Understanding and optimizing these 

properties are crucial for designing effective catalysts79,96–99. There is one fundamental method used in 

various measurements, which is cyclic voltammetry (CV). During a CV measurement, a cyclic potential 
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is ramped within a certain range to the working electrode with respect to the reference electrode for a 

certain number of cycles. While the applied potential is varied, different reactions occur at different 

potentials. 

With this method, a current vs. voltage (I-V) diagram is measured. An example is shown in Figure 2.16. 

When the potential of the working electrode is more positive than the oxidation potential of the redox 

pair in the electrolyte, then the corresponding species are oxidized, which is indicated by a peak of 

current increase. Reversely, when the potential of the working electrode is more negative than the 

reduction potential of the redox couple, the reduction reaction occurs, therefore a reduction peak will 

appear on the curve. For both oxidation and reduction reactions, anodic and cathodic current peaks are 

identified on the CV curve. During the CV scan, there are also some potential regions where no reaction 

happens, this is called the non-faradic region. Within the non-faradic region, there is no peak shown on 

the CV curve99–101. 

 

Figure 2.16 Example of a CV curve measurement101. 

In this work, all CV measurements are done in a commercial three-electrode cell from Redoxme AG, as 

shown in Figure 2.17. The setup includes a platinum spiral wire as the counter electrode, a Ag/AgCl (3 

M KCl) reference electrode, and a gold coated copper plate in contact with the sample as the working 

electrode. There is also a pair of gas inlet and outlet tubes, which are used for purging the electrolyte 

with N2 gas before every measurement. 

 

Figure 2.17 The Redoxme BMM EC 15 mL Cell assembly construction. 

2.3.6 Electrochemically active surface area (ECSA) measurement methods 

To evaluate the catalytical performance of NWNWs, first, the electrochemically active surface area 

(ECSA) must be determined. In this work, we applied two different methods for the ECSA 
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determination: (i) the double-layer capacitance measurement and (ii) the integration of the Au oxide 

reduction peak.  

Double-layer capacitance measurement 

The electric double-layer is the interface formed between an electrode and the adjacent electrolyte, it 

forms whenever two conducting phases meet at an interface, which is an intrinsic part of any 

electrochemical system102. This was first proposed by Helmholtz in 1853, the double-layer concept was 

introduced as an interfacial region comprised of two layers of opposite charges separated by a small 

distance103, as shown in Figure 2.18 (a). The electrical double-layer model has since evolved through 

major contributions by Gouy (1909), Chapman (1913), Stern (1924), and Grahame (1947)102,104–106. As 

shown in Figure 2.18 (b), Gouy and Chapman expanded the model by accounting for the thermal motion 

of ions, introducing the concept of a diffuse layer, a region where cations and anions are continuously 

distributed in the electrolyte due to thermal diffusion. This ion diffusion is influenced by surface charge 

and entropic factors such as ion adsorption and changes in hydration shells, which together affect the 

thickness of the electric double layer and result in a “diffuse electric double-layer”. Stern combined the 

two models, introducing two ion distribution regions: the compact (or Stern) layer and the diffuse layer 

(Figure 2.18 (c)). In the compact layer, ions are strongly adsorbed onto the electrode, which includes 

specifically adsorbed ions (usually anions) and non-specifically adsorbed counterions, separated by the 

inner and outer Helmholtz planes (IHP and OHP). The diffuse layer follows the description from the 

Gouy–Chapman model.107 

 

Figure 2.18 Schematic representation of the electrical double-layer using the (a) Helmholtz 

description, (b) Gouy-Chapman description, and (c) Stern description. IHP stands for the inner 

Helmholtz plane while OHP refers to the outer Helmholtz plane.107 

In our experiments, we charge this double-layer with an external potential, and then the charge 

accumulates at the electrode surface. This charge separation behaves like a capacitor, where the 

electrode and the adjacent ion layer act as two plates. The capacitance of this arrangement, known as 

the double-layer capacitance, is directly proportional to the surface area of the electrode in contact with 

the electrolyte.108 When a potential is applied at the electrode, the ions inside the electrolyte with a 

reversed charge will be attracted to the electrode surface. So the first layer consists of the surface charge 

ions, while the second layer is composed of ions attracted to the surface charge via the Coulomb 

force100,109,110.  
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During a CV scan, the measurement window is carefully chosen to ensure that no electrochemical 

reactions occur. Only this reaction-free region, known as the non-faradaic region, can be used to estimate 

the double-layer capacitance. So, the double-layer charging current can remain constant. The ECSA of 

an electrode can be determined by the double-layer capacitance (𝐶𝐷𝐿) and the specific capacitance (𝐶𝑠) 

according to the equation: 

𝐸𝐶𝑆𝐴 =
𝐶𝐷𝐿

𝐶𝑠
2 − 8 

The specific capacitance (CS [=] μFcm−2) is proportional to the surface area, thus crucial in evaluating 

the ECSA, since small inaccuracy can lead to underestimation or overestimation of the ECSA values.42 

In this work, we employed a smooth Au thin film as the reference sample for the determination of the 

specific capacitance, to exclude errors from experimental setups and conditions. First select a suitable 

non-faradic region from a CV curve, such as Figure 2.19 (a), then optimize measuring settings by 

varying different parameters (details will be discussed in section 4.1.4), apply different scan rates within 

the selected potential range (e.g. from 0.01 V/s to 10 V/s), then the anodic and cathodic current can be 

extracted from the CV cycles. Last step is to analyze the extracted data and the slope of the linear fitting 

curve is the capacitance value (Figure 2.19 (c)), which is described by the equation below: 

𝐶 =
𝑖𝐶

𝑣
2 − 9 

Where 𝐶 is capacitance, 𝑖𝐶 is the capacitive current, and 𝑣 is the scan rate111. 

 

Figure 2.19 Cyclic voltammograms (a) recorded for a glassy carbon electrode in argon-purged 0.1 M 

NaOH aqueous solution in a wide scan range, (b) with different scan rates within the selected 

measuring window, (c) anodic and cathodic current as a function of scan rate, dot lines correspond to 

corresponding linear regression fits. The resulting capacitance values are shown with the colors 

corresponding to their respective data set111. 

Real environments can be quite different than an ideal capacitor, since many factors, such as diffusion 

limitation, uncompensated potential drop, and the selected potential window, influence the 

measurement. In this work, many parameters were varied to find optimized conditions for the 

determination of the ECSA of the NWNW by this method, which will be discussed in detail in section 

4.1.4. The main advantage of the double-layer capacitance method is its wide applicability. In particular, 

it can be applied to complex surfaces independently of the surface chemical composition. Therefore, the 

method is very suitable to determine the ECSA of NWNWs with same geometry but different 

compositions. But to more accurately evaluate our NWNWs, we also employed a second method for 

ECSA evaluation, which is only applicable to pure Au samples.  
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Integration of the AuO reduction reaction peak 

Since the ECSA determination is critical for the evaluation of the catalytical performance of the 

networks, we employed an additional method for ECSA evaluation, i.e., the integration of the Au 

oxidation reaction peak. This method applies only to pure Au samples, because Ag oxides undergo two 

steps of reduction reactions, and the reduction peaks of the AuAg alloys can overlap, which makes the 

separate evaluation difficult.  

The ECSA values are determined by integrating the faradaic charge transfer of the Au surface oxide 

reduction reaction112. Au oxide formation has been studied since the 1960’s113, researchers have found 

that CV in acidic solutions displays a minimum current prior to oxygen evolution. Charging curves 

indicate the formation of a monolayer containing one oxygen atom per gold atom. Since this oxide film 

is restrained to one monolayer, the method can be used to determine the surface area of gold 

electrodes114.  

𝐸𝐶𝑆𝐴 =
𝑄𝑚

𝑄𝑟𝑒𝑓
2 − 10 

where 𝑄𝑚 is the measured charge transfer value, and 𝑄𝑟𝑒𝑓 is the reference value of the change transfer 

used for monolayer of AuO reduction is 1 cm2. 

We employed a flat Au thin film, produced by electrodeposition, with a thickness of around 2 µm, as 

the reference sample. A representative CV recorded in a 0.1 M H2SO4 solution is shown in Figure 2.20. 

The anodic peaks located at U = 1.2 - 1.4 V are attributed to the formation of Au oxide115,116, while the 

current rising at 1.6 V represents the beginning of O2 evolution117. The cathodic peak at 0.85 V represents 

the Au oxide reduction, with the peak area (marked in yellow) representing the total charge transfer 

during the reduction reaction. During the anodic scan, a monolayer of Au oxide forms on the Au NWNW 

surface, which is reduced during the cathodic scan. By integration of the reduction peak area and 

subtraction of the background, the total charge transfer is determined117. A reference value of the 

faradaic charge of a Au oxide monolayer per unit area was obtained by reference CV measurements 

under the same experimental conditions using the Au film on the 1 cm2 reference sample. By integrating 

the respective reduction peak, a reference charge transfer value of Qref = 653 µCcm-2 is obtained. This 

value will be used in section 4.1.1 for determination of the Au NWNWs ECSA. This value is slightly 

higher than the value available from literature, Leopold and Nahir116 theoretically calculated 448 µCcm-

2, when assuming the surface is Au(111). The reason for this deviation mostly comes from the intrinsic 

roughness of our reference sample, which is inevitable in real experimental conditions. Another reason 

can come from different experimental setups, solution pH, concentration, capacity, and the sweep rate.118 

Therefore, in our work, when we control all the parameters to remain the same, then the reference value 

we obtained can rule out system errors and influences, and give us more reasonable results. 

 

Figure 2.20 CV recorded in 0.1 M H2SO4 for a 1 cm2 flat Au reference sample52. 
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In chapter 4.1.4 we will also discuss the parameters used for ECSA determination, and which set of 

parameters can lead to more optimized results. Also, a comparison of the ECSA values obtained by the 

two methods will be presented and discussed in that section. 

2.3.7 Methanol electro-oxidation reaction 

Direct methanol fuel cell is a very promising choice of energy source for portable devices and 

transportation vehicles, such as automobiles119. These applications require simple resources, with non-

hazardous waste, and function at low temperatures, while providing high specific energy96. In order to 

improve the performance of methanol/ethanol fuel cells, it’s very important to find suitable catalysts to 

increase the reaction rate. 

A representative scheme of the methanol oxidation process in a fuel cell is shown in Figure 2.21. A 

direct methanol fuel cell consists of two electrodes, including an anode, where methanol is fed along 

with water, and a cathode, where oxygen goes in. The anode and cathode are separated by an ionic 

conductor, the cell can be filled with an acidic or alkaline electrolyte96. 

 

 

Figure 2.21 Schematic figure of a methanol fuel cell120. 

The oxidation of methanol will happen at the anode, which can produce electrical energy with carbon 

dioxide emissions. While at the cathode, oxygen is consumed and reduced, with H2O as a product. The 

complete reaction is shown below:  

𝐶𝐻3𝑂𝐻 +
3

2
𝑂2 →  𝐶𝑂2 + 2𝐻2𝑂 2 − 11 

The anodic and cathodic reactions are different as a function of pH.121 In the acidic electrolyte, the 

reactions at the anode and cathode are: 

𝐶𝐻3𝑂𝐻 + 𝐻2𝑂 → 𝐶𝑂2 + 6𝐻+ + 6𝑒− 2 − 12 

𝑂2 + 4𝐻+ + 4𝑒− → 2𝐻2𝑂 2 − 13 

But if the electrolyte is alkaline, such as sodium hydroxide and potassium hydroxide, then the reaction 

equations at the anode and cathode are: 

𝐶𝐻3𝑂𝐻 + 8𝑂𝐻− → 𝐶𝑂3
2− + 6𝐻2𝑂 + 6𝑒− 2 − 14 

𝑂2 + 2𝐻2𝑂 + 4𝑒− → 4𝑂𝐻− 2 − 15                                                                                                         
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The anode corresponds to the negative electrode, while the cathode is the positive electrode, and the 

potential difference between the two electrodes is called the cell potential122. 

In this thesis, to characterize the catalytic performance of Au, Ag, Au1-xAgx, and nanoporous Au 

NWNWs, the setup details are given in section 2.3.5. To properly characterize the catalytic ability of 

various NWNWs against methanol oxidation, alkaline electrolytes with different concentrations were 

used, namely 0.1 M, 0.5 M, and 1 M potassium hydroxide (KOH) solutions. 

2.3.8 Contact angle measurements 

The surface wetting state is impacted by the unique characteristics of nanostructures, which include 

nanoparticles, nanowires, and other nanoscale features. Their defining attributes include high surface 

area, intricate surface roughness, and various surface chemical composition. When liquids are brought 

into contact with a surface, they exhibit a certain wetting behavior. For example, a drop of water either 

spreads over the surface or is repelled by it. This wetting behavior is typically described and 

characterized by a technical term called the contact angle (CA). The CA on a surface is the angle formed 

at the three-phase contact line, where a liquid, a solid, and a gas phase (usually air) meet. It quantifies 

the wetting behavior of the liquid on the solid surface. For conventional cases, a high CA (90° < θ < 

180°) signifies non-wetting or hydrophobic behavior, where the liquid forms a nearly spherical droplet 

with minimal surface adhesion. Conversely, a low CA (θ < 90°) characterizes wetting or hydrophilic 

behavior, where the liquid spreads extensively across the surface123–125. 

The CA of s drop on a solid is given by the Young equation 

cos(𝜗0) =
𝛾𝑠 − 𝛾𝑆𝐿

𝛾𝐿
 2 − 16 

where 𝛾𝑠 is the surface energy of solid, 𝛾𝐿 is the surface energy of the liquid, and 𝛾𝑆𝐿 is the energy of 

solid-liquid interface. Classical models, including the Wenzel and Cassie-Baxter models, provide a 

theoretical framework to explain how surface roughness influences wetting.  

The Wenzel theory describes a chemically homogeneous surface: 

𝑐𝑜𝑠(𝜗𝑒𝑓𝑓) = 𝑟 ∙ 𝑐𝑜𝑠(𝜗0) 2 − 17 

𝜗𝑒𝑓𝑓 is the macroscopic contact angle of the rough surface, 𝑟 is the roughness factor, and 𝜗0 is the 

given by the Young equation.  

The Cassie-Baxter theory differs from the Wenzel theory, which can describe a chemically 

heterogeneous surface, with two compositions, each with a certain surface fraction: 

𝑐𝑜𝑠(𝜗𝑒𝑓𝑓) = 𝑓1 ∙ cos(𝜗1) + 𝑓2 cos(𝜗2) 2 − 18

where the effective contact angle is affected by the contact angle of two materials and their surface 

fraction 𝑓1 and 𝑓2.  

However, the Cassie-Baxter theory can also be developed and applied on a single-phased rough surface 

with texture, where the surface is only partially wetted, with air pockets trapped in the asperities. In such 

a case, the contact angles of the solid and liquid phase are 𝜗0 and 0, respectively: 

𝑐𝑜𝑠(𝜗𝑒𝑓𝑓) = 1 − 𝑟 ∙ 𝑓 + 𝑟 ∙ 𝑓 ∙ 𝑐𝑜𝑠(𝜗0) 2 − 19  

Where 𝑟 is the roughness factor of the wetted area, 𝑓 is the area fraction of the wetted area, so 𝑟 ∙ 𝑓 is 

also called the solid fraction 𝛷𝑠
125–127. 

In addition to CA, the adhesion of the water droplets to the surface is also of interest. The adhesion 

indicates whether the drop rolls off on an inclined surface or remains stuck to one spot. Two different 

states can be distinguished here. A hydrophobic surface can either have a low adhesion to water, or a 
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strong adhesion to water. When a droplet is placed on an inclined surface, the contact angles at two sides 

show different behavior, as shown in Figure 2.22, the minimum value of the CA, called the receding 

CA, θrec, and a maximum value of the CA, called the advancing CA, θadv. The difference between the 

advancing and receding CAs is called CA hysteresis, ∆ϑhys. A low adhesion between the water droplet 

and the surface leads to a low contact angle hysteresis and vice versa128. 

 

Figure 2.22 Schematic of a droplet on a tilted surface showing advancing (θadv) and receding (θrec) 

contact angle (CA). The difference between these angles is the CA hysteresis128. 

There are many unique wetting behaviors existing in natural surfaces, such as the lotus effect and the 

rose petal effect, they showed different mechanism than traditional theories. The lotus effect shows a 

hydrophobic behavior, where the droplet will roll off the tilted surface, which means very low surface 

adhesion and low contact angle hysteresis.59 However, the rose petal surface shows a very different 

phenomenon, it exhibits a high contact angle droplet, with a high adhesion, the droplet is pinned on the 

surface, and forms a high contact angle hysteresis, which is a special wetting phenomenon, someone 

explained it as the Cassie-impregnating126,128–130. These effects are results of special surface structure, 

with certain roughness both in the micrometer and nanometer range.  

Current theory only provides partial solution to the ever-developing field of complex surfaces. With 

diverse combinations of different hydrophilic and hydrophobic nanostructures, they can achieve many 

unique functions. In this work, we are interested to see how 3D NWNW structure can influence surface 

wetting behavior. For this, we fabricated a series of Au NWNWs with different nanowire sizes and 

densities, to explore the interactions between capillary imbibition and wetting behavior on patterned 

nanostructures. CA measurements were only carried out on pure Au NWNWs, considering gold is a 

material suitable for model study, which is chemically stable, and does not oxidize in air. Despite the 

hydrophilic nature of gold, NWNWs with different geometry exhibited various wetting states, details 

are discussed in section 5.2. 

CA measurements of the NWNWs were carried out on an optical tensiometer (Biolin Scientific Figure 

2.23), using the static sessile drop method. Droplets of deionized water (Milli-Q Direct 8) of 2, 4, 6, and 

15 μL volume were used. Droplets were formed at the pipette tip, and then placed on the sample surface. 

The photographs were taken at five different spots on the sample surface for each sample, each 

measurement was recorded for 10 s after the droplet was placed. 

For the tilting contact angle measurements, the advancing angle (ϑadv) and receding angle (ϑrec) were 

measured at tilted 0, 15, 30, 45, 60, 75, and 90 degrees, with 4 and 15 μL droplets. There is no contact 

line movement observed, so we use the CA hysteresis (∆ϑhys) when the sample is tilted 90°.  
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Figure 2.23 Photo of the Optical Tensiometer Theta Lite. 
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3.  Morphological and Structural 
Characterization of NWNWs  

This chapter presents the results of a detailed characterization of the three types of electrodeposited 

NWNWs (i.e., pure Au, Au1-xAgx, and porous Au) by various complementary methods, namely SEM, 

EDX, TEM, and XPS. The goal of these investigations is to understand how the different synthesis 

parameters influence the sample morphology and composition, as well as to provide the optimized 

conditions for the synthesis of the tailored, stable, homogeneous, and functional NWNWs. 

3.1 Au Nanowire Networks  

3.1.1 Homogeneity, morphology, and crystallinity as a function of applied potential 

Au NWNWs were electrodeposited employing a 50 mM KAu(CN)2 electrolyte cyanide-based 

electrolyte under potentiostatic deposition conditions at 60 °C (details in section 2.2.4). The 

electrodeposition process was monitored via current-vs.-time (I-t) curves (Figure 3.1 (a)). Aiming at 

fabricating homogeneous Au NWNWs on the entire sample area (diameter xx mm) we first studied the 

influence of the applied potential on the growth rate and on the morphology of the NWNW. Different 

potentials ranging from U = -1.1 V to U = -0.7 V (vs. Ag/AgCl) were applied. To allow direct 

comparison, etched ion-track templates with the same set of parameters were employed, i.e., pore 

diameter of 150 nm and total nanochannel density of 4×108 cm-2. The experimental results reveal a very 

strong influence of the deposition potential on both the Au NWNW growth rate and the resulting 

morphology.  

Figure 3.1 (a) shows that at high potentials, e.g., U = -1.1 V (purple) the growth is very fast. The current 

increases rapidly during the growth in the channels and even more rapidly after 13 min, indicating that 

some nanochannels were already completely filled and so-called caps formed on the membrane surface. 

This fast growth results in inhomogeneous filling and thus poor interconnectivity, with a rather 

inhomogeneous and unstable network structure (Figure 3.1 (b)). At U = -1.0 V (orange), the growth rate 

is slightly decreased. Au nanowires are deposited in the channels for ~1 h, and the overall homogeneity 

is improved (Figure 3.1 (c)). However, not all channels are filled at the same rate, and thus some areas 

with fewer nanowires were observed. At lower potentials, namely U = -0.9 V (green) and U = -0.8 V 

(pink), the network homogeneity is significantly improved resulting in a dense network structure, see 

Figure 3.1 (d, f).  
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Figure 3.1 (a) Current-vs.-time (I-t) curves recorded for various applied potentials during the 

potentiostatic deposition of Au NWNWs, and the corresponding SEM images, (b) U = -1.1 V, (c) U = 

-1.0 V, (d) U = -0.9 V, (e) U = -0.8 V, (f) U = -0.7 V vs. Ag/AgCl. The large magnification SEM 

images reveal cylindrical monodispersed nanowires. 

Cross-section SEM images of the Au NWNWs further demonstrate the homogeneity increase with 

decreasing applied potential (Figure 3.2). It can be seen that with decreasing potential, the duration for 

complete channel filling gets longer and longer. At U = -0.7 V, the template is not completely filled 

even after 15 hours. At such long deposition times, a constant ion concentration in the electrolyte cannot 

be guaranteed because the whole setup is heated and the electrolyte solution evaporates over time. Based 

on these observations, an optimal deposition potential of U = -0.9 V was selected for the following 

experiments, which delivers an optimized morphology and is time-efficient. 
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Figure 3.2 SEM images of cross-sections of Au NWNW deposited at (a) U = -1.1 V, (b) U = -1.0 V (c) 

U = -0.9 V vs. Ag/AgCl. The orange arrows indicate some branches of nanowires grow higher than 

average, and the inhomogeneity decrease, from a to c, as the deposition potential is less negative. 

The nanowire diameter was determined from the SEM images. By measuring the diameter of 100 wires, 

we calculated an average diameter of 148 ± 13 nm, i.e., a diameter spread distribution smaller than 10%. 

This was done for each sample, since the diameter of the wire determines the geometrical and 

electrochemically active surface area of the entire network. Their surface structure, in addition, can 

influence the catalytic activity. EDX analysis shows that the nanowires consist of pure gold (Figure 3.3). 

No impurities were detected except a small peak of carbon, which is ascribed to the polymer residuals 

left from the PC template removal. 

 

Figure 3.3 EDX spectrum of a Au NWNW deposited at U = -0.9 V vs. Ag/AgCl. 

The crystallinity of the Au nanowires was analyzed by TEM. Figure 3.4 shows representative TEM 

images of segments of the Au NWNW deposited at U = -1.0 V, -0.9 V and -0.8 V vs. Ag/AgCl. By TEM 

dark-field imaging, grain boundaries (GB) were identified and marked with red lines in Figure 3.4. 

Nanowires deposited at –1.0 V (Figure 3.4 (a-c)) are single crystalline on a length of about 0.5 to 1 μm, 

which indicates a bamboo-like crystalline structure. At less negative deposition potential (U = -0.9 V in 

Figure 3.4 (d-f) and U = -0.8 V in Figure 3.4 (g-i)), the size of the grains is larger and the wires exhibit 

fewer grain boundaries consistent with a smaller nanowire growth rate as discussed above (Figure 3.1 

(a)). It is also worth noting that no grain boundaries were found at the nanowire crossing junctions, so 

the presence of crossing nanochannels seems not to affect the nanowire crystallinity. 
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Figure 3.4 TEM dark-field images of fragments of Au nanowire networks deposited at (a-c) U = -1.0 

V, (d-f) U = -0.9 V, which are high-angle annular dark-field imaging, and (g-i) U = -0.8 V vs. 

Ag/AgCl, are medium-angle annular dark-field imaging. The red lines mark the positions where grain 

boundaries (GB) were observed. 

3.1.2 Au NWNWs with various wire diameters 

After optimization of the electrodeposition process using templates with 150 nm diameter channels and 

density of 4×108 cm-2, we fabricated a series of membranes with the same channel density and diameters 

ranging from 40 nm to 200 nm. As shown in Figure 3.5, a series of Au NWNWs with nanowires ranging 

from 40 nm to 200 nm can be successfully synthesized with the 50 mM KAu(CN)2 electrolyte, applying 

-0.9 V vs. Ag/AgCl. This series of electrodepositions proved that the optimized conditions can be 

applied to fabricate NWNWs with different densities and nanowire diameters. This allowed the 

fabrication of NWNWs with tailored geometry for the further investigation of their properties to be 

implemented in various applications. 
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Figure 3.5 SEM images of Au NWNWs with different nanowire diameters, density of 2×109 cm-2. 

In summary, we demonstrate that the deposition potential has a direct influence on the growth rate of 

Au NWNWs, and the overall homogeneity of the network. For potentiostatic deposition of the Au 

NWNWs, a voltage of U = -0.9 V vs. Ag/AgCl yields the best compromise between optimal network 

properties and suitable growth duration. NWNWs deposited under these conditions exhibit a bamboo 

like crystalline structure, consisting of micrometer sized single-crystalline sections. 
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3.2 Au1-xAgx Alloy Nanowire Networks 

To fabricate Au1-xAgx NWNWs, with controlled composition, we investigated the influence of two 

parameters in the following sections, including the Au:Ag ion ratio in the cyanide-based electrolyte, and 

the applied potential. 

3.2.1 CV for determination of the deposition potential 

First, we measured the CVs (scan rate: 50 mV/s) for both KAu(CN)2 and KAg(CN)2 (Carl Roth) 

electrolytes between U = 0 and –1.5 V vs Ag/AgCl, as explained in section 2.3.5. The employed etched 

ion-track membranes were prepared under identical conditions (nanochannel diameter = 150 nm, density 

= 4×108 cm-2, with Au back-electrode).  

The relevant standard reduction potentials vs. Ag/AgCl, for 𝐴𝑢(𝐶𝑁)2
− and 𝐴𝑔(𝐶𝑁)2

− are: 

𝐴𝑢(𝐶𝑁)2
− + 𝑒− ↔ 𝐴𝑢(𝑠) + 2𝐶𝑁−    𝑈𝑒𝑞

0 = −0.82 𝑉 3 − 1 

𝐴𝑔(𝐶𝑁)2
− + 𝑒− ↔ 𝐴𝑔(𝑠) + 2𝐶𝑁−    𝑈𝑒𝑞

0 = −0.53 𝑉 3 − 2 

At small overpotentials, the reaction proceeds through an adsorbed (𝐴𝑢0𝐶𝑁)𝑎𝑑
−  intermediate, which 

also applies to Ag: 

𝐴𝑢(𝐶𝑁)2
− → (𝐴𝑢𝐶𝑁)𝑎𝑑𝑠 + 𝐶𝑁− 3 − 3𝑎 

(𝐴𝑢𝐶𝑁)𝑎𝑑𝑠 + 𝑒 → (𝐴𝑢0𝐶𝑁)𝑎𝑑𝑠
− 3 − 3𝑏 

(𝐴𝑢0𝐶𝑁)𝑎𝑑
− ↔ 𝐴𝑢𝑙𝑎𝑡𝑡𝑖𝑐𝑒 + 𝐶𝑁− 3 − 3𝑐 

These reactions happen before the actual reduction peak, then at more negative potentials will the direct 

reduction reaction happen131. The equilibrium potential for the 𝐴𝑔(𝐶𝑁)2
−/Ag couple is always more 

positive than the 𝐴𝑢(𝐶𝑁)2
−/Au couple132–134. We can see from Figure 3.6 that the two different ions are 

reduced at different potentials vs. Ag/AgCl. From the orange curve, we can see the reduction peak of 

Ag initiates from -0.3 V while reaching the highest reduction current at around -0.67 V. For the reduction 

of Au, the onset potential is around -0.8 V, with the peak potential reaching -1.15 V. These values are 

corresponding to literatures23,133, while defining the deposition window of Au1-xAgx alloy NWNWs. 

 

Figure 3.6 Cyclic voltammograms for electrolytes containing 50 mM KAu(CN)2/ 50 mM KAg(CN)2 

with 250 mM Na2CO3 at 60 °C. 
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The reduction peak potential signals the diffusion and transport limitation at the electrode surface, 

beyond this potential, the deposition rate of the ions cannot be further increased. Based on the CV results, 

more negative potentials should lead to more Au-rich depositions. Therefore, the first tests were carried 

out between U = -1.1 V and -0.8 V, with the electrolyte containing 50 mM Au and 5 mM Ag ions.  

3.2.2 Nanowire composition as a function of the electrodeposition conditions 

Figure 3.7 shows the recorded EDX spectra for nanowire networks deposited at U = -1.1, -1.0, -0.9, and 

-0.8 V vs. Ag/AgCl, together with the corresponding SEM images and the average composition. The 

composition for every sample was obtained by averaging the values of five EDX scans on different 

sample positions. When nanowires are deposited with the most negative potential at -1.1 V, which is 

very close to the reduction peak of Au, then the nanowires consist of 89 at% Au and 11 at% Ag. The 

results show that the Ag content in the nanowires increases for less negative applied potentials. When 

deposited at -0.8 V, the Au content decreased to 73 at%, and the Ag content increased to 27 at%. All 

nanowires show homogeneous growth and uniform size distribution, as well as good interconnectivity. 

This means the change of nanowire composition will not affect the sample morphology.  

 

Figure 3.7 SEM image and EDX spectrum of Au1-xAgx NWNWs deposited at (a) U = -1.1 V, (b) U = -

1.0 V, (c) U = -0.9 V, (d) U = -0.8 V vs. Ag/AgCl, using electrolyte 50 mM Au + 5 mM Ag. 

With the electrolyte containing the metal ion ratio of [Au(CN)2]+:[Ag(CN)2]+ = 10:1, and within the 

potential range that is required to achieve homogeneous nanowire growth over the entire area, the Ag 

content can be varied by 17%, between ~11 at% and ~27 at% Ag. Therefore, to synthesize Au1-xAgx 

NWNW with higher Ag content, the Ag ion concentration in the electrolyte has to be further increased. 

We electrodeposited NWNWs with electrolyte metal ion ratios varying between 10:1 and 3:7. The 

highest Ag concentration (80 at% Ag and 20 at% Au) was attained using an electrolyte containing 70% 

Ag ions and applying U = -0.8 V vs. Ag/AgCl. 

Table 3.1 summarizes the parameters applied, namely electrolyte concentrations and applied potentials, 

together with the average atomic composition of the NWNWs determined by EDX. The data evidenced 

the following trend: the electrolyte concentration adjusts the composition of the NWNWs roughly, while 

the applied potential further finely tunes the targeted composition. The less negative potential will lead 

to a higher concentration of Ag in the nanowires. By combining these two parameters, we successfully 

fabricated Au1-xAgx NWNWs with (0.1<x<0.9) covering a wide range of compositions. 
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Table 3.1 Au1-xAgx NWNWs electrodeposition conditions and the corresponding nanowire 

composition 

Electrolyte 

metal ion 

ratio 

KAu(CN)2 

(mM) 

KAg(CN)2 

(mM) 

Deposition 

potential 

(V vs. 

Ag/AgCl) 

Sample 

name 

ꭓAg in 

nanowire 

(at%) 

ꭓAg in 

nanowire 

(at%) 

1:0 50 0 -0.9 Au
1
Ag

0
 100 0 

9:1 45 5 -1.1 Au
0.9

Ag
0.1

 93 7 

9:1 45 5 -0.8 Au
0.8

Ag
0.2

 78 22 

4:1 40 10 -0.8 Au
0.7

Ag
0.3

 63 37 

3:2 30 20 -0.9 Au
0.5

Ag
0.5

 52 48 

3:2 30 20 -0.8 Au
0.4

Ag
0.6

 43 57 

2:3 20 30 -0.8 Au
0.3

Ag
0.7

 27 73 

3:7 15 35 -0.8 Au
0.2

Ag
0.8

 20 80 

0:1 0 50 -0.8 Au
0
Ag

1
 5 95 

 

Figure 3.8 shows the ꭓAg in the NWNWs, determined by EDX, as a function of the Ag ion concentration 

in the electrolyte, for two different applied potentials, namely U = -0.8 V (brown triangles) and U = -

1.1V (blue circles). It is seen that the Ag at% in the wire increases almost linearly with the Ag ion 

concentration in the electrolyte for both voltages. When comparing the brown and blue symbols, we see 

that for the same electrolyte the less negative potential at -0.8 V yields nanowires with around 20 at% 

more Ag in the nanowires. By this series of tests, precise control of nanowire composition can be 

achieved. 
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Figure 3.8 Nanowire composition as a function of Ag concentration in the electrolytes at two different 

deposition potentials. U = -0.8 V (brown triangle dot), and U = -1.1 V (blue round dot), the error bar 

comes from the five EDX measurements, and the dashed line is the linear fitting of the data points. 

3.2.3 Composition analysis 

To analyze the detailed composition of the alloyed nanowires, small sections of the nanowires were 

analyzed by EDX mapping, which can display the local elemental composition of the sample. In this 

case, we can see from Figure 3.9 that the distribution of both Au and Ag atoms is very homogeneous, 

across the nanowires.  

 

Figure 3.9 EDX mapping of a selected area of a representative NWNW, showing the atomic 

distribution of Au (yellow), Ag (pink), and C (blue). 

Further on, we compared the composition analysis from EDX and XPS. By EDX we analyzed the 

average composition of the NWNW over a certain area. Figure 3.10 shows the EDX spectra recorded 

for Au1-xAgx NWNWs synthesized under different conditions. From top to bottom, the height of the Au 
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and Ag peaks increases and decreases, respectively, in a systematic manner, indicating an increasing Au 

content in the nanowire. When we do the EDX measurement from the top direction of the sample, the 

electron beam can penetrate several micrometers deep into the sample, which means the measured value 

comes from averaging thousands of nanowires. We found the EDX spectrum from pure Ag NWNW 

also has a small Au peak, this could originate from the Au substrate, since the NWNW on top is a highly 

porous structure that electron beam can potentially penetrate through. 

 

Figure 3.10 EDX spectrums of different composition Au1-xAgx NWNWs. 

Considering EDX only provides average nanowire composition over a certain area, we analyzed five 

selected samples by XPS analysis to obtain surface composition values. Figure 3.11 shows the recorded 

XPS, showing major peaks from Au 4f, Au 4d, Ag 3d, and Ag 3p and three smaller peaks from oxygen, 

carbon and sodium. We assume carbon and oxygen are normal contamination from air and storage, 

while sodium can come from our deposition electrolyte (Na2CO3), or the surfactant (Dowfax 2A1) mixed 

inside. Dowfax 2A1 is an anionic surfactant composed primarily of an alkyl diphenyloxide disulfonate, 

with water and sodium sulfate as minor components135.  
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Figure 3.11 XPS spectrum survey of five Au1-xAgx NWNWs with different compositions. 

Figure 3.12 shows a more resolved scan of the peak Au 4f and Ag 3d peaks. As expected, the intensity 

of the Au 4f peak decreases, and the Ag 3d peak increases with decreasing Au content in the NWNWs. 

The Ag NWNW sample (x=0) shows the Ag 3d5/2 at 368.2 eV, which represents pure Ag without 

oxidation. In turn, the Ag 3d5/2 peak of the Au1-xAgx alloy NWNWs is slightly shifted towards 368.0 eV, 

which may indicate a change of chemical state. The Au 4f peak is also slightly shifted to higher binding 

energies from the pure Au sample (83.95 eV) to Au0.3Ag0.7 sample (84.05 eV). This is strong evidence 

that metallic alloys have slightly different peak binding energy than pure metals.  

These shifts are attributed to the chemical shift phenomenon, where the electron binding energy is 

sensitive to the electronic environment of the atom. In an alloy, the atoms of a metal are surrounded by 

different types of atoms than in the pure element, which changes the local electron density, leading to a 

chemical shift in binding energy136,137. For instance, studies have demonstrated that the Au 4f peaks in 

Au–Ag nanostructures shift to higher binding energies as the structures evolve from nanoparticles to 

nanocages and further to nanoframes, with a total displacement of 0.5 eV138. Similarly, the binding 

energy of the Ag 3d5/2 peak shifts depending on the oxidation state and the formation of the AuAg alloy, 

indicating changes in the chemical environment139. 
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Figure 3.12 XPS spectrum of Au1-xAgx NWNWs at Au 4f (left) and Ag 3d (right) peak positions. 

When we compare the composition of the same sample series determined from these two different 

methods, we saw the values are slightly different. The results of this comparative study, as shown in 

Table 3.2, reveal that the values of pure Au NWNW is the same from two measurements, but the results 

of AuAg NWNWs from XPS shows slightly lower Au content. However, for the pure Ag NWNW, both 

methods detected a trace of Au, which should not appear, we attribute this to the influence from the Au 

substrate under the highly porous NWNWs, as well as the deviation caused by the spectrum background 

and the detection limitations from the two methods.  

While both EDX and XPS are widely used for elemental analysis, each technique has inherent 

limitations that affect quantitative accuracy. EDX provides rapid compositional analysis with relatively 

deep penetration (~µm scale), but it suffers from matrix effects, peak overlap, and limited sensitivity to 

light elements92,140. In contrast, XPS offers higher surface sensitivity (typically 1–10 nm) and chemical 

state information, but it is less accurate for quantifying heavier elements and is influenced by surface 

contamination and charging effects141,142. Due to their fundamentally different probing mechanisms, the 

comparison between the two measurements has to be interpreted with caution. Therefore, discrepancies 

between EDX and XPS results are expected, and the variations between the two reflect the 

complementary nature of the techniques rather than measurement errors. 

In conclusion, within the experimental errors there is an excellent agreement in composition analysis, 

and we cannot identify any significant difference between the average composition of the NWNWs and 

the nanowire surface composition. 
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Table 3.2 Comparison of the atomic composition values determined for Au1-xAgx NWNWs by XPS 

and EDX. 

Sample 
ꭓAu – XPS 

(at%) 

ꭓAg – XPS 

(at%) 

ꭓAu – EDX 

(at%) 

ꭓAg – EDX 

(at%) 

Au 100 0 100 0 

Au0.8Ag0.2 73 ± 1 27 ± 1 78 ± 2 22 ± 2 

Au0.5Ag0.5 47 ± 2 53 ± 2 52 ± 3 48 ± 3 

Au0.3Ag0.7 24 ± 2 76 ± 2 27 ± 1 73 ± 1 

Ag 1 ± 1 99 ± 1 3 ± 1 97 ± 1 

 

In addition to the XPS measurements, we analyzed the Au0.8Ag0.2 NWNWs sample by TEM-EDX. 

Figure 3.13 shows the line scans measured for four nanowires. For each wire, the TEM image and the 

corresponding line scan across the nanowire surface inwards is shown. We see that atomic composition 

of the single wires from shell to core, and the results show slight fluctuation, for around 10 at%. This 

fluctuation is in agreement with the EDX results, and the deviation is accepted for electrodeposition 

process. Therefore, the reason for the measurement differences from XPS and EDX can be the intrinsic 

differences from different methods. Also, this proves our assumption that the detector can receive some 

signal from the sample substrate, which is pure gold, because the network structure has a 90% porosity, 

hence increase the overall measured Au content.  

 

Figure 3.13 TEM line scan of four single nanowires atomic composition distributions, green lines 

represent the atomic composition of Au, and the red lines represent the atomic composition of Ag, the 

black box represents the measurement on the nanowire. 

In summary, we successfully synthesized Au1-xAgx NWNWs with controlled composition from 10 at% 

to 90 at% Ag, by combination of deposition potential and varied electrolyte concentration. Through 

different analysis methods, the NWNWs show homogeneous composition distribution in a single wire 

and through a large area. 
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3.3 Nanoporous Au Nanowire Networks 

In this section, the fabrication and characterization of NWNWs of porous nanowires by selective 

dealloying of Ag from the Au1-xAgx alloy NWNWs is presented. Au1-xAgx NWNWs are suitable 

candidate for dealloying, as we showed in the previous section, they form a homogeneous solid solution 

at all concentrations56. Our goal is to produce porous Au nanowires that retain their 3D network structure 

with even larger surface area, while simultaneously reducing both the sample weight and the gold usage, 

which would also reduce costs. Furthermore, we want to explore to which extent we can tailor the 

hierarchical porosity of these NWNWs. We systematically investigated the influence of the most 

important parameters on the morphology and mechanical stability of the porous NWNWs, including the 

nanowire size, Ag at% in the NWNWs, and the dealloying time.  

3.3.1 Experimental analysis of Au1-xAgx alloy nanowire dealloying process 

In the case of Au1-xAgx bulk and thin films, the minimum Ag concentration for successfully dealloying 

yielding a porous structure is ~ 55 at% Ag and 45 at% Au143, while the most commonly used composition 

to fabricate nanoporous gold is 75 at% Ag with 25 at% Au.56 However, in the case of nanowires, they 

exhibit much higher surface-to-volume ratio, which could potentially lead to different diffusion 

mechanisms. Therefore, it is important for us to experimentally test different composition and dimension 

parameters to understand the process in nano-scale.  

To explore how does the Au1-xAgx NWNWs behave during the dealloying process, with different 

compositions at different dealloying time, we designed a series of experiments, with three different 

precursor alloys, and three different diameters of nanowires, with ex-situ SEM and EDX analysis at 

every time point, to fully understand the process, and find out the most suitable protocol of fabricating 

stable nanoporous nanowires. We will discuss how these two parameters influence the nanowire 

dealloying process in the following sections. The synthesis parameters of the Au1-xAgx NWNWs were 

selected based on the results discussed in section 3.2 with desired compositions. The dealloying 

conditions are given in section 2.2.6, by using 65% nitric acid at room temperature. 

Influence of nanowire composition  

We synthesized Au0.4Ag0.6, Au0.3Ag0.7, and Au0.2Ag0.8 NWNWs, with the same nanowire density 2*109 

cm-2, and the same nanowire diameter 150 nm. The three samples were dealloyed in concentrated nitric 

acid, under the same conditions. Figure 3.14 shows SEM images of the three samples before and after 

dealloying for 1h, 4h, 8h, and 24h. The composition was determined by EDX and is marked at the 

bottom of every image. The images before dealloying show that the nanowires of the three samples 

exhibit the same initial morphology and geometry. 

Figure 3.14 first row shows the ex-situ analysis of the Au0.4Ag0.6 NWNW sample dealloying process, 

we can see that the Ag at% decreases gradually with time, and the pores on the nanowire surface first 

grow larger gradually, then begin to roughen. At the beginning, it consists of 63 at% Ag, the dealloying 

happened quite inhomogeneous at the beginning (at 1 h), the pores are not distributed evenly on the 

nanowire surface, even after 24 hours, there is still 19 at% Ag left, also the pores are roughened, some 

of them are even closed, so this precursor alloy has too little Ag to have a fast dealloying process, which 

cannot create a porous structure with low Ag concentration and high surface area. 

Figure 3.14 middle row shows the Au0.3Ag0.7 NWNW dealloying process, for this sample, it is evident 

that the dealloying rate is higher than for the previous sample. When the Ag concentration increased to 

70 at% at the initial stage, after dealloying for 1 hour, there was only 9 at% Ag left, and pores appeared 

homogeneously on the nanowire surface. We can see that the pore size gradually increases from 1 h to 
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8 h, and the network structure remains free-standing. After 24 hours, there is less than 1 at% left in the 

sample, but we have also observed a severe roughening morphology, and many pores are closed due to 

the surface diffusion. 

Figure 3.14 bottom row shows the Au0.2Ag0.8 NWNW, when the Ag concentration further increased to 

77 at%, we observed a very fast pore evolution after just 1 h, with homogeneous pore distribution. 

However, this fast volume loss caused the network structure to collapse, the crossing junctions are 

already partially destroyed after 1 hour. After 24 hours, the wire size is severely shrunk, and the porous 

surface is roughened. We can clearly observe the strong surface diffusion process here, with the closing 

of the pores. The reason can be that the large specific surface area strongly facilitated the diffusion 

process.  

This series of testing showed a direct visualization of the Au1-xAgx NWNWs dealloying evolution 

process as a function of time. The comparison between the three precursor alloys illustrated that the 

initial composition is an important factor, which can largely affect the dealloying process, including the 

composition change as well as the pore evolution. Higher Ag content (e.g.,80 at%) in the Au-Ag 

precursor leads to faster dealloying but causes more volume and stability loss. Lower Ag content (e.g., 

60 at%) slows dealloying but inhomogeneous pores. From the experimental point of view, Au0.3Ag0.7 is 

a more suitable choice to produce a porous NWNW with an appropriate dealloying rate, without 

collapsing or inhomogeneous pore distribution.  

 

Figure 3.14 SEM images of Au1-xAgx alloy nanowire dealloying process, with three different 

composition precursor alloy. 

Figure 3.15, it shows how the sample composition change with different dealloying time, we can see 

that the higher the initial Ag concentration, the faster the dealloying goes. And the less Ag is remained 

inside the nanowires after 24 hours. 
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Figure 3.15 Nanowire composition change with dealloying time 

In summary, with this NWNW geometry (nanowire diameter 150 nm, density 2*109 cm-2), the most 

suitable composition would be 70 at% Ag with 30 at% Au to produce a stable porous NWNW sample. 

But the dealloying time must be strictly controlled to limit the surface diffusion (shorter than 8 hours), 

since the diffusion will severely coarsen the structure and cause the loss of surface area in the end. 

Influence of nanowire size  

Another important factor could also potentially influence the dealloying process as well as the pore size 

evolution, is the nanowire diameter. Therefore, we synthesized Au1-xAgx NWNWs with three different 

nanowire diameters 150 nm, 100 nm, and 60 nm, each with two different composition precursors. 

Together with ex-situ SEM and EDX analysis of all samples. 

In addition to the results showed in the last section, we synthesized two other NWNWs with 150 

diameter nanowires, with initial composition of 58 at% and 65 at% Ag, as shown in Figure 3.16. We 

observed similar process as discussed in the last chapter, the 58 at% Ag sample showed slower 

dissolution of Ag, with 25 at% Ag still left after 24 hours, During the dealloying process, we can see 

how the pores start to evolute on nanowire surface, along with the nanowire size shrinkage. After 24 

hours, the nanowire size decreased from 150 nm to around 112±5 nm. For the 65 at% Ag sample, the 

dealloying proceeded much faster, the Ag concentration decrease trend can fit well in the curves in 

Figure 3.15. With higher initial Ag concentration, after 24 hours dealloying, the nanowire size is further 

decreased to 100±10 nm, due to more Ag dissolution.  
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Figure 3.16 SEM images of 150 nm diameter nanowire dealloying process of nanowire morphology 

evolution with time (from left to right) of two different composition precursor alloy. 

Figure 3.17 shows the dealloying process of 100 nm Au1-xAgx NWNWs, with initial Ag concentration 

of 61 at% and 68 at%. With initial only 61 at% Ag, the nanowires showed homogeneous pores evolute 

on the surface only after one hour, with 24 at % of Ag in the nanowires, which is much faster and much 

less Ag residual compare to the 150 nm NWNWs with similar composition. But after 24 hours, the 

porous nanowires are severely coarsened, the nanowire size is largely decreased to 56 ±10 nm, from 

which we observed lots of transverse pores on the nanowires. The nanowires showed bending 

morphology with partial network collapse, with the loss of interconnecting points. When the initial Ag 

concentration increased to 68 at%, there is already large pores shown after 1 hour of dealloying, with 

only 6% Ag left in the nanowires, resulting in a collapse of the network structure, due to the large volume 

loss. The structure collapse can be observed everywhere, also in the crossing junctions. Such an 

instability can result in an effective reduction of the total surface area. After 24 hours dealloying, there 

are almost no pores observed on the surface, due to roughening and merging caused by diffusion. The 

sample consists thus of very rough nanowires with diameter 42±12 nm, partially discontinuous. In 

summary, when the nanowire size is decreased to 100 nm, the network structure possesses even higher 

surface to volume ratio, with fewer crossing junctions. These factors result in a faster dissolution of Ag 

and a decrease of structural stability when compare with 150 nm NWNWs. 

 

Figure 3.17 SEM images of 100 nm diameter nanowire dealloying process of nanowire morphology 

evolution with time (from left to right) of two different composition precursor alloy. 
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Figure 3.18 shows the SEM images of NWNWs with nanowire diameter 60 nm dealloyed under the 

same conditions, with initial composition of 62 at% and 68 at% Ag. With initial 62 at% Ag, we saw a 

fast and homogeneous pore evolution even after 1 hour, and we already observe coarsening effect after 

5 hours. This demonstrates that with higher surface to volume ratio, both dissolution and diffusion is 

largely facilitated. While the network structural stability is also more affected, there is already collapsing 

observed after one hour, which is highly unfavorable if we aim for a stable network structure. Also, this 

is not beneficial for catalytic applications, there will be no space for the sample to access electrolytes 

and reactants. With initial 68 at% Ag, there is almost no Ag detectable after 24 hours dealloying, there 

is already pore closing observed after 3 hours, and the network structure is completely lost after 5 hours. 

In summary, both series showed faster Ag dissolution compare to the NWNWs with larger nanowire 

diameters, but the destroy of the network structure is not desirable for the following catalysis tests.  

 

Figure 3.18 SEM images of 60 nm diameter nanowire dealloying process of nanowire morphology 

evolution with time (from left to right) of two different composition precursor alloy. 

Figure 3.19 shows all sample composition change with different dealloying time, it is obvious that with 

the same initial Ag concentration, the smaller nanowires have a faster Ag dissolution rate, when there is 

more surface exposed to the corrosion solution. As we can see, the Ag dissolution is the fastest at the 

beginning (0 to 3 hours), shown by the high slope of the dash lines. With the increase of dealloying time, 

the dissolution becomes slower, then will enter a plateau after 6 to 8 hours. The smaller the nanowire, it 

will enter this plateau sooner. When we compare the different initial compositions, with more Ag atoms 

on the surface, the driven force to start the Ag dissolution is larger, which results in the faster dealloying 

speed.  
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Figure 3.19 Nanowire composition change with dealloying time 

In summary, different nanowires showed different composition change and morphology evolution 

during the dealloying process. All suffer from similar diffusion-caused coarsening effects, which are 

more pronounced with smaller nanowire diameter. The results reveal that dealloying can cause 

mechanical instability of the NWNW. In these cases, the volume loss caused during Ag dissolution 

resulted in the partial loss of connecting junctions (or reduced connection size) between the nanowires, 

thus degrading the self-supporting ability of the network structure. This can be avoided by using initial 

Au1-xAgx NWNWs with larger solid fraction and more connecting junctions, that yield better mechanical 

stability that can be maintained after the free corrosion process. Thus, for further experiments on the 

catalytical performance if the porous NWNWs, we synthesized a porous NWNW with 150 nm diameter 

nanowires and density of 2*109 cm-2, the results will be discussed in section 4.2.3. 

3.3.2 XPS analysis of porous Au NWNW after dealloying 

From the past research about nanoporous Au bulk or thin film samples, they reported that after 

dealloying, the sample surface composition is different from the bulk. From Zielasek144, they found that 

there is 4.4% Ag present at the surface, while only 0.7% of the whole nanoporous gold foam. Similar 

results were reported by Schaefer145 and Wittstock146. They all reported that the nanoporous gold 

produced by free corrosion in strong acid solutions exhibited a Ag-rich shell. Similarly, we employed 

XPS to analyze the surface composition of the dealloyed NWNWs and compare it to the EDX results, 

which provides the average composition. 

Since catalytical reactions happen mostly at the top surface layer of the sample, it is essential to clarify 

the possible presence of a Ag-rich shell on the nanowires of the NWNW. To study the surface 

composition of the dealloyed nanowires, we performed XPS analysis. Due to the detection limitation 

depth of photoelectrons142, XPS is very suitable to study the surface composition only up to several 

nanometers thick. 

Figure 3.20 shows the XPS results of a pristine Au0.3Ag0.7 NWNW (black) and two samples after 

dealloying with 1 (red) and 6 hours (blue). All samples exhibit the main Au and Ag peaks, as well as 

smaller carbon and oxygen peaks, attributed to surface contamination.  

 



Morphological and Structural Characterization of NWNWs 

48 

PhD Thesis - Mohan Li 

 

Figure 3.20 Overall XPS survey spectra of precursor Au0.3Ag0.7 NWNW sample (black), after dealloy 

1 hour (red), and after dealloy 6 hours (blue) in concentrated nitric acid. 

Figure 3.21 shows XPS spectra recorded around the Ag 3d and Au 4f peak positions. Figure 3.21 (a) 

shows that the Ag 3d peaks shift after the dealloying process, the Ag 3d5/2 peak shifts from 368 eV to 

367.8 eV. The peak of the initial sample (368.0 eV) corresponds to pure Ag, while the shifted peak after 

dealloying can be attributed to Ag2O (367.7 eV) or AgO (367.2 eV), after oxidation by the strong acidic 

solution. This is in agreement with results from Wittstock and et al.146, that the oxidized Ag species can 

lead to a change to more negative binding energy relative to Ag(0). The binding energy of the Ag 

nanowire is also different than bulk Ag, where the Ag 3d5/2 peak should have the Ag(0) peak energy at 

368.2 eV, and the Ag(1) should be shifted to 368.7 eV147.  

Figure 3.21 (b) shows the Au 4f peaks, in this case, the spectra reveals also a peak shift between the 

initial sample and the dealloyed samples. For the pristine sample, the Au 4f7/2 peak is, as expected for 

Au(0) located at 84 eV. For the dealloyed samples, in turn, a shift to higher binding energies should be 

expected corresponding to the oxidation states of Au gold 148,149, which is not the case here. The Au 4f7/2 

peak from two dealloyed samples shifts slightly to lower binding energy around 83.89 eV (1 h) and 

83.95 eV (6 h), respectively. From the results of Hänsch115, they did not observe any peak shift caused 

by the dealloying process, since Au cannot be oxidized in nitric acid. But the peak position here is similar 

to the pure Au NWNW sample, so the peak shift may represent some Au atoms on the surface are freed 

from the alloy form and going back to pure Au atoms binding with Au only.  
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Figure 3.21 XPS spectra of (a)Ag 3d, and (b) Au 4f peaks of sample Au0.3Ag0.7 NWNW (green), after 

dealloying for 1 hour (purple), and after dealloying 6 hours (orange), all normalized by peak intensity. 

Next, we compared the composition values obtained from the XPS spectra with the results from the 

EDX analysis for the Au0.3Ag0.7 NWNW before and after dealloying. The summary for the three samples 

is presented in Table 3.3. The Au0.3Ag0.7 NWNW before dealloying shows only slightly higher Ag 

concentration from XPS than EDX, which is in good agreement considering the probing differences 

from two methods. However, for the dealloyed samples, the Ag concentration measured from XPS is 

more than 10 at% higher than from EDX. Considering the detection depth difference between the two 

methods, as mentioned previously, XPS provides information of the composition at the surface, from a 

penetration depth of only several nm, but the EDX analysis here used 15 keV electron beam, which can 

penetrate through several micrometers thick. The main reason for this difference can be the Ag 

enrichment on the porous nanowire surface than in the core, as mentioned at the beginning of this 

section, a Ag-rich shell has been reported by many studies before115,144,146, the Ag enrichments especially 

form on the ligaments surface and form clusters150, causing the XPS measurements to show a higher Ag 

concentration on the surface than the bulk. This effect was found both by chemical and electrochemical 

dealloying methods to fabricate nanoporous structure, which should be taken into consideration 

especially when testing the samples for catalytic reactions. The second reason can be the substrate effect. 

After the dealloying process, the network porosity further increased to around 80%, then more electrons 

can reach the sample substrate, EDX detector can also receive partial signals from the substrate, thus 

generating an even higher Au at% value than the actual nanowire composition. 

Table 3.3 Pristine and dealloyed NWNWs composition analysis by XPS and EDX. 

Sample/ 

Composition 

ꭓAu – XPS 

(at%) 

ꭓAg – XPS 

(at%) 

ꭓAu – EDX 

(at%) 

ꭓAg – EDX 

(at%) 

Pristine 

Au0.3Ag0.7 

NWNW 

21 ± 2 79 ± 2 27 ± 1 73 ± 1 

Dealloy 1 hour 68 ± 1 32 ± 1 87 ± 2 13 ± 2 

Dealloy 6 hours 83 ± 1 17 ± 1 97 ± 1 3 ± 1 

 

(a) (b) 
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In summary, XPS measurement results provide unique information about the porous nanowire surface, 

the XPS spectra shows a Ag-rich shell of the porous nanowires after the dealloying process, which is 

around 10-20% higher than the bulk composition. This Ag-rich surface layer may cause different 

catalytic effects than expected, since alloys can catalyze the methanol oxidation reactions differently 

than single metals. However, the current dealloying protocol cannot produce a completely Ag free 

porous Au NWNW without destroying the network structure or coarsening all the pores on the surface. 

Therefore, the catalytic results from porous NWNWs have to be carefully examined to discuss 

influential factors from various aspects. 

3.3.3 TEM analysis of porous Au nanowires after dealloying 

In order to further analyze the crystallographic information of the porous nanowires, we did TEM 

analysis of the single nanowires. For this, the networks were broken apart in an ultrasonic bath, then 

drop casted onto TEM grids for HRTEM analysis. Figure 3.22 shows the TEM images of the Au0.3Ag0.7 

NWNW dealloyed for 1 hour at different magnifications. We can see from Figure 3.22 (a) that the pores 

extend into the core of the nanowire. Some pores even penetrate through the nanowires, creating a 

hollow structure. The image reveals also planar defects along the nanowire, which seem to have been 

maintained during the formation of the pores throughout the dealloying process, keeping their directions 

and shape. To have a closer look at the crystal defects, we did high-magnification imaging, as shown in 

Figure 3.22 (b) and (c). These images reveal that the planar defects are a series of micro-twins and 

stacking faults closely packed together.   

 

 

Figure 3.22 TEM images of nanoporous Au nanowires after dealloying for 1 hour. 

We did the same analysis with the second sample, which is the Au0.3Ag0.7 NWNW dealloyed for 6 hours. 

Figure 3.23 (a) shows that the nanowire size is profoundly shrunk. As the Ag atoms continue being 

dissolved, the pores get larger and the porous structure is coarsened over time. The hollow structure has 

disappeared compared to Figure 3.22 (a), and the ligaments on the nanowires have lost interconnections. 

It seems that the nanowire stability is largely affected by the longer dealloying time, since in some 

images the nanowires turned into a mixture of nanowire broken segments. In this sample, we also saw 

a series of stacking faults, as well as some twinnings overlaying each other, as shown in Figure 3.23 (b, 

c). It is certain that our porous nanowires have lots of defects, but due to the thickness of the sample, 

and being multi-crystalline, it is difficult to distinguish all of the defects clearly. 

 



Morphological and Structural Characterization of NWNWs 

51 

PhD Thesis - Mohan Li 

 

Figure 3.23 TEM images of nanoporous Au nanowires after dealloying for 6 hours. 

Figure 3.24 shows electron diffraction patterns obtained for the samples dealloyed for 1 h (a) and 6 h 

(b). By measuring the distance from the reflections to the center, we calculated the lattice plane 

distances, and subsequently identified the corresponding planes. Their miller indexes are marked within 

the figures. The diffraction patterns show multiple reflection points instead of rings, which indicates that 

the sample is not fine polycrystalline but instead consists of single-crystalline sections.  

 

  

Figure 3.24 Diffractogram of dealloyed nanowires: (a) dealloyed for 1 hour, (b) dealloyed for 6 hours. 

3.3.4 Summary 

Nanoporous nanowire networks have been successfully synthesized by dealloying. From the series of 

testing, we learned both precursor composition, as well as the nanowire size, can lead to a different 

dealloying and pore evolution process. In general, we can see the pore size increases with the dealloying 

time increase, and then the porous structure gets coarsening also with time. By dealloying NWNWs with 

identical geometrical parameters and three different compositions, we demonstrate that the initial 

composition has to be optimized in order to create a stable porous nanowire network. When the 

sacrificial Ag content is too low, the Ag atoms cannot be dealloyed efficiently, while when the Ag 

content is too high, the large volume loss results in the collapse of the network structure. Systematic 

EDX and XPS measurements revealed that the free corrosion process results in a Ag-rich surface layer 

(a) (b) 
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for all initial compositions. The TEM analysis revealed that the porous nanowires exhibit many 

crystallographic defects, especially planar defects, including stacking faults and twinnings. The TEM 

images reveal that the pores formed during dealloying can exist within one single crystal. In summary, 

to produce a stable porous NWNW, all the parameters have to coordinate with each other to yield the 

most ideal sample morphology and composition. 
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4.  Electrochemical Properties of Various 
NWNWs 

In this chapter, we characterize the electrochemical properties of three types of NWNW samples, namely 

the pure Au NWNWs, the Au1-xAgx alloy NWNWs, and the nanoporous NWNWs. First, we discuss the 

determination of the electrochemically active surface area (ECSA) by two different methods. The ECSA 

determination is essential to characterize the NWNW structure in electrochemical reactions 

scientifically and understand how they react in different electrolytes. Second, the NWNWs are tested in 

alkaline electrolytes to catalyze the methanol oxidation reaction. The influence of different parameters 

such as NWNW geometry, atomic composition, and electrolyte concentration is systematically 

investigated. Third, we present the sample characterization by SEM and EDX before and after the 

catalytic reactions, which is performed to study how the morphology or compositions of the samples are 

affected by the specific reactions. 

4.1 Electrochemically Active Surface Area Measurement 

When characterizing a catalyst, first the ECSA should be determined. The ECSA indicates the 

availability of the geometrical surface area toward electrochemical reactions. An ideal catalyst for a 

certain reaction should exhibit high ECSAs and a large number of active sites. This is why nanomaterials 

are advantageous in the catalysis field, because nanostructuring can provide very high specific surface 

areas compared with traditional bulk materials.4,5,144 In this work, two different methods for measuring 

the ECSA of NWNWs were used. The integration of the faradaic charge transfer of the Au surface oxide 

reduction reaction was applied for the Au NWNWs. The double-layer capacitance (DLC) method was 

applied for the Au1-xAgx NWNWs and the nanoporous Au NWNWs. The first method can only be 

applied to pure Au samples, while the second one can be applied regardless of the surface chemical 

composition. Details about the DLC measurements are provided in section 4.1.4, obtained ECSA values 

are always compared with the theoretically calculated surface area values (SGEO). 

4.1.1 Au NWNW 

The ECSA of three Au NWNWs with nanowire diameters 80, 130, and 170 nm, with the same wire 

density = 4*108 cm-2, were estimated by applying the AuO reduction peak area integration method. With 

the increase of nanowire diameter, the total SGEO increases accordingly, assuming all the nanowire 

surface can participate in the reaction, the measured ECSA should also increase. To systematically 

measure their ECSA, all three samples are measured under the same conditions. Figure 4.1 shows 

representative SEM images of the three samples, we can see when the nanowire diameter is smaller than 

100 nm (Figure 4.1 (a)), the wires tend to bend due to the lower number of crossing junctions, and they 

cannot maintain the original orientations (45° to the horizontal plane) of the nanochannels in the 

template. When the nanowire diameter increases to 130 nm, the nanowires can maintain their 45° 

orientation better, but still show slight bending at some positions. When the nanowire diameter is 170 

nm, the wires are well connected and they appear straight.  
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Figure 4.1 SEM image of Au NWNWS with the same density (4*108 cm-2), and different diameters (a) 

80 nm, (b) 130 nm, and (c) 170 nm. 

In order to calculate the theoretical geometrical surface area (SGEO)of the NWNWs, we require the planar 

area, the nanowire density, as well as the average nanowire diameter and length. Thus, for every sample, 

we determined the size distribution by measuring the diameter of 100 nanowires from SEM images. The 

results are summarized in Figure 4.2. The average nanowire dimeter is 86 ± 14, 131 ± 15, and 170 ± 17 

nm, respectively. The results show around 10% diameter deviation, which is a standard deviation from 

the etching process. As explained in section 2.1.1, during the ion irradiation process, the high energy 

ion will break the polymer chains along its trajectory path, which leaves many broken bonds and carboxy 

groups, and they are especially easy to dissolve in the concentrated alkaline etching solutions. However, 

the random breakages are not locally uniform, thus the local etching rate is slightly varied, which makes 

the nanochannel diameter along the ion penetration path also deviate.  

 

Figure 4.2 Nanowire diameter distribution charts of Au NWNWs. 

Next, we measured the ECSA measurements of these three samples using the AuO reduction peak 

integration method. Figure 4.3 shows the CVs recorded in 0.1 M H2SO4 solution. The anodic peaks 

locate at U = 1.2 - 1.4 V (Figure 4.3 (a)–(c)) are attributed to the formation of Au oxide115,116, the 

cathodic peak at U = 0.85 V is assigned to the Au oxide reduction. With the integration of the reduction 

peak, we were able to calculate faradic transfer for the three samples, as the values are shown on each 

figure. The faradic charge we obtained is proportional to the sample ECSA. In this case, we employed 

the reference value from a smooth Au film sample, with 1 cm2 flat area. By integrating the respective 

reduction peak, a reference charge-transfer value of Qref = 653 µCcm-2 was obtained (Figure 2.20). By 

comparing the integrated charge transfer from Figure 4.3 (a-c), and the reference value, the ECSA of all 

three samples can be calculated. The Au NWNWs have a ECSA of 20.8, 30.1, and 40.3 cm2, 

respectively. The measured ECSA increases systematically with the nanowire diameter increase.  

Figure 4.3 (d) shows the comparison between the measured ECSA values (purple bars) with the 

estimated SGEO (following equation 4-1) (pink bars) of three Au NWNWs. The error bars of ECSA 

represents fluctuations from different CV cycles. The error bars of the SGEO include the nanowire 
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diameter distribution, and the crossing points of nanowires. Taking into account these uncertainties, for 

all nanowire diameters, measured ECSA is in good agreement with the calculated SGEO. 

In summary, the ECSA values we obtained with the optimized experimental conditions corelate well 

with the calculated SGEO values, which increase systematically with the increase nanowire diameter, 

indicating that the entire highly interconnected 3D Au NWNW contributed to the reaction. These results 

highlight the potential of the NWNWs in catalytic applications. By designing the Au NWNW sample 

with an optimized SGEO, better catalytic performance can potentially be achieved. 

 

Figure 4.3 CVs recorded in 0.1 M H2SO4 for Au NWNWs of different nanowire diameters: (a) 80 nm, 

(b) 130 nm, and (c) 170 nm (room temperature, scan rate = 100 mV s−1). The red dashed line defines 

the baseline for the reduction peak integration, the yellow area represents the Au oxide reduction peak 

region providing the electrochemically active surface area. (d) Experimental (ECSA) and calculated 

(SGEO) surface area values of the Au NWNWs as a function of nanowire diameter. 

4.1.2 Au1-xAgx NWNWs 

For the Au1-xAgx NWNWs, due to the surface composition change, we cannot simply apply the AuO 

reduction method to measure ECSA as the pure Au NWNWs. In the same acidic media, Ag will undergo 

two-step oxidation reactions during the anodic scan, first Ag is oxidized to Ag2O, then further oxidized 

to AgO. During the cathodic scan, the Ag oxides will also be reduced in two steps, as in two separate 

reduction peaks. For a Au-Ag alloy, the Au and Ag oxides will reduce simultaneously, leading to a 

composite reduction peak. The total charge under this peak reflects the combined surface area of both 
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metals, while the charge densities of the Au and Ag oxides reduction are different. This difference does 

not allow a straightforward calculation of ECSA for each metal individually56,151,152.  

Therefore, in this section, DLC method was applied for Au1-xAgx NWNWs in alkaline media, applying 

the parameters discussed in section 4.1.4. First, a representative CV of one pure Ag NWNW was 

recorded in 0.1 M KOH, to identify the reactions and the non-faradic region, as shown in Figure 4.4.  

The anodic peak a1 and a2 are attributed to the formation of [Ag(OH)2]−, and then the electro-oxidation 

of Ag to Ag2O153: 

2𝐴𝑔 + 2𝑂𝐻− → 𝐴𝑔2𝑂 + 𝐻2𝑂 + 2𝑒− 4 − 1 

Then the next peak a3 is attributed to further oxidation of AgO153: 

𝐴𝑔2𝑂 + 2𝑂𝐻− → 2𝐴𝑔𝑂 + 𝐻2𝑂 + 2𝑒− 4 − 2 

During the cathodic scan, we can also see multiple reduction peaks, from c1 to c2, they represent a series 

of silver oxides reduction reactions from AgO to Ag2O, then back to pure Ag. 

 

Figure 4.4 Cyclic voltammogram of the Ag NWNW in 0.1 M KOH solution at a scan rate of 50 mV/s. 

For the DLC method, it is important to select a measurement window, from Figure 4.4 we can identify 

a non-faradic region from U = -0.2 V to -0.6 V. Since we selected U = -0.4 V to -0.6 V for the pure Au 

NWNW, and this also overlays with the non-faradic region of pure Ag, we applied the same 

measurement window of U = -0.4 V to -0.6 V for Au1-xAgx NWNWs.  

Figure 4.5 (a) shows a representative CV in 0.1 M KOH solution at room temperature, and repeated CV 

cycles with different scan rates from 5 to 50 mV/s are conducted, as shown in Figure 4.5 (b). Two series 

of Au1-xAgx NWNWs with low-density (4*108 cm-2) and high-density (2*109 cm-2) templates were 

fabricated and tested, All the samples were measured with the same parameters in the same setup, to 

make the results comparable. their DLC plots are shown in Figure 4.5 (c, d). 
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Figure 4.5 Cyclic voltammograms (a) recorded for a Au NWNW in argon-purged 0.1 M KOH solution 

in a wide scan range, (b) with different scan rates within the selected measuring window, anodic and 

cathodic current difference as function of scan rate, of the low-density (c) and high-density (d) series, 

dash lines correspond to corresponding linear fits. 

The measured DLC values with the corresponding ECSA values are listed in Table 4.1, this was 

calculated by the obtained reference value DLCref = 74 μFcm-2. Both series of Au1-xAgx NWNWs were 

fabricated with 150 nm nanochannels. The calculated SGEO for the low-density series is 53±4 cm2, while 

for the high-density series is 263±21 cm2. If the irradiation fluence deviation (20%) and nanowire size 

distribution (10%) are to be considered, then the surface area deviation will be much larger.  

For the low-density series, we can see the Au0.9Ag0.1 NWNW shows the smallest DLC, this is caused by 

the very negative deposition potential (U = -1.1 V), which led to a fast deposition rate, that the nanowire 

growth is rather inhomogeneous, thus resulted in a smaller surface area. When we compare the whole 

series together, the Ag-rich (Ag at% > 50%) NWNWs tend to have higher ECSA than the Au-rich 

samples, even though they were fabricated with the same templates. This may be caused by different 

filling rates of the nanochannels. The pure Au and the Au0.9Ag0.1 NWNW were deposited at -0.9 V, and 

-1.1 V, respectively, while the other samples were deposited at -0.8 V. Less negative deposition 

potentials can lead to more homogeneous growth NWNWs, which were proved in section 3.1.1. 

However, even with a 100% nanochannel filling rate, this cannot explain why the values are 30-50% 

higher than the estimated SGEO. 
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For the high-density series, we see the same trend, that the Ag-rich samples have higher ECSA than Au-

rich samples. Except, the Ag NWNW has a similar ECSA as the Au NWNW, and both values are only 

around half of the SGEO. Because both samples were deposited near their ion reduction potential, that led 

to a smaller nanochannel filling rate. Another reason can be the nanochannels overlaying with each 

other, lead to a smaller surface area than estimated. Despite the differences between the samples, unlike 

the low-density series, the values are within the range of the estimated SGEO value.  

When comparing the two series together, the low-density NWNWs ECSA seems to be overestimated, 

while the high-density NWNWs ECSA correspond well with the thermotical estimation. We attribute 

this difference to the selection of the Au NWWN reference samples. As discussed in section 4.1.4, the 

Au NWNW references we selected have the same density as the high-density series (2*109 cm-2). When 

comparing the Au thin film to the Au NWNW, we observed that the determined DLC of the NWNW 

samples appeared lower than expected. This discrepancy is attributed to diffusion and mass transport 

limitations inherent to the nanostructured geometry. However, in the case of low-density NWNW 

samples, where the nanowire spacing is significantly larger due to a five times lower density, these 

diffusion and transport limitations are less pronounced. Consequently, if we apply a reference sample 

that is more strongly affected by diffusion limitations to compensate for the DLC underestimation in 

NWNW structures, as a result, we overestimated the ECSA of the less diffusion limited low-density 

NWNWs. 

Table 4.1 Double-layer capacitance and the corresponding ECSA of Au1-xAgx NWNWs. 

Low-density NWNW High-density NWNW 

Sample name DLC (mF) ECSA (cm2) Sample name DLC (mF) 
ECSA 

(cm2) 

Au 3.8 51.4 Au 9.3 125.7 

Au0.9Ag0.1 1.7 23.0 Au0.9Ag0.1 9.4 127.0 

Au0.8Ag0.2 4.2 56.8 Au0.8Ag0.2 9.0 121.6 

Au0.6Ag0.4 4.2 56.8 Au0.6Ag0.4 14.9 201.4 

Au0.5Ag0.5 5.8 78.4 Au0.4Ag0.6 19.7 266.2 

Au0.4Ag0.6 6.0 81.1 Au0.3Ag0.7 17.8 240.5 

Au0.3Ag0.7 5.2 70.3 Au0.2Ag0.8 19.7 266.2 

Au0.2Ag0.8 6.4 86.5 Ag 8.9 120.3 

Ag 5.6 75.7    
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In summary, the DLC method can be applied to Au1-xAgx NWNWs, the measured values are 

proportional to the ECSA as expected, and the results were not influenced by the sample surface 

composition variation. However, the selection of the reference value is very critical, as it can directly 

impact the ECSA results, which can lead to underestimation if not considering diffusion and mass 

transportation limitations in nanostructures. On the contrary, if we try to compensate too much, then it 

can lead to overestimation of the ECSA.  

4.1.3 Nanoporous NWNW 

For nanoporous NWNWs, we applied the same method as the Au1-xAgx NWNWs, due to the presence 

of residual Ag from the dealloying process, and possible AgO from the oxidation caused by the 

dealloying solution (65% HNO3). As mentioned in section 3.3.1, NWNWs with Ag at% ~70-80% can 

start a fast dealloying process without undergoing significant pore coarsening and structural 

instabilizing. Therefore, we only tested the Au0.2Ag0.8 and Au0.3Ag0.7 NWNWs as dealloying precursors, 

with nanowire diameter of 150 nm, and density of 2*109 cm-2. Thus, when growing homogenously, they 

should exhibit a SGEO of 263±21 cm2 in 1 cm2 projection area. 

Figure 4.6 shows the SEM images of the Au0.3Ag0.7 and Au0.2Ag0.8 NWNWs before and after dealloying 

of different times, before dealloying, two pristine samples exhibit the same morphology with the same 

nanowire size. The SEM images show that the after the Au0.3Ag0.7 NWNWs were dealloyed for 1 and 6 

h (Figure 4.6 (b, c)), the pore size increases with dealloying time, resulting in slightly different pore 

sizes. After the Au0.2Ag0.8 NWNW was dealloyed for 30 min (Figure 4.6 (e)), it exhibited the smallest 

pores on the nanowire surface, but the network structure started collapsing due to the volume loss. 

 

Figure 4.6 SEM images of (a) Au0.3Ag0.7 NWNW before dealloying, (b) dealloyed for 1 h, (c) 

dealloyed for 6 h, (d) Au0.2Ag0.8 NWNW before dealloying, (e) dealloyed for 30 min. 
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Figure 4.7 (a-c) show the DLC CVs recorded for the three dealloyed samples, the curve shapes are 

similar, the anodic/ cathodic current increases with the increase of scan rate. Figure 4.7 (d) plots the 

current difference as a function of the scan rate. As mentioned before, the slope of the linear fitting 

corresponds to the capacitance value. The DLC values and the corresponding ECSA values are given in 

Table 4.2. For the ECSA calculations, we applied the reference value DLCref = 74 µFcm-2 (determination 

details are discussed in section 4.1.4).  

 

Figure 4.7 Cyclic voltammograms of dealloyed NWNWs, (a) Au0.3Ag0.7 NWNW dealloyed 1 h, (b) 

Au0.3Ag0.7 NWNW dealloyed 6 h, (c) Au0.2Ag0.8 NWNW dealloyed 30 min, and (d) anodic and 

cathodic current difference as a function of scan rate of three samples, dash lines correspond to 

corresponding linear fits. 

Table 4.2. Measured DLC and ECSA values of pristine and dealloyed NWNWs. 

Sample name DLC (mF) ECSA (cm2) 

Pristine Au0.3Ag0.7 NWNW 17.8 240.5 

Au0.3Ag0.7 NWNW dealloyed 1 h 25.8 348.6 

Au0.3Ag0.7 NWNW dealloyed 6 h 15.4 208.1 

Pristine Au0.2Ag0.8 NWNW 19.7 266.2 

Au0.2Ag0.8 NWNW dealloyed 30 min 12.2 164.8 

 

 

 

(a) (b) 

(c) (d) 
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The theoretical surface area value of a pristine NWNW before dealloying is around 263±21 cm2 in 1 

cm2 projection area, which is in good agreement with the ECSA value of the pristine Au0.3Ag0.7 and 

Au0.2Ag0.8 NWNWs, which is 240.5 and 266.2 cm2, respectively.  

After 1 h dealloying, the porous NWNW exhibited an ECSA 40% higher than the pristine sample. If we 

consider the weight loss due to the dissolution of Ag atoms and the surface area increase, then the 

specific surface area per unit weight increased from 0.6 m2g-1 to 2.8 m2g-1, i.e., around 5 times larger. 

After 6 h dealloying, the ECSA decreased compared to both the pristine sample and the 1 h dealloyed 

sample. This can be attributed to the coarsening of the porous structure due to surface diffusion and 

partial collapse of the network structure, effects which are evidenced in the SEM images of this sample 

(Figure 4.7 (c)). 

Finally, the Au0.2Ag0.8 NWNW after 30 min dealloying yielded an ECSA value of 164.8 cm2, which is 

around 40% smaller than the pristine sample. This ECSA decrease is mainly caused by the volume loss 

during the dealloying process, partly also because of the network structure collapsing. They also exhibit 

very small pores at nanowire surface. The fact that the ECSA decreased indicates that these pores do 

not participate effectively in the reactions. 

In conclusion, by optimizing the composition and dealloying conditions of Au1-xAgx NWNWs, the 

ECSA can be significantly increased. Both geometry and composition of the pristine NWNWs need to 

be carefully designed to produce a stable porous NWNW while increasing the surface area. 

4.1.4 Determination of the DLC reference value 

As explained in previous sections, two methods were applied for measuring the ECSA of the NWNWs. 

The first method applies integrating the faradaic charge transfer of the Au surface oxide reduction 

reaction, the second method applies measuring the double-layer capacitance of the sample surface. In 

this section, the two methods will be compared using the pure Au NWNW. The ECSA measured by 

AuO reduction reaction is treated as the standard value, since the excellent agreement between the ECSA 

values and SGEO values as shown in section 4.1.1. This comparison helped us to compare the optimized 

conditions for the DLC determination of our NWNWs. 

Bothe methods were introduced in section 2.3.6. We will first compare the two methods applied on a 

planar Au film, and discuss the results of a planar electrode without diffusion limitation. Then we will 

compare the two methods on two identical NWNW samples, fabricated with the same geometry and 

electrodeposition. This allows us to compare how the NWNW geometry can influence the measurement 

results. 

Planar Au film  

The planar Au film was produced with the same protocol as the Au back-electrode layer, it is around 2 

µm thick, and exhibits a shiny surface finish, with only 1 cm2 flat area exposed to the measurement 

electrolyte. A representative CV was recorded in 0.1 M H2SO4 solution, as shown in Figure 4.8 (a). 

During the anodic scan, first H+ is absorbed, then the oxidation of Au takes place at around U = 1.3 V. 

The oxygen evolution reaction starts at around U = 1.5 V. During the cathodic scan, the Au oxides 

reduction peak locates at around U = 0.75 V. During one CV scan, only the top monolayer of Au atoms 

on the sample surface will be oxidized and then reduced, therefore the reaction charge transfer can be 

used to calculate how many atoms are involved in the reaction, and subsequently calculate the surface 

area that participated in the reactions. From the CV, the reduction peak area was integrated into a charge 

transfer of 4.3 mC. As discussed in section 2.3.6, we choose to apply the value used in the literature Q 

= 448 µCcm-2 116,117, from this value, we can calculate that this reference planar Au film has a ECSA of 

9.6 cm2.  
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Then we measured the same Au film sample in basic solutions (Figure 4.8 (b)), CVs were recorded in 

0.1 M (orange) and 1 M KOH (green). As expected, they exhibit different current values for different 

electrolyte concentrations, but similar reaction peak potentials. During the anodic scan, the OH- is first 

absorbed on the Au atoms, then Au atoms are oxidized at around U = 0.4-0.5 V, then the oxygen 

evolution starts at around U = 0.8 V. During the cathodic scan, AuO is reduced, and we can identify a 

non-faradic region at -0.4 to -0.6 V. 

 

Figure 4.8 CV of Au thin film reference sample in (a) 0.1 M H2SO4, and (b) in 0.1 M/ 1 M KOH 

solutions. 

To determine the DLC, a series of CV cycles are recorded within the non-faradic region at different scan 

rates, as shown in Figure 4.9 (a), From each CV cycle, the current difference between the anodic curve 

and the cathodic curve was measured. Then the current differences were plotted against the scan rate, as 

shown in Figure 4.9 (b), The slope of the linear fit curve represents the DLC. From this, we derived the 

DLC of this planar Au film sample, which is 1.04 mF.  

 

Figure 4.9 (a) CVs of the planar Au film reference sample in the non-faradic region for DLC 

measurements with different scan rates, the starting and end points of each cycle were joined by a 

vertical line, (b) plot of current difference vs. scan rate. 

To summarize the measurement results together. Applying the faradaic charge transfer method, we 

estimated that the 4.3 mC transferred charge corresponds to the surface area of 9.6 cm2. Applying the 
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DLC method, we measured a DLC for the same reference Au film of 1.0 mF. When we compare the 

two results together, the measured DLC of 1.0 mF is also correspond to the ECSA of 9.6 cm2. From the 

DLC results we can derive a reference value of the DLCref = 108 μFcm-2. 

NWNWs  

In the following, we exemplarily apply these methods to determine the ECSA of two NWNWs with the 

same theoretically calculated geometrical surface area (SGEO). The two Au NWNW samples were 

fabricated with the same templates, e.g., with the same irradiation fluence (2*109 cm-2) and the same 

etching time (6 min corresponding to a channel diameter of ~ Ø 150 nm). Then the nanowires were 

deposited with the sample electrolyte and the same potential. They exhibit the same morphology under 

the SEM analysis, and the deposition curves showed only 7% difference in faradic charge, indicating 

that they have very similar surface area. The SGEO is 263 ± 21 cm2, according to the calculation below: 

𝑆𝐺𝐸𝑂 = ((𝜋 × 𝑟𝑛𝑤
2 ) + (2𝜋 × 𝑟𝑛𝑤 × 𝐿𝑛𝑤)) × 𝑓𝑛𝑤 4 − 3 

Where 𝑟𝑛𝑤 is the radius of the nanowire, 𝐿𝑛𝑤 is the length of the nanowire, which is 1.41 times larger 

than the template thickness, because the wires are 45° tilted. The 𝑓𝑛𝑤 is the density of nanowires. This 

calculation corresponds to the surface area of a NWNW within 1 cm2 flat area, and does not consider 

the interconnections or nanowire roughness. The error bar comes from the crossing junctions between 

the nanowires. 

The charge transfer of the AuO reduction reaction for the first Au NWNW is measured in 0.1 H2SO4. 

On the CVs displayed in Figure 4.10 (a), we can see that the curves showed similar peaks as the reference 

Au thin film sample, the reduction peak is located at around U = 0.6 V, and the corresponding integrated 

peak area has a faradic change of 58.3 mC. When we utilize the reference charge transfer value Q = 448 

µCcm-2, we can calculate the sample ECSA is 130.1 cm2. Please notice that even though the 

electrodeposited NWNW has a circular diameter of 1.5 cm, these measurements are performed in the 

commercial electrochemical cell with an exposure area of 1 cm2. This means that this Au NWNW has 

130.1 cm2 ECSA participating in the electrochemical reactions within a 1 cm2 flat projection area.  

For the second Au NWNW, the CV was recorded in 0.1 M KOH, as shown in Figure 4.10. The first OH- 

absorption on Au atoms takes place at U = 0.4 V, while Au gets oxidized at U = 0.6 V. The reduction 

peak of AuO is located at a similar position (0.1 V), as measured for the Au thin film reference sample 

(0.1 V). For consistent DLC measurement, the measurement window was also selected between -0.4 V 

and -0.6 V, under the same parameters. 

 

Figure 4.10 CV of Au NWNW samples in (a) 0.1 M H2SO4, and (b) in 0.1 M KOH solutions. 
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As shown in Figure 4.11 (a), repeated CVs were measured with scan rates from 5 to 50 mV/s, resulting 

in almost square-shaped curves, the measured current difference between the anodic scan and the 

cathodic scan was plotted against the scan rate in Figure 4.11 (b). The slope of the linear fit is the 

estimated DLC of this Au NWNW sample. In this case, this Au NWNW has a measured DLC=9.59 mF. 

When the two Au NWNW samples were fabricated with the same parameters (e.g., geometry and 

electrodeposition), there can be 10% intrinsic surface area difference from the fabrication process. If we 

assume the two Au NWNWs have exactly the same surface area, and thus the same ECSA values. 

Therefore, the 9.6 mC DLC is corresponds to the ECSA of to 130.1 cm2, which was determined from 

the AuO reduction method. We can obtain the normalized reference value derived from the DLC results, 

for this sample geometry, is DLCref = 74 µFcm-2. 

 

Figure 4.11 (a) CVs of Au NWNW in the non-faradic region for DLC measurements with different 

scan rates, (b) plot of current difference vs. scan rate. 

Table 4.3 summarizes all the measured and calculated ECSA values discussed above. When we compare 

the DLC reference values from the planar Au film and Au NWNW, we can see the one from thin film 

is around 30% higher than the one derived from NWNW. If we use the DLCref from the thin film, then 

we will estimate an ECSA of the NWNW sample of only 89 cm2. Then the DLC method will lead to an 

underestimation of 30%.  

There can be many reasons for this deviation, one major problem is the diffusion or transport limitation 

in nanostructures. The measurements are conducted and analyzed under the assumption that ion 

transport to the surface is not rate-limiting. However, in nanostructured electrodes, there are often 

diffusion limitations and restricted ion accessibility. Recent studies have shown that in mesoporous and 

nanoporous architectures, ion transport within confined structures becomes increasingly hindered, 

particularly at higher scan rates, resulting in lower apparent capacitance and consequently an 

underestimation of the true ECSA154,155. 
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 Table 4.3 ECSA measurement comparison from two methods 

Sample Planar Au film Au NWNW 

Method AuO reduction DLC AuO reduction DLC 

Faradic charge (mC)/ 

Capacitance (mF) 
4.3 1.0 58.3 9.6 

Reference value 

(µCcm-2)/ (µFcm-2) 
448 108 448 74 

ECSA (cm2) 9.6 9.6 130.1 130.1 

 

Many ECSA measurements are often determined by the DLC method, and the suitability of this method 

has been in debate100,114,156. Different ways of improving the measurement setup and parameters to arrive 

at a more reliable and scientific value were also reported100,111. In this work, since we need to apply this 

method for the AuAg samples, we adapted some suggestions from Molares and Risch111, where we 

placed our setup in a Faraday cage, to prevent any electromagnetic interference, and tested different 

parameters to compare the results, then tried to find the most optimized protocol for ECSA 

measurements.  

In particular, we studied the influence of the scan window width, and IR compensation, which refers to 

the voltage drop caused by the resistance of the electrolyte solution between the working and reference 

electrodes. First, we compared a narrow window of 100 mV with a wide window of 200 mV, as shown 

in Figure.12 (a) and (b). Clearly, the wider scan window can lead to larger current differences, this is in 

agreement with the results of Molares and Risch111, they suggested the scan window should be as large 

as possible to obtain meaningful results. Figure.12 (c) shows the CVs recorded with IR compensation 

(the system resistance is 27 Ω), because the IR drop can cause a change in the measured current. It can 

be seen that there is no significant difference between applying (c) or not applying (b) IR compensation, 

thus we did not apply IR compensation for the DLC CV measurements. 
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Figure.12 CVs of DLC measurements of a Au NWNW sample, with three different conditions: (a) 

narrow scan window, (b) wide scan window, (c) wide scan window with IR compensation. 

Figure.12 (d) shows the current differences as a function of the scan rate for the three measurements. 

From the slope, we estimated the DLC values, which are given in Table 4.4. The values show that 

selecting the widest possible potential window results in a slightly larger DLC value. Since from 

previous results, we already know that the DLC method can lead to an underestimation of the ECSA, so 

it is only reasonable to choose the set of parameters that can lead to the largest value. 

Table 4.4 DLC values obtained from CVs in Figure.12. 

Method 1. 2. 3. 

DLC (mF) 3.5 3.8 3.7 

 

In summary, in this section we presented the two processes followed for the selection of the experimental 

conditions applied for the determination of the ECSA. We compared how different methods are designed 

and conducted on Au thin film and Au NWNW samples. Measurements reported in section 4.1.1 had 
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revealed an excellent agreement between the ECSA and SGEO surface area values, indicating the 

reliability of the AuO reduction method for the ECSA determination of the Au NWNWs. 

However, we found out the DLC method can lead to an underestimation of the ECSA value of the 

NWNWs, even after the optimization of the measurement parameters. Therefore, for the DLC 

measurement of the Au1-xAgx and nanoporous Au NWNWs, we should be aware that the actual surface 

area can deviate from the measured ECSA values, and the more complex the structure, the larger the 

deviation. From previous studies, there are many different reference values from different 

measurements, the CDLC values are typically within 22–130 µFcm-2 in alkaline media108,156–164. While in 

this work, for a NWNW sample, we employ the reference value calculated from the Au NWNW sample, 

DLCref = 74 µFcm-2, this value is within the range from literatures. Given that every measurement 

method even after careful optimization and evaluation, can still have limitations and deliver false result, 

a thorough consideration and optimization of the measurement parameters should be always undertaken. 
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4.2 Methanol Electro-Oxidation  

NWNWs with large specific surface areas and tunable geometry as well as electrical, thermal, and 

chemical properties are of interest for catalysis. In this section, we explore the suitability and 

performance of the three types of NWNWs as catalysts, applying a well-known reaction, the electro-

oxidation of methanol. Through this reaction, we use the NWNWs as a model system to investigate the 

influence of tailorable parameters such as nanowire diameter, density, composition, and hierarchy on 

their electrochemical catalytic performance.  

4.2.1 Au NWNWs  

Au NWNWs are chemically stable and thus ideal model systems to investigate the influence of the 

geometrical parameters on the electrocatalytic performance. In this section, we will discuss how 

different Au NWNWs can show different performances towards the methanol oxidation reaction. For 

this, we synthesize Au NWNWs with tailored geometry, varying systematically only the NW diameter 

and maintaining all other parameters the same. Thus, all NWNWs were deposited under identical 

conditions, i.e., using the same electrolyte and deposition potential to ensure a homogeneous network 

structure. Then they are all tested under the same conditions, details are explained in section 2.3.7. 

Influence of electrolyte and reactant concentration 

We start the catalytic test with a pure Au NWNW, with 4*108 cm-2 fluence, and 150 nm diameter 

nanowires, deposited at -0.9 V vs Ag/AgCl, all nanowires are well interconnected together. This sample 

has a SGEO = 53±4 cm2 and measured ECSA = 51.4 cm2. Figure 4.13 (a) shows the CVs recorded in 0.1 

M KOH (black dashed lines) electrolyte, with varied methanol concentration (solid lines).  

The respective current density values were determined by dividing the recorded current values by the 

nominal area of the sample (same as the area of the reference sample, i.e., 1 cm2). The methanol 

oxidation process involves two reactions: In the lower potential range, methanol is oxidized to formate, 

while in the higher potential region, formate is further oxidized to carbonate165. In Figure 4.13 (black 

dashed line), at U = 0.35–0.6 V, two anodic peaks are superimposed forming a plateau, corresponding 

to the formation of Au–OH and AuO The cathodic peak located at U = 0.02 V, is attributed to the 

stripping of Au–OH, and the reduction of AuO. The CV recorded in KOH electrolyte containing 1 M 

MeOH (blue solid line) exhibits one anodic peak at U = 0.46 V, which corresponds to the oxidation peak 

for methanol to formate on the Au surface166, for which the peak current density was around 3.5 mAcm−2. 

When the methanol concentration increased to 2 M and 3 M, the oxidation peak current density increased 

accordingly to 4.7 and 5.7 mAcm−2. In Figure 4.13 (b), the peak current densities of Figure 4.13 (a) are 

plotted against the methanol concentration (green), which shows that the oxidation peak current density 

increases proportionally to the methanol concentration. The oxidation peak potential from Figure 4.13 

(a) was also plotted against the methanol concentration, as shown in Figure 4.13 (b) red squares, which 

shows a shift of the anodic peak potential, that increases from 0.47 V to 0.6 V with the methanol 

concentration increasing. This may be caused by the increase in unoxidized organic residue absorbed 

on the surface, which required a higher potential for oxidation,167 or by an increase in the IR-drop.168 It 

is worth noticing that in spite of the high methanol concentrations, no saturation of the peak current 

density was reached. 
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Figure 4.13 (a) CVs of 4*108 cm-2 density Au NWNW recorded in 0.1 M KOH with 0/1/2/3 M MeOH 

with scan rate 50 mV s−1, (b) anodic peak current density and onset potential as a function of the 

methanol concentration. 

The influence of the KOH electrolyte concentration was tested with another Au NWNW with same 

nanowire diameter (150 nm) and higher nanowire density (2*109 cm-2), corresponding to a SGEO of 

263±21 cm2 in a 1 cm2 nominal area, and measured ECSA = 125.7 cm2. Figure 4.14 shows the CVs 

recorded in 0.1, 0.5, and 1 M KOH electrolytes, with different concentration of methanol, 0 (black dash), 

0.5 (red), 1 (blue), and 2 M (green). The current density was normalized by the flat projection area.  

In Figure 4.14 (a), the CVs show the performance of a high-density Au NWNW in 0.1 M KOH, when 

we compare it with Figure 4.14 (a), the only difference is the nanowire density increase. If we compare 

the CVs carefully, and only look at the anodic peak in 0.1 M KOH with 1 M methanol, we can see the 

methanol oxidation peak current density per nominal area increased from 3.6 to 8.3 mAcm-2, mainly due 

to the ECSA increased from 51.4 to 125.7 cm2. But the peak potential is also increased from 0.47 V to 

0.64 V, meaning when the surface area is larger, it needs higher activation energy for the oxidation 

reaction to happen. Therefore, we can conclude from the two figures, that the peak potential and peak 

current will both increase with the increase of surface area. 

Figure 4.14 (b, c) show the same high-density Au NWNW in 0.5 M, and 1 M KOH electrolyte, in both 

figures, the methanol oxidation peak current density increases with the methanol concentration increase, 

this is the same effect as observed for the low-density Au NWNW. With 1 M KOH with 2 M KOH, we 

can reach up to 24.4 mAcm-2. When we compare Figure 4.14 (b, c) with (a), we see that with 1 M 

methanol in the electrolyte, the oxidation peak current densities increase from 8.3 to 13.5 and 16.1 

mAcm-2, respectively. This evidences that higher KOH concentration can facilitate the methanol 

oxidation reaction.  
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Figure 4.14 CVs of Au NWNW with nanowire diameter of 150 nm, and density of 2*109 cm-2 

recorded in (a) 0.1 M KOH, (b) 0.5 M KOH, and (c) 1 M KOH electrolyte, with 0 M (black dash line), 

0.5 M (red solid line), 1 M (blue solid line), and 2 M (green solid line) MeOH with scan rate 50 mV 

s−1. 

To compare the methanol oxidation peaks from Figure 4.14 more directly, in Figure 4.15, we plotted 

the peak current density (a) and peak potential (b) against different methanol concentrations. From 

Figure 4.15 (a), we can see that with the same KOH concentration, the current density increase is almost 

linear to the increase of methanol concentration in the electrolyte. However, when the methanol 

concentration is constant, and the KOH concentration increases from 0.1 M to 1 M, the current density 

increase is around 2 times. This is in agreement with reported studies, that a higher concentration of 

KOH provides more OH⁻, which enhances the reaction rate by improving the mass transport, and 

accelerating the formation of reactive intermediates169,170. There was a study that reported excessively 

high KOH concentrations may lead to inhibitory effects, due to OH⁻ adsorption on the catalyst surface171, 

but this was not observed in this work. 

Figure 4.15 (b) shows the peak potential change with different KOH and methanol concentration. With 

1 M methanol, when the KOH concentration increases from 0.1 M to 0.5 M, then to 1 M, the peak 

potential decreases from 0.64 V to 0.42 V, then to 0.35 V. And we observed this potential decrease for 

every methanol concentration. This demonstrates that the increasing KOH concentration can lower the 

(a) (b) 

(c) 
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oxidation peak potential, and no saturation was observed. The peak onset potentials are also lowered 

accordingly, which could mean that the reaction barrier for methanol oxidation on Au NWNW is 

decreased. Studies suggested this could be due to the abundant OH- can facilitate deprotonation steps 

during methanol oxidation, thereby enhancing reaction kinetics172,173. 

 

Figure 4.15 (a) anodic peak current density, and (b) peak potential as a function of the methanol 

concentration from Figure 4.14, with three different KOH electrolyte concentration: 0.1 M (red), 0.5 

M (blue), and 1 M (green). 

Influence of NWNW geometry 

Figure 4.16 shows the CVs recorded of three Au NWNWs, with density of 4*108 cm-2, and nanowire 

diameters of 80, 130, and 170 nm, in 0.1 M KOH with and without 0.5 M methanol. For each Au NWNW 

sample, 200 CV cycles in the KOH electrolyte with methanol were run for 3 h, to test their long-term 

stability. 

Figure 4.16 (a) shows the Au NWNW with 80 nm diameter nanowires, the solid blue curve shows the 

10th CV cycle of the methanol oxidation in KOH, the oxidation peak locates at U = 0.4 V with a peak 

current density of ∼1.9 mAcm−2, with the second anodic peak at U = 0.6 V for methanol oxidation on 

AuO, and formate oxidation to carbonate.169 Figure 4.16 (b) and (c) show the CVs recorded for Au 

NWNWs with wire diameters of 130 and 170 nm, respectively. For these two samples, the methanol 

oxidation peak current density increases to 2.5 and 3.9 mAcm−2, respectively. For all three samples, The 

CV curve for the 200th cycle was nearly the same as for the 10th cycle, two major anodic and cathodic 

peaks were slightly shifted, whereby the change in the peak current density was smaller than 5%, and 

the peak potential was shifted only 0.02 V. These minor changes give evidence that during the overall 

200 cycles, the reactions did not severely modify the samples and that the Au NWNWs are stable units 

and thus have potential for long-term electrochemical performance.  

Figure 4.16 (d) summarizes the current density values recorded for all the methanol oxidation peaks of 

the Au NWNWs in reference to both the nominal area and ECSA. With the nanowire diameter 

increasing, the anodic peak current density increased accordingly, this is due to the ECSA increase. 

Compared with the planar Au reference sample, the oxidation peak current density values per nominal 

area of the Au NWNW with nanowire diameters of 80, 130, and 170 nm were 86, 132, and 205 times 

higher, respectively. When divided by the measured ECSA of the Au NWNWs, the current density was 

still 4 times higher than for the reference sample. The Au NWNWs are electrochemically more active 

in the catalytic reactions towards methanol electro-oxidation compared to the planar smooth sample. 

(a) (b) 
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Thus, the large surface area of the 3D networks resulted in larger current densities, while the additional 

increase was attributed to the high electrochemical activity of the nanowire surface. The obtained values 

were comparable to those obtained by Graf et al.174 for nanoporous gold samples, which exhibited a 

peak current density of 0.042–0.127 mAcm−2 normalized to ECSA (in 1 M KOH + 1 M methanol 

electrolyte).174 

 

Figure 4.16 CVs recorded in 0.1 M KOH (black dash line) and in 0.1 M KOH + 0.5 M MeOH 

electrolyte. The graphs display the 10th cycle (blue solid line), and the 200th cycle (orange dash-dot 

line) for (a) 80 nm, (b)130 nm, and (c) 170 nm diameter nanowires. (d) Methanol electro-oxidation 

peak current density divided by nominal area (blue) and ECSA (shadowed green) for this three Au 

NWNWs. The orange dash line represents the methanol oxidation peak current density of the smooth 

Au thin film reference sample.  

Morphology analysis after catalytic reactions 

Morphological changes of the Au NWNWs that may have occurred during the CV measurements were 

investigated by SEM characterization before and after the methanol electrooxidation. The SEM images 

in Figure 4.17 reveal that the NWNWs maintained their original 3D interconnected structure throughout 

the 3 h long process, while the individual nanowires exhibited clear changes in morphology, especially 

at the upper tips. At the nanowire tips, facetted crystals were formed with larger sizes compared to the 

initial wire diameters. Such morphology changes have been reported before, e.g. by Ar án-Ais, et al., 

who showed that both the shape and morphology of Pt nanoparticles were drastically degraded after 

1000 CV cycles in a 0.5 M H2SO4 solution.175 Surface restructuring was also reported by Cui, et al. for 
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porous PtCu nanotubes after 250 cycles in 0.1 M HClO4 solution.176 In our case, since the long nanowire 

sections (length ∼ 27–28 µm) below the tips remained unchanged, the overall surface area change was 

smaller than 4.5%. Thus, it should be emphasized that the catalytic performance of the Au NWNWs was 

not affected by the observed changes in the tip morphology, as evidenced by the excellent stability of 

the CV curves between the 10th and the 200th cycles. 

 

Figure 4.17 SEM images of Au NWNW deposited at U = −0.9 V vs. Ag/AgCl with different nanowire 

diameters, (a) and (d) 80 nm, (b) and (e) 130 nm, (c) and (f) 170 nm, before (a–c) and after (d–f) 200 

CV cycles during methanol oxidation reaction measurements. 

To summarize, Au NWNWs were tested as catalysts towards methanol oxidation reactions. By 

comparing the performance of tailored Au NWNWs, synthesized with an independent variation of their 

nanowire diameter, leaving all other parameters constant (nanowire length and density), we demonstrate 

that the methanol oxidation peak current is proportional to the increase of ECSA. In addition, the current 

density also increases with increasing concentration of methanol and KOH electrolyte. The peak 

potential, on the other hand, increases with increasing ECSA and increasing methanol concentration, 

but decreases with increasing KOH concentration. Therefore, a high concentration alkaline electrolyte 

can be very beneficial for methanol oxidation catalytic reactions. Au NWNWs exhibited remarkable 

long-term stability during CV measurements, only minor changes are observed at nanowire tips, but the 

oxidation peak current remains constant. 

4.2.2 Au1-xAgx alloy NWNWs  

Alloys, which are composed of two or more metallic elements, often exhibit unique properties different 

than their original single metals. In particular, alloy catalysts can exhibit unique advantages, including 

enhanced catalytic activity, selectivity, and stability.177,178 The combination of different metals in an 

alloy catalyst can lead to synergistic effects, which can result from various factors, such as improved 

electronic properties, optimized geometric arrangements of active sites, and better resistance to 

deactivation or poisoning.5,179–181 Additionally, the tunability of alloy compositions allows for fine-

tuning of catalytic properties to suit specific reactions.182–185 In this section, we will explore how Au1-

xAgx alloy NWNWs will behave differently than single Au and Ag metals, especially focus on the 

methanol electro-oxidation reaction in alkaline electrolytes.  

This is also a fundamental approach to understand the influence of residual silver to the catalytic activity 

of nanoporous gold. There is a debate in the nanoporous gold research community, about whether the 
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residual silver can facilitate or decrease the catalytic activity of nanoporous gold, and how much content 

of Ag will lead to which influence186,187. With our unique NWNW system, we can investigate this in an 

excellent and systematic manner, because we can tune the parameters independently by synthesizing 

“model porous systems” (the solid NWNWs) with controlled Ag composition. And separate the 

influence of composition from porosity variations.  

In this section we first investigate how surface composition influences methanol oxidation reactions, by 

characterizing NWNWs with identical geometrical parameters, but tailored atomic composition. The 

composition was controlled via the electrodeposition process, as described in section 3.2. We then 

examine how variations in electrolyte and reactant concentrations affect the catalytic reaction and assess 

whether these parameters follow the same trends previously observed for pure Au NWNWs (section 

4.1.1). 

Influence of atomic composition 

First series of NWNWs were fabricated with 4*108 cm-2 fluence template, etched with Ø 150 nm 

nanochannels. The chemical composition was tuned by the electrodeposition parameters listed in chapter 

3.2, and the sample atomic composition shown in this chapter were characterized by SEM-EDX 

analysis. Some examples of the sample morphology are shown in Figure 4.18. 

 

 

Figure 4.18 SEM images of Au1-xAgx NWNWs with density of 4*108 cm-2, nanowire diameter of 150 

nm, and different atomic compositions. 

Figure 4.19 shows the CVs of Au1-xAgx NWNWs with controlled Ag % at (namely 0, 0.1, 0.2, 0.5, 0.7, 

0.8, and 1), in 0.1 M KOH electrolyte, with and without different concentration of methanol. First, we 

compare the CVs recorded only in KOH (black solid line). As Au and Ag get oxidized at different 

potentials, and Au only has one-step oxidation (Figure 4.13 (a)), but Ag undergoes two-step oxidations 

(Figure 4.19 (f)), this also applies to the oxide reduction peaks showed during the cathodic scan. 

Interestingly, the shape of the CVs recorded for AuAg alloys (b-e) are closer to that of the pure Au 

NWNWs at all Ag concentrations, exhibiting one oxidation peak during the anodic scan and one broad 
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reduction peak as the envelope of multiple reduction peaks. The oxidation peak shifts slightly to higher 

potentials, with the Ag composition increase. 

Next, we analyze the effect of the addition of methanol for the various NWNWs. Figure 4.19 (a) shows 

the CVs recorded for the Au0.9Ag0.1 NWNW with various concentrations of methanol. The methanol 

oxidation peak is clearly shown at U = 0.25 V, increasing clearly when varying the methanol 

concentration from 0.1 (red dashed line) to 2 M (gold dashed line). This is different than pure Au 

NWNW (Figure 4.13), where the methanol oxidation peak is located at around U = 0.5 V to 0.6 V. Apart 

from the main oxidation peak, there another oxygen evolution peak appeared rising from 0.6 V, which 

also shows current increase with the methanol concentration increase. Figure 4.19 (b) shows the CV 

recorded for Au0.8Ag0.2 NWNW, which shows a small oxidation peak at U = 0.15 V, this can be identified 

by the corresponding current density increases slightly with increasing methanol concentration. There 

is also an oxygen evolution peak observed, which has a similar current as the Au0.9Ag0.1 NWNW. These 

two CVs recorded for Au1-xAgx NWNWs with small Ag content (up to 20 %) reveal that the methanol 

oxidation potential can be shifted to lower values by alloying, however at the expenses of the peak 

current density, which is significantly lower than for pure Au (4.6 mAcm-2). 

Figure 4.19 (c-e) present the CVs recorded for Au1-xAgx NWNWs with x>0.5. It is noticeable that the 

CVs show the oxidation peaks corresponding to the oxidation of Au1-xAgx alloys, but no methanol 

oxidation peak can be observed, i.e., the current density does not vary significantly or systematically 

with increasing methanol concentration in the investigated potential range. Also, the oxygen evolution 

peak decreases with the Ag content increase. Figure 4.19 (f) shows the CVs recorded for the pure Ag 

NWNW, there is no methanol oxidation peak shown in the measured potential range.  

In conclusion, the obtained data revealed a strong dependence of the methanol oxidation reaction on the 

NWNW composition. At low Ag concentrations, Ag at% < 20%, a synergistic effect is shown on the 

Au-rich alloys NWNWs. This special effect can lower the methanol oxidation peak potential, indicating 

that it can lower the reaction barrier, but at the expense of the oxidation peak current density. When the 

Ag composition is too high (higher than 50 at%), the catalytic activity cannot be observed.  
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Figure 4.19 CVs recorded for (a) Au0.9Ag0.1, (b) Au0.8Ag0.2, (c) Au0.5Ag0.5, (d) Au0.3Ag0.7, (e) 

Au0.2Ag0.8, (f) Au0Ag1 NWNWs, in 0.1 M KOH electrolyte with different concentration of methanol, 

scan rate = 50 mV/s, at room temperature. 

From past studies, Olaya and Wittstock, et al., reported dealloyed nanoporous gold shows different 

performance after removing the residual Ag by cycling in H2SO4, as shown in Figure 4.20, for lower Ag 

content (χAg < 1%), the peak onset potential is shifted to more positive values. At the same time, the 

peak Ia1 current is higher. They hypothesize Ag can promote the oxidative adsorption of the methoxide, 

as well as the OH- adsorption on the surface, thus Ag plays an active role in the first steps of the methanol 

oxidation reactionn187. This is in partial agreement of what we observed, that Au0.9Ag0.1 sample showed 

higher peak current density than Au0.8Ag0.2 sample. The adsorption promotion effect can help explain 

the lower peak potential and lower peak onset potential of Au0.9Ag0.1 NWNW compare to pure Au 
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NWNW, with better supply of the OH- to the methanol oxidation reaction, the reaction barrier can be 

lowered. 

 

Figure 4.20 CVs of “as-prepared” NPG (curve in black) and NPG “after cycling in H2SO4”(curve in 

blue) in 1 M MeOH + 0.25 M KOH187. 

Influence of electrolyte and reactant concentration 

After investigating the effect of Ag content independently on the methanol oxidation reaction, using a 

relatively low concentration of KOH, i.e., 0.1 M. We investigated the effect of the KOH concentration 

by increasing the concentration further to 0.5 and 1 M. Another series of Au1-xAgx NWNWs were 

fabricated with density of 2*109 cm-2, and nanowire diameter of 150 nm. 

Figure 4.21 (a-c) show the CVs recorded for the Au0.9Ag0.1 NWNW in (a) 0.1 M, (b) 0.5 M, and (c) 1 

M KOH, without methanol (black solid line), and with 0.5 M (red), 1 M (blue), and 2 M methanol 

(green). The series of CVs reveal that an increase of KOH concentration from 0.1 M to 1 M contributes 

to a significant increase of the methanol oxidation peak current density. For example, for 2 M MeOH in 

the electrolyte (green curves), the peak current density increases from ~5 to ~20 mAcm-2, as shown in 

Figure 4.21 (a) and (c), respectively, while the peak potential slightly shifts to lower potentials, from U 

= 0.45 V to 0.4 V. This is similar as observed for Au NWNW, where the peak potential also shifts to 

lower potentials with the KOH concentration increase (Figure 4.14). There is also a promotion effect of 

the oxygen evolution reaction, as the current rising starts from 0.7 V, and increases with the KOH 

concentration. 

Figure 4.21 (d-f) show the CVs recorded for the Au0.8Ag0.2 NWNW. In this case, when increasing the 

KOH concentration from 0.1 M (d) to 1 M (f), the peak current density for 2 M MeOH increases from 

~7 to ~23 mAcm-2, while the peak potential decreases from U = 0.45 V to 0.35 V. Therefore, both 

samples showed higher methanol oxidation current with the increasing of the KOH concentration. It 

should be noticed that the oxygen evolution in this case starts at around 0.6 V and the current can reach 

to 50 mA at U = 1 V. This indicates that the oxygen evolution reaction is strongly promoted, with both 

the increasing concentration of KOH and methanol. This has been reported before, that methanol can 

facilitate oxygen evolution reaction by enhancing adsorption of intermediates, leading to the generation 

of additional OH-, and lowering the energy barrier, thus increase the overall current density167,171,188,189.  
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Figure 4.21 CVs recorded for Au0.9Ag0.1 NWNW in (a) 0.1 M, (b) 0.5 M, (c) 1 M KOH with different 

concentration methanol, and Au0.8Ag0.2 NWNW in (d) 0.1 M, (e) 0.5 M, (f) 1 M KOH with different 

concentration methanol. 

Figure 4.22 shows the CVs recorded for Au1-xAgx NWNWs (x≥0.4) in 1 M KOH, with different 

concentration of methanol. Figure 4.22 (a) shows the CVs of Au0.6Ag0.4 NWNW, the CV in KOH (black 

dash line) shows multiple oxidation and reduction peaks, which correspond to the one step oxidation/ 

reduction of Au and two step oxidation/ reduction of Ag atoms on the nanowire surface. But when we 

add methanol into the electrolyte, there is no methanol oxidation peak can be observed, the metal 

oxidation peak is even decreased with higher methanol concentration. There is another oxygen evolution 

peak observed starting from 0.7 V, which can reach up to 60 mA at 1 V. Figure 4.22 (b) shows the CVs 

of Au0.4Ag0.6 NWNW, there is no methanol oxidation peak can be observed, the oxygen evolution peak 

is also decreased compare to the Au0.6Ag0.4 NWNW. The Au0.3Ag0.7 and Au0.2Ag0.8 NWNWs shown in 

Figure 4.22 (c, d) are neither active for methanol oxidation nor for the oxygen evolution reaction. 

(a) (b) (c) 

(d) (e) (f) 
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Figure 4.22 CVs recorded for (a) Au0.6Ag0.4, (b) Au0.4Ag0.6, (c) Au0.3Ag0.7, (d) Au0.2Ag0.8 NWNWs in 1 

M KOH with different concentration of methanol. 

In summary, in higher concentration KOH, Au1-xAgx NWNWs with Ag at% < 20% can catalyze the 

methanol oxidation reaction with higher current density, and lower peak potential, but higher Ag at% 

samples do not show a methanol oxidation peak even with higher KOH concentration. The oxygen 

evolution reaction can be promoted with both higher concentration of KOH and methanol, for NWNWs 

with Ag at% < 30%.  

Morphology analysis after catalytic reactions 

Figure 4.23 shows SEM images after the catalysis tests. The morphology analysis before the reaction 

was presented in Figure 4.18, all nanowires exhibit similar morphology with uniform diameter of 150 

nm and smooth surface. However, after the catalysis reactions, these SEM images reveal composition-

dependent morphology changes. The nanowires in the Au-rich NWNWs shown in Figure 4.23 (a) and 

(b) remain mostly unchanged, revealing changes mostly at the nanowire tip. These changes are more 

severe for the Ag-rich samples in Figure 4.23 (c, e), display the fine-grained particles agglomerate at the 

top surface. The SEM image in Figure 4.23 (f) reveals that in the case of pure Ag, the NWNW geometry 

has been completely lost, which shows only agglomeration of fine-grained particles. 

 

 

 

(a) (b) 

(c) (d) 
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Figure 4.23 SEM pictures of Au1-xAgx NWNWS with different compositions after catalyzing the 

methanol oxidation reaction. 

Since the duration and conditions of the catalytical reactions were tested the same for all samples, these 

results seem to indicate that the stability of the NWNW during the electrochemical reaction decreases 

with increasing Ag concentration. 

To confirm that whether the diffusion of Ag atoms is responsible for these strong morphology changes, 

we performed EDX mappings of the Au0.3Ag0.7 NWNW after the reaction, collecting information about 

the local atomic distribution. Figure 4.24 shows the SEM image of the selected area (left), the center of 

the SEM image are some agglomerated particles, and the corresponding EDX mapping (middle) shows 

a Ag rich region in the middle. From the line scan (right), we can also see the middle part has 80 at% 

Ag, while the outer region only has 40 – 60 at% Ag. The EDX data indicates that during the methanol 

oxidation reaction, Ag atoms are oxidized, diffusing from the nanowires and forming particles 

agglomerate around and between the nanowires. It seems that the agglomeration occurs preferably at 

the top of the surface. However, more measurements at longer reaction times should be performed in 

the future to clarify this aspect. 
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Figure 4.24 EDX mapping and line scan of a Au0.3Ag0.7 NWNW sample, SEM image (left) with the 

arrow represents the line scan, elemental mapping (middle) of Au (green) and Ag (blue), and 

quantitative line scan (right). 

In this section, we synthesized Au1-xAgx NWNWs with identical geometrical parameters and tailored 

compositions ranging from pure Au to pure Ag, and characterized their catalytic performance, 

geometrical and compositional stability with respect to the methanol oxidation reaction. We 

systematically analyzed CVs recorded using different concentrations of both alkaline electrolytes and 

methanol. We found out that for all concentrations applied, only the Au-rich samples are active towards 

the methanol oxidation reaction in the investigated potential range. For Au1-xAgx NWNWs with x< 20%, 

the methanol oxidation reaction starts at lower onset potentials, but unfortunately at the expense of lower 

current density. The geometry of the Au-rich NWNWs is maintained after 50 repeated CV cycles. For 

Au1-xAgx NWNWs with higher Ag content (> 20%) the morphological and geometrical stability 

decreases gradually due to the formation of Ag-rich fine-grained particles, and agglomerates around and 

in between the nanowires. The NWNW geometry of the pure Ag samples disappeared completely. 

4.2.3 Nanoporous Au NWNWs 

In this section, the methanol oxidation reaction is tested on two selected dealloyed nanoporous Au 

NWNWs. Mechanically stable networks were fabricated by dealloying for 1 h and 6 h of two Au0.3Ag0.7 

NWNWs, with nanowire density 2*109 cm-2, and nanowire diameter 150 nm. Figure 4.25 shows the 

representative SEM images of the employed samples. Details on the synthesis of these networks were 

presented in section 3.3.1. The dealloying process obviously increases the porosity significatively. This 

provides a unique opportunity to investigate the influence of nano sized pores, in particular, hierarchical 

porosity for NWNWs with otherwise similar geometry and composition on the electrochemical 

methanol oxidation reaction. Increasing porosity is a relatively widely applied approach to improve 

catalytic performance, however, systematic studies on the influence of porosity are challenging since 

most samples do not exhibit tailored parameters but rather a wide distribution of feature sizes.  

Figure 4.25 (a) shows the Au0.3Ag0.7 NWNWs after dealloying for 1 hour. It exhibits straight wires and 

homogeneously distributed nanopores. We determined an average residual Ag content of 12 at% (over 

the sample) by EDX analysis, and a surface composition of 32 at% Ag by XPS analysis, indicating the 

presence of a Ag-rich surface layer. that may disturb the reactions. Figure 4.25 (b) shows the SEM image 

of a Au0.3Ag0.7 NWNWs after dealloying for 6 hours. This sample exhibits slightly bent nanowires and 

larger pores appear on nanowire surface. The EDX analysis showed that the average bulk Ag 

composition was 4 at%, while the surface composition contains around 14 at% Ag by XPS analysis 
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(summarized in Table 4.5). This indicates that the applied free dealloying process yields a higher Ag 

atom concentration on the nanowire surface, which should be considered when evaluating the 

electrochemical results. 

 

Figure 4.25 SEM image of Au0.3Ag0.7 NWNWs dealloyed for (a) 1 h and (b) 6 h. 

We tested the two samples toward the methanol oxidation reaction. To be able to compare their 

performance, we employed the same experimental conditions as the Au and Au1-xAgx NWNWs using 

KOH solutions with three different concentrations, namely 0.1, 0.5, and 1 M, and different amounts of 

methanol in the solution. 

Figure 4.26 shows the CVs recorded for the Au0.3Ag0.7 NWNWs after dealloying for 1 hour. The graphs 

show that, with increasing KOH concentration, the methanol oxidation peak current density increases 

systematically. In 0.1 M KOH (Figure 4.26 (a)), the methanol oxidation peak current density is around 

15 mAcm-2 with 2 M methanol. With the KOH concentration increase to 1 M, the peak current increases 

to around 25 mAcm-2 with 2 M methanol. In the same time, the oxidation peak potential gradually shifts 

from 0.7 V to 0.4 V, which is the same trend as observed before. 

 

Figure 4.26 CVs recorded for Au0.3Ag0.7 NWNW dealloyed for 1 h, tested in (a) 0.1 M KOH, (b) 0.5 

M KOH, (c) 1 M KOH with different concentration of methanol. 

Figure 4.27 shows the CVs recorded for the Au0.3Ag0.7 NWNWs after dealloying for 6 hours. In 0.1 M 

KOH solution, the methanol oxidation peak current is around 8 mAcm-2 with 2 M methanol. With the 

KOH concentration increase to 1 M, the peak current increases to around 20 mAcm-2 with 2 M methanol. 

Similarly, we can observe the peak potential shifts from 0.6 V to 0.4 V. 

In the previous section, we demonstrated that the Au1-xAgx (x<0.2) alloys can oxidize methanol at a 

lower potential than pure Au. This finding can also apply with the dealloyed samples, with similar Ag 

content on the nanowire surface, so the methanol oxidation peak is also at a rather low potential. 

 

(a) (c) (b) 
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Figure 4.27 CVs recorded for Au0.3Ag0.7 NWNW dealloyed for 6 h, tested in (a) 0.1 M KOH, (b) 0.5 

M KOH, (c) 1 M KOH with different concentration of methanol. 

Long-term CV measurements 

The long-term stability of the two selected types of nanoporous NWNWs were investigated by recording 

300 CVs under the experimental conditions that had yielded the highest current density values, i.e., in 1 

M KOH solution with 3 M methanol. The tests were carried out in a large cell containing 80 ml KOH 

electrolyte, to guarantee sufficient reactant supply during the tests, and the electrolyte was constantly 

stirred during whole testing period. The CV curves are shown in Figure 4.28, selected CVs are plotted, 

namely 1st, 2nd, 3rd, 10th, 50th, 150th, 200th, 250th and 300th, for comparison in each case. 

Figure 4.28 (a) shows the CVs recorded for the Au0.3Ag0.7 NWNWs after dealloying for 1 hour. We can 

see the methanol oxidation peak shows the highest current density in the 1st CV cycle, which is 130 

mAcm-2 at U = 0.9 V, while the CV curve in pure KOH only shows a Au/ Ag oxidation peak current 

density of ~15 mAcm-2. During the first three cycles, the current density dropped strongly from 130 to 

80 mAcm-2, this is mainly due to the fast consumption of methanol. During the CV cycles, we can see 

lots of bubbles evolute inside the electrochemical cell, which is a sign of the high reaction rate. The 

bubbles also caused the fluctuations of the current, which can be seen from the fluctuating curve 

recorded in 1st CV of KOH with methanol in Figure 4.28 (a). Because the network structure is rather 

dense, there is a diffusion limitation of molecules moving through the pore. Therefore, even though the 

electrolyte was constantly stirred by the magnetic stirrer, methanol cannot be supplied in time for the 

oxidation reaction, thus result in the fast decrease of the current.  

From the 3rd to the 10th cycle, the anodic peak gradually shifting to more positive potentials, which is 

beyond 1 V, therefore we can only see a linear curve during the anodic scan. This may due to the loss 

of Ag atoms on the nanowire surface. From our previous CV results of the Au1-xAgx NWNWs, we know 

that with AuAg alloys can catalyze the methanol oxidation at a lower potential. Therefore, the potential 

shift could due to the decrease of Ag atoms on the surface.  

From the10th to 50th cycle, we can see the anodic peak shifting back to a lower potential range, as well 

as the cycles afterwards, this is mainly due to the decrease of surface area, that both the anodic potential 

and current decrease simultaneously. This can be confirmed by DLC measurement, as shown in Figure 

4.29, after 300 CV cycles, the DLC decreased 50%, which means the ECSA also decreased 50% after 

the long-term CV test.  

Figure 4.28 (b) shows the CVs recorded for the Au0.3Ag0.7 NWNWs after dealloying for 6 hours. The 1st 

CV cycle with KOH and methanol also shows the highest peak current ~100 mAcm-2 at U = 0.7 V. From 

the 1st to the 300th cycle, the peak current density decreases accordingly. After 300th cycle, the peak 

current decreases to ~45 mAcm-2 at U = 0.4 V. This is also caused by the ECSA decrease during the CV 

cycle, details are shown in Figure 4.29. 

 

(a) (b) (c) 
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The current from the 6 h dealloyed sample is slightly lower than the 1 h dealloyed sample, this is mainly 

due to the smaller ECSA, which also caused a smaller peak potential. The measured DLC is around 25% 

lower than the 1 h dealloyed sample (Figure 4.29), this indicates a high ECSA is the key factor to achieve 

a high catalytic current. 

 

 

Figure 4.28 CVs recorded for porous Au NWNWs fabricated by dealloying Au0.3Ag0.7 NWNWs for (a) 

1 h, and (b) 6 h. The CVs were measured in 1 M KOH solution with addition of 3 M MeOH. 

Figure 4.29 shows the DLC change before and after the 300 cycles, which is directly proportional to the 

ECSA values. The data shows both samples have a ECSA decrease of around 50%, as discussed before, 

this is the main reason for the anodic peak current density decrease. 

 

Figure 4.29 DLC measurements of two porous Au NWNW samples before and after the long-term CV 

tests. 

After the long-term cyclic tests, we analyzed the nanoporous NWNWs morphology change with SEM, 

as shown in Figure 4.30, there are some crystals formed on the nanowire tip. We can see at the top 

(a) Dealloyed 1 h (b) Dealloyed 6 h 
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surface of the sample, some pores on the nanowire surface start to close, and the nanoporous structure 

get coarsened. This will certainly decrease the sample surface area, which is in agreement with the DLC 

measurement results. 

 

Figure 4.30 SEM images of the nanoporous NWNWS after the long-term CV tests. 

In section 3.3, we discussed the atomic composition of the nanoporous NWNWs, and the distribution 

inhomogeneity from nanowire surface to core. Before the cyclic test, the porous nanowires consist of a 

Ag-rich shell, which is much larger than the Ag concentration in sample bulk. After the long-term cyclic 

test, there is a significant decrease of the Ag concentration, both on the surface and through the whole 

sample. The high oxidation potential can separate the Ag atoms from the porous nanowires, some of 

which redeposited on the nanowire tip and formed the crystals, while some get lost into the electrolyte. 

This could be another reason for the high Ag concentration detected by XPS, since XPS is especially 

sensitive to the top surface of the sample. The Ag atom concentration is also an influencing factor for 

the catalytic performance of the nanoporous NWNWs, which can lower the methanol oxidation 

potential, but also result in a lower current density. Therefore, the measured anodic peak current density 

and potential during the long-term CV tests were influenced by many different factors, including the 

ECSA values, the pore size, the surface atomic composition, as well as the methanol concentration in 

the electrolyte. However, to understand all the results observed in this section, more experiments are 

needed in the future. For example, the reaction products should be analyzed by gas chromatography and 

nuclear magnetic resonance. 

Table 4.5 Dealloyed nanoporous NWNWs composition change before and after the long-term CV test 

Sample name 1 h dealloyed nanoporous NWNW 6 h dealloyed nanoporous NWNW 

Composition 
ꭓAg before test 

(at%) 

ꭓAg after test 

(at%) 

ꭓAg before test 

(at%) 

ꭓAg after test 

(at%) 

EDX  12±1.1 4±1.7 3±0.9 1±0.2 

XPS  32 14 17 8 
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4.3 Summary 

In this chapter, we present our investigation of the electrochemical performance of three series of 

NWNWs towards the methanol oxidation reaction, selected as the model reaction. The three types of 

NWNWs were pure Au NWNWs, Au1-xAgx alloyed NWNWs, and nanoporous NWNWs obtained after 

dealloying the Au1-xAgx NWNWs. We determined the ECSA of all NWNWs. The ECSA of the pure Au 

NWNWs was quantified as a function of nanowire diameter by the AuO reduction peak charge 

integration method. We found out an excellent agreement between the ECSA and the estimated SGEO of 

the samples, which increased with increasing nanowire diameter, from 20.8 to 40.3 cm2 on a planar 1 

cm2 area. The ECSA of the Au1-xAgx NWNWs was determined by the DLC method, which shows the 

ECSA of the NWNWs increase accordingly as the density increase, and both methods prove to be 

partially suitable for our samples, as every method has its own flaws, that we must judge it critically. 

The choice of a reference sample can largely influence the characterization results. 

We varied many parameters during the studies, including the geometrical size, atomic composition, and 

electrolyte concentration, to test and compare how they can vary the catalytic performance of the 

samples.  

Au NWNWs were employed to quantify the influence of the nanowire diameter, nanowire density, 

methanol concentration, and KOH concentration. The nanowire diameter increase directly leads to the 

increase of ECSA, which generates a higher methanol oxidation current density. This also leads to a 

shift of peak potential to higher voltages. On the other hand, the increase of KOH concentration can 

facilitate the methanol oxidation reaction by increasing the current density and lowering the peak 

potential. 

Au1-xAgx NWNWs were applied to investigate the effect of the presence of Ag in tailored quantities on 

the oxidation of methanol. From the current results, only Au-rich (ꭓAg < 20 at%) samples are active for 

catalyzing the methanol oxidation, which can lower the peak potential, but in sacrifice of a small 

decrease of the current density. For NWNWs with higher Ag content (ꭓAg > 50 at%), the samples did 

not exhibit activity towards the methanol oxidation reaction.  

Then, we fabricated nanoporous NWNWs by the dealloying method. This effectively decreased the Ag 

content, while significantly increased the ECSA by a factor of 3. The nanoporous NWNWs yielded 

higher current densities than the corresponding Au1-xAgx NWNWs with similar Ag concentrations. In 

addition, the nanoporous NWNWs exhibited lower methanol oxidation peak potentials than the pure Au 

NWNWs. However, the nanoporous NWNWs exhibited lower cyclic stability than the cylindrical solid 

Au NWNWs, as the fine nanostructure is easily coarsened with the high potentials. Also, the network 

structural stability is damaged by the dealloying process, a higher density NWNW should be able to 

provide more crossing junctions and higher mechanical stability. Another problem is the nanoporous 

nanowires still have a rather high Ag content residual after dealloying, which can significantly decrease 

the methanol oxidation current density. Therefore, in future works, the dealloying process should be 

further optimized to decrease the Ag content in the dealloyed NWNWs as much as possible, while not 

coarsening the nanoporous structure. Based on our studies, the goal can be to synthesize nanoporous 

NWNW with less than 5 at% Ag on the surface. In the meantime, nanowire density and nanowire 

diameter should be adjusted accordingly to guarantee sufficient NW crossing junctions that grant 

NWNW stability during dealloying. 
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5.  Au NWNW Surface Wetting State 

Wetting phenomena on solid surfaces, particularly when considering nanostructured surfaces, evidence 

intriguing and complex interactions with water and other liquids that have captivated the attention of 

researchers in various scientific fields190–195. It has been demonstrated that the surface wetting state is 

impacted by the unique characteristics of nanostructures present on the surfaces, including 

nanoparticles, nanowires, and other nanoscale features192,194,196,197, and in particular by parameters such 

as surface-area-to-volume ratio, intricate surface roughness, and the surface chemical composition14,198–

201. For electrochemical reactions, if the reaction requires stable contact with gas phase reactants, 

hydrophobic surfaces will have the advantage of continuously collecting gas and absorbing it onto the 

electrode surface202. In contrast, when the reactions require constant contact with the liquid phase 

reactants, hydrophilic or super-hydrophilic surfaces should be considered, which can lead to a faster 

release of the gas products, without clogging the surfaces with large bubbles, thus improving the reaction 

efficiency203. 

In this chapter, we will discuss the wettability of our NWNW structure with controlled geometry and 

porosity, where it shows a porosity dependent wetting state change (Figure 5.1). The wetting behavior 

of nanostructured materials is important for a wide range of technological applications ranging from 

liquid transport, and microfluidic devices, sensors, to catalysis204,205.  

 

Figure 5.1 Schematics of water droplets sitting on top of the 3D Au NWNW structure with the surface 

wetting states transition from low contact angle, hydrophilic (left) to high contact angle, hydrophobic 

(right), as the structural porosity increases59. 

5.1 Au NWNWs Fabrication with Varied Porosity 

By electrodeposition in etched ion-track membranes and subsequent dissolution of the PC membranes, 

we fabricated two series of free-standing Au NWNWs: a “low-density” series consisting of NWNWs 

with density (2.3±0.3)×108 wires cm-2 and nanowire diameters ranging between 60 and 200 nm, and a 

“high-density” series (1.3±0.1)×109 wires cm-2, with nanowire diameters between 40 and 200 nm. The 

nanowire density was estimated from SEM analysis of the density of pores on the corresponding PC 

template foils. The minimum nanowire diameter value was selected to guarantee the interconnectivity 

and stability of the NWNWs. Especially for the low-density series, nanowires with diameters smaller 

than 60 nm provided too few interconnection points to form a stable network structure. Figure 5.2 shows 

the top and side view of two representative samples, with the variation of wire density and wire diameter, 

we were able to tune the network structure porosity from 98% to 20%. 

The network porosity was calculated based on the measured nanowire diameter, network height, and 

nanowire density. The crossing junctions were not included in the calculation. Thus, only the wire 

density and nanowire diameter variations are considered. The detailed calculation was done through the 

equation below: 
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Φ = 1 −  
𝑉𝑛𝑤

𝑉𝑡𝑜𝑡
= 1 −

𝜋 × 𝑟𝑛𝑤
2 × 𝐿𝑛𝑤 × 𝑓𝑛𝑤

ℎ
5 − 1 

𝑉𝑛𝑤 is the volume of all the nanowires, 𝑉𝑡𝑜𝑡 is the total volume of the space, h is the height of the 

network structure, while 𝐿𝑛𝑤 is the length of the nanowire, which is 1.41 times longer than h, because 

the wires are 45° tilted. The 𝑓𝑛𝑤 is the density of nanowires.  

 

 

Figure 5.2 Representative SEM images of (a, b) one low-density Au NWNW with 100 nm wire 

diameter and 95% porosity, and (c, d) one high-density Au NWNW with 200 nm wire diameter and 

28% porosity. (a)/(c) and (b)/(d) display top- and side views, respectively. 

It is worth emphasizing that NWNWs with porosities as high as 98% have been achieved. Figure 5.2 (a, 

b) show a representative sample with 95% porosity, the structure of these highly porous Au NWNWs is 

still self-supporting and mechanically stable. After the nanowires are freed from templates, since the 

highly porous NWNW is formed by thin wires and low wire density, the thinnest nanowires cannot 

maintain the original orientations, given by the template, and they rather bend appearing at times curved 

along their length (Figure 5.2 (b)). With increasing wire density and wire diameter, the network structure 

becomes denser (Figure 5.2 (c, d)), the nanowires can maintain their 45° orientation, and the average 

spacings between adjacent nanowires decrease with increasing wire density and diameter. 
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5.2 Contact Angle Measurement 

We first compared the contact angle change within each series, with the nanowire diameter increase 

from 60 to 200 nm, the results plots of the “low-density” series are shown in Figure 5.3. The increase in 

NW diameter is evident in the SEM images taken under the same magnification. While the thinner 

nanowires (Figure 5.3 (b, c)) exhibit a bending morphology, the thicker ones (Figure 5.3 (d, e), diameter 

> 130 nm) appear straight, maintaining the original template channel orientation. The NWNWs with the 

smallest wire diameters (60-100 nm) exhibit an average contact angle of around 130°. For thicker 

nanowire diameters (100-200 nm), the contact angle of the various NWNWs varies between 110° and 

130°. For NWNWs with wire diameters above 200 nm a larger distribution of contact angles was 

observed including a transition to hydrophilic states. 

 

Figure 5.3 (a) Contact angle measured for low-density NWNWs with tailored nanowire diameter 

between 60 and 210 nm, and porosity ranging between 98% and 86%, respectively. SEM images show 

selected networks with nanowire diameter (b) 60 nm, (c) 100 nm, (d) 160 nm, (e) 210 nm, the scale 

bar is 200 nm. The insets show the sessile drop on the corresponding sample surface. The error bars 

are given by the standard deviation of five contact angle measurements on various positions of the 

same sample. 

Figure 5.4 displays the contact angle measurements of the high-density series of Au NWNWs, with wire 

diameters ranging from 40 nm to 200 nm. The NWNWs of this series exhibit more crossing junctions 

than the low-density NWNWs, so nanowires with diameters between 60 and 200 nm can still maintain 

their orientation. The sample with the thinnest nanowires (Ø ~ 40 nm) displays bending wires and 

exhibits a rather high contact angle (120° - 130°). When the wire diameter increases to around 60 nm, 

we observed a transition stage, the contact angle ranging from 10° to 120°, this large deviation may be 

a result of the nanowire diameter distribution (~ 10%) combined with the local randomly distributed 

spacing and pores between nanowires. When the wire diameter reaches around 100 nm, the samples 

show super-hydrophilicity, where the contact angle is smaller than 10°, and we observed a swift droplet 

spreading all over the surface. When the wire diameter further increases, the contact angle again rises 

and stabilizes at around 40°, which is similar to a bulk gold surface206. 
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Figure 5.4 (a) Contact angle measured for high-density Au NWNWs with tailored nanowire diameter 

between 40 and 200 nm, and porosity ranging between 96% and 28%, respectively. SEM images show 

selected networks with nanowire diameter (b) Ø 40 nm, (c) Ø 60 nm, (d) Ø 110 nm, (e) Ø 180 nm, the 

scale bar is 200 nm. The insets show the sessile drop on the corresponding sample surface. The error 

bars are given by the standard deviation of five contact angle measurements on various positions of the 

same sample. 

For comparison, we fabricated two different planar Au reference surfaces, shown in Figure 5.5. The first 

one is a ~300 nm thick smooth Au layer sputtered on a Si wafer. The sputtered Au surface exhibits 

hydrophilicity with a contact angle of around 40°, which represents the hydrophilic nature of Au, and is 

in agreement with reported literature values197,206. The second one is an electrodeposited Au thin film 

substrate layer, which adopted the roughness of the polycarbonate template surface. This Au thin film 

shows a higher contact angle (⁓90°) attributed to the surface roughness. Obviously, the wettability of 

these two pure Au surfaces differs dramatically from the Au NWNW structure, evidencing that the 

special wetting phenomena of NWNW are mainly the result of this 3D nanostructure. 

 

Figure 5.5 SEM images of (a) Au sputtered silicon wafer, and (b) Au substrate layer with insets of 

sessile drop for contact angle measurement. 

To further study and understand the wettability transition by NWNW geometry variation, we plotted the 

contact angle of each NWNW against the calculated porosity, as shown in Figure 5.6.  

For all low-density NWNWs, the porosity ranges from 98% to 85%, and the contact angle decreases 

with decreasing porosity. All samples with porosity higher than 95%, exhibit high contact angles above 

120° independent of the NW density. However, for porosities between 80% and 95%, the samples 
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display mixed wetting behaviors, i.e., hydrophobic and hydrophilic in a sequential manner. This 

indicates that the water droplet is very sensitive to the surface microstructure, resulting in an unstable 

wetting behavior within this porosity range. Here, the contact angle varies widely between 120° and 

10°. We define this phase as a transition state, in which the NWNW transits from hydrophobic to 

hydrophilic behavior. This transition regime can be originated from the random distribution of ions (i.e., 

the distribution of nanowires), which is especially noticeable at high porosities, where nanowire density 

and diameter are smaller, leading to larger distribution of interwire distances and subsequent local 

deviations from the original 45° nanowire orientation, which in turn affects the measured apparent 

contact angles. When the porosity is lower than 80%, the samples became super-hydrophilic with contact 

angles smaller than 10°. Further decrease of the porosity to between 60% and 20% leads to a slight 

increase in the contact angle to around 20° to 50°. 

This suggests that, as the porosity decreases, the interplay between the pore size distribution, surface 

structure, and drop contact line becomes increasingly significant in determining the wetting behavior. 

Following Bico et al. 2001207, modeling the interfacial energies leads to a condition for a critical contact 

angle of imbibition. For a porous medium with interconnected channels or pores, this condition states 

that when the structure is invaded by liquids, the contact angle is smaller than 90°. Since the contact 

angle with smooth gold is around 40° to 60°, imbibition should theoretically occur for all the samples. 

However, as pointed out in the review article by Gambaryan-Roisman 2014208, this model does not 

account for the influence of local substrate structures. The local structure governs the local position of 

the contact line. In addition, rather strong contact line pinning can lead to a metastable state of the drop 

on the substrate.  

From our experimental results, we observed stable hydrophobic behavior for very high porosity (> 90%) 

samples, while samples with porosities between 80% and 90% exhibit strong fluctuations in measured 

contact angles. We attribute this behavior to the fact that at this porosity range, where bending nanowires 

cannot maintain the original 45° wire orientation, local differences in nanowire orientation and 

distribution result in a variety of contact angles (Figure 5.2). We hypothesize that, for the hydrophobic 

samples, with very high porosity nanostructures, air may become trapped within the pores beneath the 

drop209. Below a certain porosity (i.e., smaller interwire distances), the drop is sometimes pinned to the 

structures and therefore resulting in a hydrophilic contact angle.  
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Figure 5.6 Measured contact angle values versus the NWNW porosity visualizing the influence of the 

network porosity on wetting state transition. The corresponding values estimated with the models of 

Cassie-Baxter (solid blue line) and Cassie-Baxter impregnating (dash green line) are also shown. 

Assuming that for the hydrophobic NWNWs, the drop sits on top of the bending nanowire structure with 

air trapped beneath, we can use the Cassie-Baxter equation, 

𝑐𝑜𝑠(𝜃∗) = −1 + 𝑓𝑠 ∙ (𝑐𝑜𝑠𝜃𝑌 + 1) 5 − 2 

to calculate the apparent contact angle, where 𝑓𝑠 is surface roughness, and 𝜃𝑌 is the contact angle for the 

smooth gold surface, obtaining the green dash line in Figure 5.6. It can be seen on the graph that the 

Cassie-Baxter model quantifies the trend of the low-density samples very well. The discrepancy between 

the predicted and measured contact angle values is around 20° for the hydrophobic samples. We attribute 

this systematic shift in contact angle values to the complex surface morphology of the designed 

NWNWs, in contrast to the simplifications assumed by the theoretical models210. 

To model the hemi-wicking of the drop for lower-porosity NWNWs, we apply the impregnating Cassie-

Baxter model210, 

𝑐𝑜𝑠(𝜃∗) = 1 + 𝑓𝑠(𝑐𝑜𝑠𝜃𝑌 − 1) 5 − 3

obtaining the blue line in Figure 5.6, and demonstrating a very good agreement between the model 

prediction and the measured contact angles.  

These results show a clear dependency between the effective porosity of the NWNWs and their 

wettability, with both high-density and low-density series. For very high-porosity NWNWs, the droplet 

sits on top of the structure with trapped air, leading to a clear hydrophobic behavior (Figure 5.7), while 

for lower porosity NWNWs, imbibition is energetically favorable, with the liquid spreading across the 

rough hydrophilic surface driven by capillarity (Figure 5.8, Figure 5.9). In addition, we found the 

hydrophobic samples do not exhibit a classical behavior as traditional hydrophobic surfaces, but there 

is a high adhesion between the droplet and the sample surface, so we performed additional measurements 

to examine the adhesion between the droplet and sample surface. 
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Figure 5.7 Photos of a 5 µL droplet on top of a hydrophobic nanowire network sample by Keyence 

optical microscope, scale bar is 1 mm. Nanowire diameter 104 nm, density 2.3*108 cm-2, with porosity 

of 97%. 

 

 

Figure 5.8 Photos of the sessile drop contact angle measurement by the high-speed camera on the 

Biolin Scientific Theta-lite tensiometer. On a hydrophilic NWNW sample, with nanowire diameter 

106 nm, density 1.3*109 cm-2, and porosity of 80%. 
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Figure 5.9 Photos of a 5 µL droplet on top of a hydrophilic nanowire network sample by Keyence 

optical microscope, a wetted ring around the droplet can be observed, scale bar is 1 mm. Nanowire 

diameter 120 nm, density 1.3*109 cm-2, with porosity of 74%. 
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5.3 Droplet Sliding Measurement 

To study the droplet adhesion on sample surface, the highly porous samples were mounted on a tilting 

stage, and the advancing and receding angles were measured. Figure 6 shows the representative results 

obtained for a high-porosity low-density NWNW with 60 nm diameter nanowires. We employed two 

droplet sizes, 4 and 15 µL, for each sample, and they showed similar behavior, displayed in Figure 5.10 

(a, b), respectively. The images evidence that with increasing tilting angle, the droplet advancing angle 

slightly increases, while the receding angle largely decreases. Moreover, the measurements show a very 

high contact angle hysteresis. The contact angle hysteresis is the difference between advancing and 

receding angles: 

𝜃ℎ𝑦𝑠 = 𝜃𝑎𝑑𝑣 − 𝜃𝑟𝑒𝑐 5 − 4 

Normally this angle is defined when the droplet contact line movement is observed during the tilting 

process, but we cannot observe this movement during the entire process, so the value from the sample 

tilted at 90° is used. We can observe a contact angle of 135° with a contact angle hysteresis of 35° (4 

µL droplet) and 80° (15 µL droplet). This demonstrates an extremely high adhesion of the droplet to the 

substrate. Moreover, we performed the same measurement with a 4 µL droplet on a fresh rose petal, 

where we observed a contact angle around 130°. And the 𝜃ℎ𝑦𝑠 is 25° when tilted 90° (4 µL droplet), 

while for our Au NWNW sample, the 𝜃ℎ𝑦𝑠 is 34° under the same conditions. This may indicate that our 

sample possesses a higher water droplet adhesion than a fresh rose petal. 

 

Figure 5.10 (a) 4 µL and (b) 15 µL water droplet sitting on Au NWNW surface with different tilting 

angles, (c) plots of two volume water droplets advancing (green) and receding (purple) contact angles 

as a function of stage tilting angle, (d) optical image of a rose with multiple droplets attached on the 

petals, (e, f) images of a 4 µL water droplet on one rose petal surface (e) horizontal position, and (f) 

tilted 90° with advancing (green) and receding (purple) angles. 
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This phenomenon we observed is very similar to the rose-petal effect, as shown in Figure 5.10 (d-f), 

where the surface exhibits high contact angle and high contact angle hysteresis. There are certain 

similarities between the structural geometry of the rose petal and of our NWNWs. The rose petal consists 

of a periodic array of micro pillars, which are up to 25 µm high, with sub-micro sized folds (0.5 - 1 µm) 

on their surface. The pillars have angles of up to 50° with slight variations of the inclination angle. It 

offers, therefore, a special combination of surface micro- and nanostructures130,211,212. Meanwhile, our 

highly porous network structures exhibit total heights of around 20 - 30 µm and nanowire inclinations 

of 45° with a certain inclination distribution due to the bending of the nanowires mentioned above, and 

displayed in Figure 5.2 (a). The interwire distance for the highly porous networks is around 0.5 - 0.8 

µm, resembling the size of the rose petals pillars folds. 

There were several extensive theoretical research studies about the origin of the rose-petal 

effect128.Traditionally, Cassie-Baxter theory is applied to describe situations when the liquid cannot wet 

the surface structure, and some air pockets are formed and trapped inside, which makes the surface 

hydrophobic with high contact angle. On petal surface, due to the high structural porosity, air pockets 

are trapped beneath the water droplet, so water cannot fulfill the whole nanostructure, resulting in a high 

contact angle and high adhesion128,211. On the other hand, Gao126 and Jiang213 observed, that liquid can 

be in direct contact with the petal surface micropillars, exhibiting the Wenzel regime at microscale. In 

summary, the rose-petal effect is attributed to a combined state between the Wenzel and Cassie-Baxter 

wetting regimes.  

More generally, it has been previously discussed in literatures208,210,214, that complex surfaces can be 

defined by multiple roughness levels. In the case of the NWNWs investigated in this work, the first level 

is defined by the wires and their interwire distance (quantified as porosity in this work), while the second 

level is defined by the intrinsic hydrophilicity of the material. Consistently, our results indicate that the 

wettability of the NWNW is influenced by the different factors of its complex structure and thus 

describing the behavior of NWNWs requires a combination of Wenzel, Cassie-Baxter, and impregnating 

Cassie-Baxter theories. 

It is important to mention that the Au nanowire networks exhibit a very stable performance. Thanks to 

the chemical stability and non-oxidative nature of gold, a high contact angle and high adhesion are 

exhibited after one year of storage in air. This long-term stability makes this special nanostructure an 

ideal candidate for potential applications, such as for lab-on-a-chip devices or microelectronics, where 

they need controlled movement or positioning of tiny liquid droplets on superhydrophobic surfaces215. 

In summary, we demonstrated that 3D Au NWNWs exhibit a clear porosity-dependent wettability 

change, as a function of their geometrical parameters. Thanks to a systematic and independent variation 

of nanowire density and diameter, we could show that the NWNWs with low-porosity (< 60%) show 

hydrophilicity (CA = 20°-50°), while the medium-porosity samples from 60% to 80% show super-

hydrophilicity (CA < 10°), where the hemi-wicking effect plays a major role. The NWNWs with 

porosity higher than 95% exhibit very high contact angles (120° - 130°) and high adhesion of water 

droplets to the sample surface, which revealed three major aspects of the rose-petal effect: high contact 

angle, high adhesion, and high contact angle hysteresis. Our results also demonstrated that the developed 

tailored porous Au material exhibits long-term stability, controlled wetting states, and good 

reproducibility. This innovative method offers a new way for enhanced control over surface properties, 

opening up new possibilities for various applications where tailored wetting behavior is desirable, such 

as microelectronics, optical devices, and energy harvesting devices14,216,217. 

 

  



Conclusion and Outlook 

97 

PhD Thesis - Mohan Li 

6.  Conclusion and Outlook 

In this work, we demonstrate the successful synthesis of three distinct types of NWNWs based on 

electrodeposition in track-etched polymer membranes: pure Au, Au-Ag alloy, and hierarchical 

nanoporous NWNWs. We present a comprehensive analysis of how key synthesis parameters influence 

the geometry, composition, and crystallinity of both Au and Au1-xAgx NWNWs. These characteristics 

were systematically studied using a range of techniques, including HRSEM, EDX, XPS, TEM, and X-

ray diffraction. The obtained results highlight the high versatility and robustness of the fabrication 

approach, demonstrating its capability for producing NWNWs with precisely controlled structural and 

compositional features tailored for specific applications.  

Pure Au NWNWs exhibited very good interconnectivity and stability. Systematic electrodeposition 

experiments showed that the overall homogeneity of the NWNW depends on the potential applied. At 

more negative deposition potentials, the deposition rate is faster and the growth tends to be 

inhomogeneous, resulting in large height variations. At less negative potentials (U = -0.9 and U = -0,8 

V vs. Ag/AgCl) the NWNWs grew homogeneously over the entire planar area of up to 3 cm2. The 

nanowire crystallinity is also influenced by the deposition potential, more negative potentials leading to 

smaller grain size. The optimized electrodeposition conditions were then successfully applied with 

track-etched templates with different combinations of nanochannel density and diameter. This allowed 

us to fabricate series of Au NWNWs with tailored porosity ranging from 20% to 98%. All synthesized 

networks were free-standing and mechanically stable after the template dissolution. 

The Au1-xAgx NWNWs were successfully synthesized across a wide compositional range, from 10 at% 

to 90 at% Ag. This tunability was achieved by adjusting the electrodeposition potential and electrolyte 

composition, leveraging the different reduction potentials of Au and Ag ions to precisely control their 

relative deposition rates. This method proved to be highly reproducible across various template 

characteristics. TEM analysis confirmed a homogeneous atomic distribution within single nanowires, 

with only minor (~5%) compositional variations along their length and width. Thanks to the 

crystallographic similarities of Au and Ag, the alloyed nanowires formed solid solutions with high 

quality, under the optimum deposition conditions. 

Hierarchical nanoporous Au NWNWs were fabricated by dealloying Au1-xAgx (x>0.6) NWNWs in 

concentrated nitric acid solution at room temperature. To investigate the dealloying behavior, NWNWs 

with various diameters and precursor alloy compositions were studied. The results showed that thinner 

wires (Ø ~60 nm) undergo faster Ag dissolution, but the associated diffusion process leads to rapid 

surface roughening and severe volume loss at the crossing junctions between nanowires, often resulting 

in network collapse. In contrast, thicker nanowires (Ø ~150 nm) dealloy more slowly and exhibit 

substantially better structural stability, remaining interconnected despite volume reduction. Free 

corrosion leads to Ag enrichment at the surface layer, as confirmed by EDX and XPS analysis. TEM 

revealed that the porous nanowires, remain predominantly single-crystalline. The porous structure also 

forms within individual crystals and is characterized by numerous planar defects such as stacking faults 

and twins. Our findings indicate that increasing the nanowire density in the pristine alloyed NWNWs in 

future works could improve the mechanical stability post-dealloying. Providing more crossing junctions 

and adjusting the dealloying conditions accordingly, should enable the fabrication of nanoporous 

NWNWs with thinner wires and smaller pore dimensions while maintaining structural stability. 

Recognizing its potential impact on catalytical performance, we investigated the surface wettability of 

the Au NWNWs as a function of structural porosity. The 3D Au NWNWs displayed a pronounced 

porosity-dependent wetting behavior, enabled by the independent tuning of nanowire density and 

diameter. Low-porosity networks (< 60%) exhibited hydrophilic behavior with contact angles between 
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20° and 50°, while medium-porosity samples (60% - 80%) demonstrated superhydrophilicity (CA < 

10°), where the hemi-wicking effect plays a major role. Highly porous NWNWs (> 95%) showed large 

contact angles (120° - 130°) combined with strong droplet adhesion and significant CA hysteresis – 

three major aspects of the rose-petal effect. These results confirm that the tailored Au NWNWs offer 

stable, controllable, and reproducible wetting properties, highlighting their potential for applications for 

specific surface designs. 

Thanks to the high reproducibility of the NWNW synthesis methods developed in this work, and the 

large specific surface area inherent to their special 3D architecture, these NWNWs are well-suited as 

model systems for catalysis experiments. Accordingly, we systematically evaluated the electrochemical 

properties of three series of NWNWs. For each series, first their electrochemically active surface area 

(ECSA) was measured. We used two different methods: charge integration from the AuO reduction peak 

and double-layer capacitance measurements. These methods, suitable for different material systems, 

were benchmarked against reference samples to assess their consistency and limitations. Both 

approaches showed distinct advantages and must be interpreted critically, however they consistently 

indicated that the entire nanowire network surface actively participates in electrochemical reactions.  

The measured ECSA values increased systematically with both nanowire diameter and density, 

reflecting the expected scaling of active surface area. Slight discrepancies between measured ECSAs 

and theoretical geometric surface areas were determined, most probably due to unaccounted crossing 

junctions, nanowire overlap, and/or diffusion limitations within the complex 3D architectures. 

Nevertheless, the good agreement between theoretical and experimental values reinforces the reliability 

of the characterization method and provides a strong foundation for further optimizing the geometry of 

the NWNWs and evaluating the catalytic performance of the NWNWs. 

The catalytic performance of the NWNWs was evaluated in alkaline media of varying KOH electrolyte 

concentrations by testing their activity toward the methanol oxidation reaction. For pure Au NWNWs, 

we systematically investigated the influence of geometric parameters, including nanowire diameter and 

density. Each sample was initially tested in pure KOH solution to identify characteristic Au oxidation 

and reduction peaks. Subsequently, methanol was added at different concentrations into the 

electrochemical cell, to monitor the emergence and evolution of the methanol oxidation reaction peak. 

As the ECSA increased, the methanol oxidation peak current increased. The increase was quantified for 

both increasing nanowire diameter and increasing nanowire density, while all other geometrical 

parameters were kept constant. The methanol oxidation peak potential also increases with the increasing 

ECSA. Notably, increasing the KOH concentration from 0.1 M to 1 M led to significant decrease in the 

methanol oxidation peak potential and a substantial increase in current density. These results indicate 

that a higher concentration of OH- in the electrolyte lowers the reaction barrier and significantly 

enhances the efficiency of the methanol oxidation reaction. 

To assess the influence of alloying on the catalytic behavior of Au NWNWs, Au1-xAgₓ NWNWs with 

varying atomic compositions and identical geometrical parameters were systematically studied. Samples 

with low Ag content (< 30 at%) exhibited a significant decrease in the methanol oxidation onset potential, 

indicating that the incorporation of Ag facilitates the reaction by lowering the activation barrier. 

However, this comes at the cost of a slight lower current density, suggesting that Ag partially hinders 

the catalytic activity at the reaction sites. For samples with higher Ag content (> 40 at%), no catalytic 

activity toward methanol oxidation reaction was observed. This indicates that as more Ag atoms present 

on the surface, the catalytic reaction is being suppressed. These findings highlight the importance of 

precise compositional tuning for optimal catalytic performance. 

In alloyed Au1-xAgₓ NWNWs, the methanol oxidation reaction also benefits from higher KOH 

concentration, showing lower peak potentials and enhanced current densities. This behavior is similar 

to pure Au NWNWs, although the effect is less pronounced. Au-rich samples demonstrated good 
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chemical and structural stability over multiple CV cycles. However, as the Ag content is increased, 

structural and electrochemical stability decreased gradually. In Ag-rich NWNWs, Ag atoms tended to 

dissolve and redeposit on the surface, forming Ag particles. Pure Ag NWNWs were completely 

degraded under high oxidation potentials, confirming that they are unsuitable for methanol oxidation 

catalysis under these conditions. 

The dealloyed nanoporous NWNWs exhibited ECSAs up to three times higher than their pristine 

counterparts, due to the formation of small pores on the nanowire surfaces. However, for non-optimized 

parameters, the structural mechanical stability is compromised during the dealloying process, led to 

complete or partial localized network collapse, yielding ECSA values smaller than the pristine Au1-xAgx 

alloyed NWNW sample. CV measurements revealed electrochemical features consistent with the 

presence of residual Ag, with oxidation and reaction peak positions closely matching those Au1-xAgx 

NWNWs of comparable composition. This observation is also supported by XPS analysis, which 

confirms a residual Ag-rich surface layer. 

The nanoporous NWNWs demonstrated higher current densities than the Au1-xAgx alloyed NWNWs, 

and lower methanol oxidation peak potentials compared to pure Au NWNWs, suggesting a synergetic 

effect by combination from the hierarchical porosity and residual Ag. However, the nanoporous 

NWNWs exhibited limited cyclic stability, as the fine porous structure coarsened under high oxidation 

potentials, diminishing long-term catalytic performance. 

According to previous results on nanoporous Au115, the free corrosion process yields the lowest specific 

surface area, both in terms of flat projection area and weight. Future development of this project should 

focus on optimizing the dealloying protocol, comparing chemical and electrochemical dealloying 

methods. The goal is to identify conditions that maximize ECSA and minimize residual Ag content. 

Importantly, our results indicate that pursuing the smallest ligament size or pore size is not necessarily 

advantageous. Pores smaller than 10 nm were shown to have minimal impact on the catalytic activity 

and contributed little to ECSA increase. An ideal target would be the fabrication of nanoporous NWNW 

with less than 5 at% residual Ag on the surface and ligament sizes below 30 nm. Such a structure is 

expected to combine high surface area and improved catalytical efficiency for the methanol oxidation 

reaction. 

The next step should be to evaluate the most promising NWNW samples in a working fuel cell 

environment. This includes testing under controlled electrolyte flow conditions, analyzing their 

performance across a range of applied potentials, and accurately measuring reaction currents. Long-term 

stability assessments will be especially important for determining their viability for further 

developments. In-situ analytical measurements will also be beneficial for identifying the reaction 

potentials and products. 

Additionally, conducting stress tests under extreme conditions, such as high or cryogenic temperatures, 

vacuum environments, or under severe irradiation environments would provide valuable insights into 

their robustness. Au exhibits chemical stability, resistance to oxidation, and proven resilience under high 

vacuum and irradiation conditions (as demonstrated in previous studies218), these NWNWs may hold 

potential for advanced applications, including in space or harsh-environment technologies.  
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