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Abstract

This thesispresentghe synthesis and characterization of three typahreedimensional D) free-
standing nanostructure assemblies, pure d@d), goldsilver (AuixAgx, 0<x<l) alloys, and
hierarchical nanoporous gatdinowire networkéNWNWS).

The NWNWSs are produced by electrodeposition intiack etched templateBirst, polycarbonate foils
are irradiated from four directiongith GeV Au ions at the UNILAC accelerator of GSlI, creating
interconnected ion tracks. Subsequent chemical etching resut@nmbraneswith interconnected
nanochannels with tunable density number and diameétar.and AuixAgx alloys are then
electrodeposited in the channdlge investigated howanowire growth rate and atomic composition
are influenced by electrolyte compositionand applied potentials The hierarchical nanoporous
NWNWs are created bgdditionalselective dealloyg of the Au-Ag alloy NWNWs with Ag content
higher than 55 at%By adjusting NWNW composition and dealloying timanoporous NWNWs with
tunable ligament and pore siza® created

We systematically stued the morphology, composition, crystallinity, and porosity these three
systemsas a function of various synthesis paramet#rgloyingscanning electron microscof$EM),
energy dispersive-ray spectroscop¥EDX), transmission electron microscogy EM), and x-ray
photoelectron spectroscoXPS) technigues The obtainedresults demonstrate precise and mostly
independent control over nanowire diameter200 nm), composition (00 at% Ag), porosity (10
98%), and hierarchy.

The synthesizedNWNWSs 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 strudiumetion relationshipsn porous materialsWe
determine their electrochemically active surface area (ECSA), catalytic performadogclic stability

during methanol electroxidationreaction

Pure Au NWNWsxhibit around 10@imes higheECSAthan the correspondirftat Au film electrode

the measured ECSA values are in good agreement with the theoretically calculated geometrical surface
areas. The catalytic reaction of the Au NWNWMwards the methanol oxidation exhilBtsimes higher
ECSAnormalized current dengithan the flat Au film The AuixAgx NWNWSs exhibit composition
dependentatalyticbehavior, different from pure Au or pure Ag. For x<@&ththemethanol oxidation
peakpotentialand current density decrease comparethépure Au NWNWof identical geometry.

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

Hierarchical nanoporous NWNWSs obtained by dealloying ofAgx (x>0.6) NWNWs retain residual

Ag in the nanowires awell as Ag-rich surface shellsiNotably, their electrecatalytic performance
resembleghat of AuxAgx NWNWs with comparableomposition Due to their significantly higher
ECSAs, and reduced mass, these nanoporous Au NWNWSs outperform pure Au NWNWs in terms of
current densitynormalized 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 ther NWNWSs as a function of porosity using sessile drop
measurements. As porosity increases from 20% to, 988 NWNWSstransit from hydrophilic to
hydrophobic. Structures with 60% to 80% porosity display shgdrophilic behavior, while >90%
porous networks exbit the rosepetal effect, where water dropletee adheretb the surface.



The 3D freestanding 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 tailoiedhe future for reactions involving either liquid or
gasphase reactant$he developed 3D NWNWSs exhibit a high degree of structural and compositional
tunability, which enables precise control over their physical and chemical properties. This wersatilit
makes thenexcellentmodel platforms for systematically investigating the complex interdependencies
between structure and functionnangorous systems. By adjusting various parametegs;an gain

deeper insights into how specific structural features influence performance, transport phenomena, and
other functional behaviors imnanaterials.



Zusammenfassung

In dieser Arbeit werden die Synthese und Charakterisierung dreier Typen von dreidimensionalen (3D),
freistehenden Nanostruktdssemblies vorgestellt: reines Gold (Au), G&8iber-Legierungen Aus-
xAgx, 0<x<1) sowie hierarchische nanopee GoldNanodrahtnetzwerke (NWNWS).

Die Herstellung der NWNWs erfolgt durch Elektroabscheidung in ionenspurgedzten Templates.
Zun&hst werden Polycarbonatfolien am UNILABeschleuniger der GSI mit Ge&u-lonen aus vier
Richtungen bestrahlt, wodurch ein Netzwerk miteinander verbundenersfpmen entsteht. Durch
anschliefendes chemisches Atzen entstehen Membranen mit vernetzteKataiem variabler Dichte

und einstellbarem Durchmesser. In diese Kande werden anschliefend AAwnégx Legierungen
elektrochemisch abgeschieden. Es wurde untersucht, wie Wachstumsgeschwindigkeit und atomare
Zusammensetzung der Nanodrdnte von Elektrolytzusammensetzungen und angelegten Potentialen
beeinflusst werden. Die hierarchisch nan8pen NWNWSs entsteen durch selektives Entlegieren der
Au-Ag-Nanodrahtnetzwerke mit einem Silbergehalt von mehr als 55 at%. Durch Variation der
Zusammensetzung und der Entlegierungszeit lassen sich nas®PpMWNWSs mit gezielt einstellbaren
Ligament und Porengrden herstien.

Die Morphologie, Zusammensetzung, Kristallinitd und Porositd dieser drei Systeme wurden in
Abhdngigkeit von den Syntheseparametern systematisch untersucht. Hierfir kamen
Rasterelektronenmikroskopie (REM/SEM), energiedispersive  Rdtgenspektroskopie (EDX),
Transmissionselektronenmikroskopie (TEM) und Radtgenphotoelektronenspektroskopie (XPS) zum
Einsatz. Die Ergebnisse zeigen eine pr&ise und weitgehend unabhdngige Kontrolle iber den
Nanodrahtdurchmesser {(@D0 nm), die Zusammensetzungi(20 at% Ag), didPorositd (10 98 %)

sowie die hierarchische Struktur.

Die synthetisierten NWNWSs weisen eine grofe spezifische Oberfléhe und exzellente
Transporteigenschaften auf, wodurch sie vielversprechende Kandidaten fir die Elektrokatalyse
darstellen. lhre strukturelle und chemische Einstellbarkeit macht sie zudesalaniodellsystemen

zur Untersuchung von StruktiunktionsBeziehungen in porésen Materialien. Bestimmt wurden die
elektrochemisch aktive Oberfliche (ECSA), die katalytische Leistung sowie die zyklische Stabilitd
wéorend der MethancElektrooxidation.

Reine AuNWNWSs zeigen eine etwa 1@8ch hdere ECSA im Vergleich zu flachen Ailm-
Elektroden; die experimentell ermittelten Werte stimmen dabei gut mit den theoretisch berechneten
geometrischen Oberfl&éhen iberein. Die katalytische Aktivitd der -NWNWs gegeniber der
Methanoloxidation ist finfmal hiher (ECSAormalisierte Stromdichte) als die einer flacherFAlm-
Elektrode. DieAuixAgx NWNWSs zeigen ein zusammensetzungsabhangiges katalytisches Verhalten,
das sich von reinem Au oder reinem Ag unterscheidet. Fii x<0,2 nehmen sowohl das Oxidations
Peakpotential als auch die Stromdichte im Vergleich zuNMYNWSs identischer Geometrie ab.
Silberreiche NWNWs (x>0,5) sowie reine A§WNWs sind hingegen katalytisch inaktiv.

Hierarchische nanoptse NWNWSs, die durch Entlegierung véwi..Agx (x>0,6) NWNWSs erzeugt
werden, enthalten ReSllber im Draht sowie silberreiche Oberfl&henschichten. Auffélig ist, dass ihre
elektrokatalytische Leistung der volui.,Agx NWNWSs mit vergleichbarer Zusammensetzung dnelt.
Aufgrund ihrer deutlich htheren ECSA und reduzierten Masse (bertreffen diese n8sepoAu
NWNWSs jedoch reine ANWNWSs in Bezug auf die flzhemormalisierte Stromdichte.

Die Oberfl&ehenbenetzbarkeit beeinflusst die nanostrukturierte Katalyse entscheidend, da sie die
Adsorption und Desorption von Reaktanten und Produkten an der Katalysatoroberfl&he steuert und
somit die katalytische Aktivitd und Selektivitd bestimmt. Méls Sessildbrop-Messungen wurde die



Benetzbarkeit der AWWNWS in Abhdngigkeit von der Porositd untersucht. Mit steigender Porositd

(20i 98 %) &dert sich das Verhalten von hydrophil zu hydrophob. Strukturen m&06% Porositd

zeigen superhydrophiles Verhalten, warend hochporése Netzveer ( > 9 0 %)PetalEefnf eAkRiofis e
aufweisen, bei dem Wassertripfchen an der OberflEéhe haften bleiben.

Die 3D-freistehende Struktur bietet eine stabile Reaktionsumgebung, hervorragende Leitfdigkeit und
eine hohe spezifische Oberfl&éhe. Die atomare Zusammensetzung kann gezielt auf bestimmte
katalytische Reaktionen abgestimmt werden. Durch Anpassung dezBankeit kdnnen die Strukturen
zukinftig fir Reaktionen mit flissigen oder gasfadmigen Reaktanten mafyyeschneidert werden. Die
entwickelten 3SBNWNWSs weisen insgesamt eine hohe strukturelle und kompositionelle Variabilitd auf,
die eine pra&ise Kontrolle ifer physikalischen und chemischen Eigenschaften erlaubt. Diese
Vielseitigkeit macht sie zu exzellenten Modellplattformen, um die komplexen Wechselwirkungen
zwischen Struktur und Funktion in nanopeen Systemen systematisch zu untersuchen. Durch
Variation relevanter Parameter lassen sich tiefere Einblicke gewinnen, wie spezifische strukturelle
Merkmale die Leistungsféigkeit, Transportphdomene und weitere funktionale Eigenschaften von
Nanomaterialien beeinflussen.



Content

AB ST R A T ettt eee e et et e e e e e e e et nnmteab e aeanas L
ZUSAMMENFASSUNG ..ottt e e L

CONTENT e e e ereee s e e e e e e e e e e et s e e e emnn s e e e e e e eees \Y,
1. INTRODUCTION oo em e e e e e e e e e aa e e e 1
3 A = = Tod (o | {01 1 T T 1
1.2 TRIS WOKK ..ttt e e ettt e e e e e e e e s ammr e e e e e e e e e eeeaeeas 2
2. EXPERIMENTAL METHODS ...ttt 5
2.1 Fabrication of Etched lon-Track Membranes............ccccoooiiiiiiiieene e 5.

2.1.1 lIrradiation of polymer foils with swift heavy ions
2.1.2 UV exposure of irradiated foils
2.1.3 Chemical etching of ion tracks
2.2 Fabrication of Various Nanowire NetWoOrkS..........cccceeeeeiieiieeiieemne e 8.
2.2.1 Sputtering of a thin Au layer
2.2.2 Electrodeposition process
2.2.3 Electrodeposition of backlectrode layer

2.2.4 Electrodeposition of nhanowire networks 10
AU NWNW L.t ees et sanas st s s emnt st 10
AG NWNW ..ottt ees s nas st s e s ae s s s emnseses s ensnans 12
AULAGx AIIOY NWNW ..ot sttt 12

2.2.5 Template removal 13

2.2.6 Dealloying process to fabricate nanoporous Au NWNWSs 13

2.3 Characterization MethOUS............uuiiiiiiiiiiii e 16

2.3.1 High-resolution scanning electron microscopy (HRSEM) 16

2.3.2 Energy dispersive Xay spectroscopy (EDX) 17

2.3.3 High-resolution transmission electron microscopy (HRTEM) 18

2.3.4 X-ray photoelectron spectroscopy (XPS) 19

2.3.5 Electrochemical measurements 19

2.3.6 Electrochemically active surface area (ECSA) measurement methods 20
Doublelayer capacitanCe MEaSUIEMIENL.........oii i iieieeee et e e e eb bbbt e e eeeeeeeenansne 21
Integration of the AuO reduction reaction PEAK...........ccuuuiiii et 23



2.3.7 Methanol electrenxidation reaction 24
2.3.8 Contact angle measurements 25

3. MORPHOLOGICAL AND STRUCTURAL CHARACTERIZATION OF

3.1 AU NANOWIIE NEIWOIKS ..o et 29

3.1.1 Homogeneity, morphology, and crystallinity as a function of applied potenti&9

3.1.2 Au NWNWs with various wire diameters 32
3.2 AuixAgx Alloy NanowWire NEtWOIKS.........coouiieiiiiiiiiiiiimee e 34
3.2.1 CV for determination of the deposition potential 34
3.2.2 Nanowire composition as a function of the electrodeposition conditions 35
3.2.3 Composition analysis 37
3.3 Nanoporous Au Nanowire NetWOrKS........cccceeveeieeiiiiiiiieeees e 42
3.3.1 Experimental analysis d&uixAgx alloy nanowire dealloying process 42
Influence of NANOWIre COMPOSITION........ciiiiiiiiiiii et srmme e 42
INFIUENCE Of NANOWIIE SIZE.....eeiiiiiiiiieiie ettt sre e e e s nnneee A4
3.3.2 XPS analysis of porous Au NWNW after dealloying 47
3.3.3 TEM analysis of porous Au nanowires after dealloying 50
3.3.4 Summary 51
4., ELECTROCHEMICAL PROPERTIES OF VARIOUS NWNWS ........... 53
4.1 Electrochemically Active Surface Area Measurement...........cccueeeeeeeeeevieecnnnnnn 53
4.1.1 AuNWNW 53
4.1.2 AuixAgx NWNWs 55
4.1.3 Nanoporous NWNW 59
4.1.4 Determination of the DLC reference value 61

L o T o T U 1 SO 61
NWVINWS. ..ottt sttt en ettt en sttt 63

4.2  Methanol EIectro-OXidatioNn .............eueeiiiiiiie e erees e a e 68
4.2.1 Au NWNWs 68
Influence of electrolyte and reactant CONCENTIALION. ...........cceiiiiiiirrriiee e 68
Influence of NWNW QEOMELIY.......cooiiiiiiiiiiieee ettt e e et eebee e eeeeeeanensnsnnnsnnesneeeed L
Morphology analysis after catalytic reaCtONS...........ocvviiiiii i A 2
4.2.2 AuixAgx alloy NWNWs 73
Influence of atOMIC COMPOSITION. ......cciiiiiiiii i et e e 74

vi



Influence of electrolyte and reactant concentration...............ooooviiiccceieeee e neeeee e 1

Morphology analysis after catalytiC reaCHQNS .........coiiuiiiiiieiiee e 79
4.2.3 Nanoporous Au NWNWs 81
LONG-term CV MEASUIEIMENTS ......coi ittt eeeee e e r e e s e e e e e eeaesser e e rreneee s 83

4.3 SUIMIMAIY ..ottt eeeee ettt e e e e ettt emae s e e e e e eet b e e e e e eesan s smemsa e e e eeeernannns 86
5. AU NWNW SURFACE WETTING STATE ..o eeveeee e 87
5.1 Au NWNWSs Fabrication with Varied POrosity ...............uuueiiiiiiisiccciiiiiiiinneennn 87
5.2 Contact Angle MEaASUIEMENT.........coeeiiiiiiiiiii e e ee e 89
5.3 Droplet Sliding MEaSUIremMENt...........cccoiiiiiiiiiiiiiieeee e e e e et eeeeeeannae 95
6. CONCLUSION AND OUTLOOK ..ot vene e s 97
7. BIBLIOGRAPHY et 101
LIST OF FIGURES ... oot mmt e e e e e e e ees 116
LIST OF TABLES ... oottt e e et e e et e e e e e e e e rnan 122
ABBREVIATIONS .ot e et e et e e e e e e e eammns 123
ACKNOWLEDGEMENTS ..o et emmn e e 125
CURRICULUM VITAE ettt et s ammmae et e e e e ees 127
LIST OF PUBLICATIONS ..o emme e senmmean e ean e e 129
ACADEMIC CONFERENCES CONTRIBUTIONS ..o 130

Vii



viii



Introduction

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 dewedapof 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 yéars

Nanomaterials, defined by at least one dimension smaller than 100 nanometers, exhibit unique properties
that differ significantly from bulk materia¥ The drastic increase in surfaievolume ratio at the
nanoscale enhances their reactivity and catalytic properties, making them particularly effective in
catalytic applicationg® Additionally, quantum confinement effects can significantly alter their
electrical, optical, and thermal characteristics, broadening their utility across variou$®fidtds
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 reaos, advancing applications in energy conversion,
environmental protection, and beyond.

Among these nanostructures, nanowires stand out due to thedtimansional geometry and high
lengthto-width aspect ratios, which provide unique advantages in technological applitafibiss
geometry provides a large surface ai@aolume ratio, enhancing their sensitivity in applications such

as biosensing and chemical detection. For instance, silicon nariuagied fieleeffect transistors have
demonstrated superior performance in digtg biomolecules, owing to their efficient charge transport

and surface functionalization capabilifiésin electronics,nanowiresfacilitate the development of
nanoscale devices with improved electrical properties, enabling advancements in transistors and
interconnects. Additionally, their unique optical properties make them suitable for photonic
applications, including lighémitting diodes and photodetectdrsn energy conversion and storage,
nanowiresenhance the efficiency of photovoltaic cells, boost lithiom battery performance, and
catalyze reactions in fuel cells. Their high surface area combined with direct electron transport pathways
makes them ideal for electrochemical applications, whefaciinteractiorprocesseare crucial®’.

Overall, the structural and functional attributes of nanowires position them as superior candidates over
nanopatrticles for various technological applications.

The growing interest in nanowires and other nanomaterialiiinasn the development of various
synthesis technique$hevapoii liquidi solid method employs a metal catalyst to facilitate NW growth

from vaporphase precursors, allowing precise control over size and crystallinity; however, it requires
high temperatures and may introduce catalyst contamifét©hemicalvapordeposition enables the
formation of uniformnanowiresby decomposing gaseous precursors on a heated substrate, but it
involves hazardous gases and demands precise control of reaction cofidiBohethermal 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 nanwe orientatiod®. Templateassisted synthesis employs porous
materials like anodic aluminum oxide to guide nanowire growth, allowing precise control over
dimensions. However, removing thaodic aluminum oxideemplate without damaging the nanowires

can be difficult, potentially affecting their structural stabffityn contrast, iortrack etched polymer
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Introduction

templates are easy to remove, without damaging the nan&srdemplateassisted lectrodeposition
methodstands out as a leeost, scalable, and ambierdgndition process that depositanowiresonto

conductive substrat&ss, allowing precise control over NW length by adjusting deposition?fifieas
demonstrated in studies where the length of nickel nanowires increased proportionally with longer
deposition durations, r e &'cHbectrodgpositipn istcomp&ible withma a f t er
wide range of materials, including metals, semiconductors, and alloys, making it suitable for various
applicationg®2831,

In comparison with 1D nanowires, thrdenensional (3D)anowire networKNWNW) 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 applicatibns.instance, CuO branched nanowires have
demonstrated approximately 2.6 times higher photocurrent density in photoelectrochemical water
splitting compared to conmional CuO nanowires, due to their larger surface area and improved light
absorptiof?. 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 Bncarbon nitride nanowire scaffolds
combined with conducting pol ymerlandmamnamnedt8&d a spec
of initial capacitance after 5000 cycles, highlighting their potential in flexible supercap®citdrs

ability to tailor geometrical parameters independently in r&hostructure assembliedlows for
optimization of device performance, surpassing the capabilities of isolated 1D naffbifires

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 massport, 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 aok pdodctly
affecting catalytic activity and selectivity. Li et al. demonstrated that increasing hydrophobicity in
covalent organic frameworks enhanced-dathlyzed hydrogenation of nitroarenes by facilitating
interactions with hydrophobic reactatit$n electrocatalysis, Wang et showed that tuning wettability

on Pd@zeolite surfaces shifted product selectivity in furfural hydrogeffatidoreover, in reatvorld
environments, solar cell efficiency often declines due to dust accumulation, which blocks sunlight.
Superhydrophobic surfaces, with their sgdaning properties, can mitigate this issue by preventing
particle adhesiofl. These examples underscore the importance of designing wettabilitlled
nanostructures to improve efficiency, selectivity, and adaptability in advanced energy technologies.

1.2 ThisWork

This work focuse®n thesynthess and studyof Au-based nanowire networKBIWNWS), including

pure Au nanowires, Avg alloyed nanowires, and dealloyed porous nanowires. By combinirg ion
track nanotechnology, electrodeposition, and dealloying, we create nanostructured tailored porous films
with controlled geometry, atomic compositiomdamorphology. The aim of this work is to explore
reproducible, reliable, and stable synthesis methods for variodmged 3CNWNWSs. The networks

are characterized with vans 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 aprecioumoble metglthe 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 collisiorsapernovas andeutron starsthen deposited on earth

by meteorite®. Gold has been used by humans for over 4,500 years, with ancient Egyptians utilizing it

2
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to create jewelry, statues, and even dental brfddasnodern times, gold's applications have expanded
significantly into more technical fields, including use in computers, cellphones, and the aerospace
industry*?. Since the beginning of the 21st century, advancements in technology have further pushed the
boundaries, leading to the development of miard nanostructured gold for specialized applications

Gold nanoparticles aref interestfor biomedical applicationswherethey can be utilized in drug
delivery, radiotherapy, antliomolecular detecti®®*4 For innovative engy devices, gold is also of

huge interest, nanostructured gold has proven promising for energy storage and conversion applications,
such as supercapacitor, battery, and wspditting#>“® Au nanostructured and porous materials
exhibiting high surface areas and excellent transport properties are also strong candidates for
electrocatalysfs*952,

This thesis is structured in 6 chaptekdter this introductionchapter2 presents all the experimental

and characterization methodgplied in this workas well as relevant employed paramet@&tss
includesthe synthesis process of tha and Au-xAgx NWNWS by electrodeposition in ietnack etched
templates, their structural and compositional characterization, as well as the electrochemical techniques
applied for the determination of the electrochemically active surface(B@&8A) and the catalytic
performance for the methanol electxidation reactioft.

Chapter 3presentsthe results obtained on the synthesis BWWNWSs. We discuss how the
electrodeposition conditions are investigated and optimidexddemonstrate thaample morphology,
crystallinity, and atomic composition can be controlled through the electrodeposition protasg)dpy
different parameters such as electrolydenposition temperature, and electrodeposition potential.

In this chapter, we also discube synthesiparameterand characterization of hierarchical nanoporous
NWNWs. Hierarchical nanostructures are able to integrate #imylél of porosities, provide even higher
specific surface area availability for catalysis reactions, tailored pore size can increase the selectivity
towards desired reactions or prod&€. In this work, we specifically investigate the synthesisl
characterization of hierarchical nanopor®l&/NWs produced by dealloying theui.xAgx NWNWSs.
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 atesnade proesses driving nanostructure formation are
similar, relying on a competition between dissolution amrdsjvation.The special structure of
nanoporous gold (NPG) made by dealloyicey; uniquely provide catalytically active sites at the atomic
scale and a robust scaffold structure at nano¥calee mechanical behavior hassobeen extensively

studied for stability and sensitivity to heteroger&it§ with good uniformity and reproducibilityin

this chapter we present howy dealloying, the Ag atoms in th&u1.«Agx NWNWSs 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 thamylindrical solidnanowires, they usually possess various size of pores on the nanowire
surface and in the core, ranging from a few nm to hundreds oSome wires even show a hollow
structure with a tunneshaped porelhe 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, includprggtine NWNWgeometry, composition, and dealloying time

Chapter 4 discussahe electrochemical properties of the three types of NWNwWuding their
electrochemically active surface area (ECSA), and their catalytic performance towards methanol
electrooxidation reactionThe NWNWs werecharacterized systematically as a functiog@bmetry,
composition, and dealloying tim&he influence of electrolyte and reactant concentratinnthe
catalytic performancesasalso 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

3
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performance oAuixAgx NWNWSs as a function of the Ag content, then compared the results with the
dealloyed nanoporous NWNW&3his comparison allows us to investigatelely the influence of
composition, without thadditionalvariation of porosity and surface arednich arealways intertwined

in traditional NPG thin films.

For catalysis, one property thiatnotdiscussed frequently is the wettabiliy 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 thavestigation ofNWNW surface wettability as a function of the structural
porosity The main method employed is the sessile drop coeategle 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
resultsshowed a porositdependent change, from hydrophilic to superhydrophilic, then change to
hydrophobic, as the porosity increases from 20% t0°88%

In chapter 6, we summarize all the important results presented in this work, and provide an outlook to
future work in the field oAu-based NWNWetatalysis.
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2. Experimental Methods

The chapterfirst introduce the experimental methods applied in this work for the fabrication of
nanowire networks, including thdifferent steps to fabricate etched itmack membranes, and the
synthesisprocesses optimized for the three typesNWNWSs, namely pure Au, AuxAgx, and
nanoporous Au. Then, thariouscharacterization techniquemployedn this work will be described
together with altherelevant experimental parameters required to reproduce the results.

2.1 Fabrication of Etched loffrack Membranes

In this work, Au, Ag, and AtkAgx NWNWSs are fabricated by electrodeposition in etchedtrack
membranes. This is a templatssisted synthesis method commonly used to fabricate nasfOWirk

is a bottomup approach, and the template defines the morphology and dimension of the nanowires,
which is known for providing good controff he 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) trat&leed membranes and anodized
aluminum oxide (AAO) membranes. Early reports on the fabrication of nanostructures by
electrodeposition in polycarbonate (PC) membranes were published by Penner antf, Madiby

GSF2,

The steps involved in the fabrication of PC tr&atékhed membranes are: (i) swift heaww irradiation,

(i) UV exposure of the irradiated polymer foils, and (iii) selective chemical etching of the ion tracks.
Below, we explain how the three steps ardiagpo produce polymer membranes with interconnected
and weltcontrolled nanochannels.

2.1.1 Irradiation of polymerfoils with swift heavy iors

In this work, 30 P@m foils (Makrofol N, Bayer AG)wereirradiated at the UNILAC linear accelerator

of the GSI Helmholtz Centre for Heavy lon Research in Darms#gitit 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 about40 >m?2 On their way through the foilaeh ion creates a highly localizednometer
rangedamaged region callatieion-track. The ion track core has a diameter of abedO5m.In the

caseof 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 reghin@$ower ion energy regime
(~100 keV), nucl ear srbcesp.pnithsgegime iorts lose enemeptimanily n a n
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 nfAf&ridk the ion energy increases to

the MeM 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 progsses. 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 traj&éfomhe energy losses in the electronic
stopping regime are described by the Bddhech formula:

Q0 Q 20 ; ) décdwT T
Qw 1“- aw | p I O ¢ P
5
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wheree is the electron chargeyis the electron maskjs the ionization energy of the target atoms,
is the electron density of the target mate#fak the charge state of accelerated ions, aisthe speed

of the accelerated ions, relative tght speetf.

The ion fluence (ions/cfpcan be adjusted during irradiation between 1 ion/sample up tbied€/cn?,

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 sequeirtiak from four different directiongs shown in
Figure2.1. The template polymer foil was tilted by 45%0 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 twore times, which added up to ion tracks in four
directions and perpendicular to each other

a) lon Beam

90°tw0b) 9 90° to c)

O
>

Figure2.1 Four times irradiation of the P@embrang.

In this work, polymer foils were irradiated with several ion fluenceamely p p '@ é, v O

p U@ &, andp p T'WL & for each irradiation directiorieading to a total nominal fluencd o

T pP W4, T VP TBEDG,andt  pJp WD & 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, nang@yXD @D &, p& P TP & , and

¢ p 1@ &, respectivelyThe templates used in this work are referred to by¢imeinalion beam

fluence during irradiationwhich 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 ttlesxperimental results.

2.1.2 UVexposure ofirradiated 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
nanochannef8. In this work, the irradiated PC foils were exposed to UV lighB0M Vilber Lourmat

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

2.1.3 Chemicaktching ofion tracks

To transform an irradiated polymer foil into a porous templiedamaged material along the ion
trackswereselectively etched and enlarged to form pores ofeaitrolled dimensiong.he pore shape
and geometry are determined by two factors, the isotropic bulk etchinyysa{diésolution rate of the
unirradiated material in the solutirdnd the anisotropic track etching raké)((dissolution rate
significatively enhanced by the damage produced by the ibhe)etching selectivity is determinbg
the ratio of these twiactors the schematic drawing of the etching pore csesgion along with these
two rates are shown in Figure 2The halfangle of the etching pore is given by the function:
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Figure2.2 Schematic drawing of the pore etching cresstion view’.

WhenVr is slightly higher thais (Vr>Vg), conical or biconical pores are generated, while Ver>Vs
cylindrical pores are generated. The etching process for polymer ion tracks is typically performed in
agueous etching solutioriBhe 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 surfacesdiffbience is
attributed to the distinct chemical structures and etching behaviors of these p&lymers

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 giatexan 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 spirsit@ped channefs™.

In this work, only interconnectedcylindrical nanochannelsvere employed During etching, the
nanopore diameter increases proportionally to the etching time. PC foils werelstetredersionn a

6 M NaOH solution at 50 €Under these conditionte etching rate is around 235 nm/mirt?. During

the etching process, the solution was kept at 50 € using a \matged thermostat and was constantly
stirred by a magnetic stirring bar. After etching, the templates were timgedtimesand immersed in
de-ionized (DI) water(Millipore Direct 8 for at least 20 min. Then dried with paper towels and stored
in a sample boxWe 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 ofVarious Nanowire Networks

The nanowire networks were electrodeposited into the interconnected pores of the etdhezk ion
membranesThe 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 Ateletkode for stability,

and (iii) electrodeposition of the nanowires, which argcdbed in the following sections

2.2.1 Sputtering of athin Aulayer

To electrodeposit material in the ion traglched pores, a conductive layer has to be prepared on one
side of the membrane, which will act asathode 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 adheseam ke PC
template and the Au layer. A thin Au layer (thickness ~100 nm) was sputtered using an Edwagds Sputt
Coater S150B with 1btorr 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 preparétiba thicker layer are given in
chapter2.2.3.

2.2.2 Electrodepositionprocess

Electrodeposition is widely used for the synthesis of numerous materials including metals and alloys. It
enables the engineering of surfaces, traditionally being used to fal&rigassti-corrosive coatings or
electrical conducting surfaceSlectrodeposition 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 nanopatrticles, nanowires, and thitf fifisThere are three main
electrodeposition modes, namely potentiostatic deposition, galvanostatic deposition, amiagate
deposition. During potentiostatic deposition, a constant potential is applied to the working electrode,
while the current betweemorking 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 depositicent are applied at a certain
frequency for a certain amount of timepeatedI?2+ 7578

A schematic tweelectrode electrodepaosition cell is showrfigure2.3, It consists of two electrodes,
an anode, and a cathode, the electrolytic bath, and a power source.

(A) W)
- #
Electrolyte
— J G © Charged particle
- G +) Metal cations
-) Anions
<0 - n . Electrode

Electroplating

Figure2.3 Schematic representation of the electroplating précess
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The metal ion$/1™ in the electrolyte can be driven by the potential difference between the two electrodes,
and move towards the cathode by migration, diffusion, or convéttiime metal ion will be reduced
at the cathode surface and be deposited on the substrate, the reaction is represented by this equation:

) £EQ f 0 C ©
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 equilibondition, then the two currents will be equal,
andthe equilibrium potential can be described by the Nernst equation:

: -~ Y'Y
O O ?‘bm ¢ T

whereECis the standard potenti&js the gas constarijs the absolute temperaturés the ion valence,

F is the Faraday constant, aidis the metal ion activity. This ion activitg is related to ion
concentratiori. For the tweelectrode system, each electrode is a-ballf when there is no external
contribution, the two hal€ells are at dynamic equilibrium. To polarize the interface, an external
electrical field neeslto be applied to the two electrodes, and a current flow is generated. Thus, an
overpotential will be generated due to the two-galfs potential shifts, this is described by the equation
below,

- O Ogsg ¢ v

where— represents the overpotentill,is the external electrical field potential, aritb.c is the open

circuit potential. For this research, a thedectrode 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 electroeglectolyte interfacé.

In this work, electrodeposition was applied to the reinforcemeAldbackelectrode as well as the
growth ofpure Au, pure Ag, and AuAgx hanowires.

2.2.3 Hectrodeposition of backelectrode layer

As mentioned in sectiof.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 contacstabte substrate

for nanowire growth. The schematic of the employed-é&leztrode experimental setup is shown in
Figure2.4. 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 constargrdudensity of 2 mAcm The electrolyte

used for baclelectrode deposition is a commercial gold sulphite solution (AuSF, 15 g/L Au,
METAKEM). The electrodeposition was conducted for 3000 s to deposit acbectkode layer of
thickness ~ 2 em, whi cthe NWAN®/s duringtbelhandliegrpmeessés. t o s

PhD Thesis Mohan Li

L



Experimental Methods

cathode _ll g anode

(Au layer) ™ +(Au spiral)

r

'ﬁ_'
4’0::'3”]
wovel| aur
’QQOOO’ - )

~

¢ ¢4 L)

IO

>°o°o°c3 D o

>°ogo¢'o‘

- SO0
air K “] AuSF bath

s membrane [] electrodeposited Au
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Figure2.4 Schematic representation of a telectrode setup for electrodeposition of a Au layer on the
sputtered gold of the membr&he

2.2.4 Hectrodeposition of nanowire networks

Figure 25 shows a schematiof the threeeclectrode electrochemical cell employed for the
electrodeposition ahe Au, Ag, and AuxAgx NWNWSs. 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+ wa 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, detaige given in the following sections.

Potentiostat

counter reference
electrode electrode
(Pt spiral)

working
electrode

electrolyte - air

membrane electrodeposited Au
sputtered Au 1 Cu contact ring

Figure2.5 Schematic representation of a thedectrode setup consisting of working, counderd
reference electrodesonnected to a potentiostat
Au NWNW

For the electrodeposition giure Au NWNWSs the electrolyte consisted of 50 mM potassium
dicyanoaurate (KAu(CN) Car | Roth, O 99.5%) anQDs;,QalBothyM s odi un
99.8%), with 1 vol% surfactant (2A1 Dowfax, Dow). The addition of surfactant resulted in a more
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homogeneous nanowire network structtindaCOs; was added to the electrolyte to maintain an alkaline
pH value, which is about 123, to prevent the production of the toxic hydrogen cyanitie. Au ion
exists as a complex [60 U ]' in the electrolyte. The gold cyanide electrolyte is very stable at room
temperature, the reduction reactien

0000 QO0O006 ¢O0U 0]
After applying a certain potential, the AL) complex will react with one electron and be redustetthe
working electrode Au atoms will be reduced at the bottom of the nanochanneltheosputtered
conductive Au layer, and form nanowir8gfore the electrodeposition begins, the electrolyte was filled

inside the cell compartment, and the whole cell was heated to 60 € for 1 hour, to ensure a homogeneous
electrolyte temperature inside the pores, #uadithe pores areompletelyfilled with electrolyte.

To select thedeposition potential cyclic voltammogram (CV)was recorded under the same
experimental conditions a&snployed fomanowire depositions representative CV ghown inFigure
2.6, which exhibits a main reduction peak at abdul V, shown as the red dash linehich is in
agreement with the reduction potential reported Adger” for the electrodeposition in parallel
nanochannels

0.5

0.0 4 1.1V

-0.5 1

-1.0

-1.54

Current (mA)

-2.04

-2.5+

-3.04

-16 -14 -12 -1.0 -08 -06 -04 -02 00 0.2
Potential vs. Ag/AgCI (V)

Figure2.6 CV recorded using a PC template with nanochannel de@sityl x108 & & 2 and pore
diameter 150 nm with a Au baehtectrode, in 50 mM KAu(CN)electrolyte with 1% Doxfax 2A1, at
temperature 60 €.

The electrodepositions were performed potentiostatically, applying voltages béiwednl V andU

=-0.8 V vs. Ag/AgCI. The current was recorded during each electrodeposition as a function of time.
The deposition time is different according to applied potential, and the actual depositionTtirve.
deposition process is separated into three stdggare 2.7), at first, atoms gradually fill inside the
nanochannels and form th8VNW 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 meneaseishown

on thel-t curve(Figure2.8). The depositions were terminated manually as soon as this current increase
started, to attain NWNWSs of 30 un height. If the reaction is not stopped in time, caps are formed on top
of the nanowires, as shownkigure2.7.
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(a) (;ﬁ ﬁ@

Figure2.7 Schematic drawing of the deposition process of nanowire net#brks.
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Figure2.8 Represetative |-t curve of NWNW deposition process.
Ag NWNW

Ag NWNW was also deposited potentistatically,68t €, using 50 mM potassium argentocyanide

(KAgQ(CN),, Car | Roth, O 99.5%), wiCDOhCar2Roth, >80B%yamdl i um c a
1 vol% surfactant (2A1 Dowfax, DowJhe Ag(l) 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:

0®dU QO0"QcoO ¢ X

The other experimental conditions remain the same as Au NWNW deposition. HoAgaard Au

ions have different reduction potentials during the electrodeposition process, primarily due to their
distinct standard electrode potentfal$rom literature results, waelectedJ = -0.8 VA to depositAg
NWNWSs. The detailedecordedCVs and the corresponding reaction mechanisrntisbe shown and
discussed in sectich2.4

AuixAgy alloy NWNW

For the electrodeposition of AudAgx nanowires, we used an electrolyte consisting of potassium
dicyanoaurate (KAu(CN) Car | Rot h, O 99.5%), p o,t aGasri lu mR catr hg,e n
99.5%), 250 mM sodium carbonaflla,CQO;, Carl Roth, > 99.8%), with 1 vol% surfactant (2A1

Dowfax, Dow).In a binary electrodeposition system, in this case, is aAd\alloy system, both Au

12
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and Ag ions will deposit at the same time and form alloyaNWSs. Both Au and Ag ion form cyanide
complex © 66 0 and 0 " 0 , their crystallized structures are both faemtered cubicand

they exhibit similar lattice parameters0862 A for Au and 4.0782 A for Agthusthey can form a perfect

solid solutiofi?. In this case, the composition of the deposited NWNWSs, can be adjusted by varying both
reduction potential and/or electrolyte composition

For the electrodeposition of AAgx NWNWs we employedhe 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, betwedn= -1.1 V and-0.8 V vs. Ag/AgCl. The summarized
electrolytecompositionsand the applied deposition potensiategivenin Table2.1. The synthesized
samples are analyzed with different characterization methods, and the results are discussed in section
3.2

Table2.1 Aui-xAgx alloy nanowire network deposition conditions

Electrolyte KAUCN)2 (M) KAG(CN)2 (mM) Au;Ag Deposition potential
name ratio (V vs. Ag/AgCl)
10AulAg 50 5 10:1 -1.1;-1.0;-0.9;-0.8

9AulAg 45 5 91 -1.1;-0.8
8AU2Ag 40 10 4:1 -1.1;-0.8
6AuU4Ag 30 20 3.2 -1.1;-0.9;-0.8
5AUSAg 25 25 1:1 -1.1;-0.8
4AUBAg 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 (DCMGIG K arl Roth,099.5%) 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 polymeresidualcan be observed on the nanowire surface from SEM analysis. Afterwards,
the sample is removed frothe 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 procextufasther
experiments and characterizatioresg(, catalysis, wettability) will be explained in detail in the
corresponding chapters.

2.2.6 Dealloying process to fabricate nanoporous Au NWNWSs

Dealloying is the selective dissolution of one or more components from an alloy or solid solution, using
chemical or electrochemicabrrosivemethod to removethe less noble componéhtThis technique

13
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commonly utilizes alloys such as Ag, where the less noble Ag is dissolved to create nanoporous Au.
Similarly, CoPd alloys are used to generate nanoporous Pd. The two primary dealloying methods are
electrochemical and chemical. In electrochemical dgiaklp 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 acid
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 péfés

Over the years, it has been shown that dealloying is an effective way to produce a porous #ructure.
typical pore evolution process is showrFigure2.9. During dealloying, the less hobdéomsdissolve,

allowing the remaining atoms to diffuse along the interfaoelthe 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 ad®. This is a competitive process between dissolution and passivation, the pore and
ligament size, typically ranging from a few nm to several ym, which can be tuned by balancing
dissolution and surface diffusion rait&¥%2’

0.5nm 0.5 nm
a b

~5nm

~5nm

Y 30 nm-10 pm
-

~10nm

Figure2.9 Working model for porosity evolution in dealloying in the-Ag alloy system (Ag, gray;
Au, orange). (a) The rafamiting step is the formation of terrace vacancies, which then grow into
lateral vacancy clusters. (b) As dissolution proceeds layer by, Byd#ace diffusion passivates low
coordination sites with Au, leading to surface rougheningl)(&s 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 Agch interiors. ( f) As coarsening increases the length scale of the initial
structure, residual Ag atoms are exposed and dissolved, leafiimag structure with much reduced
Ag content®.
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For the AuAg system, the less noble plagt has to surpass5 at% to start the dealloying process, so

only AuixAgx NWNWs with more than 60 at% Ag was testél In this work, we apply chemical
dealloying to produce hierarchical porous Au NWNWSs. For this;xAgx NWNWSs of various
compositions (0.6<x<0.8) were placed in a 65% nitric acid (kJNOIution to selectively dissolve Ag.
Dealloying occurred under the free corrosion conditions for durations 3@min to 24 hours.
Subsequently, the samples were rinsed Withwater for three times, to eliminate any residual acid
solution. Finally, the samples were-diied. All dealloyed samples were analyzed by SEMED,

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 afanowire size on the dealloying process, and find the optimum
geometrical parameters ffabricatingfree-standing porous Au NWNWs.

15
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2.3 Characterization Methods

To study themorphology, composition, ardifferent properties of the AuAg, and Au-xAgx nanowire
networkssynthesized under different experimental conditions, various characterization techniques are
applied in this workHigh-resolution scanning electranicroscopy HRSEM) was used to determine

the morphology of the nanowire networks, along with eneliggersive Xray spectroscopy (EDX) for

the determination of the elemental composition. The nanowire crystallographic structure was studied by
transmission electron igrioscopy (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 performéad. study the wettability of the NWNWs we applied contact angle (CA)
measurements.

2.3.1 Highresolution 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 collbynan electron gun then accelerated and focused

to a beam by passing through several lenses. As shofigure 2.10, the beam is scanned over the
surface of a sample, which is placed on a stage in the vacuum cPfamber

Electron gun

4+~ Electron beam

A
First condenser lens —|4

Spray aperture —|=

syl
Second condenser lens A - n a N
brrwilMl s,

777 ———7—1 ——+ Xeray detector
7777

Deflection coils —rﬂ[_{
Final lens aperture {1 1) ] E Objective lens

Backscatter [~ -
electron detector /

Sample N
Secondary

Vacuum pump electron detector

Figure2.10 Schematic representation of SEM structure

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 isnetastic scattering process, ejecting demergy
secondary electrons. Secondary electrons, backscattered electrons, and diffracted backscattered
electrons are used to generate a talieeensional image of the materials' surface topography. During

this inteaction between the primary electron beam and sample, sample electrotisefraience band

and conduction band are excited and return to lower energy states releasiyg hich have a
characteristic wavelength that is analyzed by endigersive Xray spectroscof$.
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Figure2.11 Interaction between the electron beam and safhple

SEM is the most important characterization technique in this watich is used for nanowire
morphology, geometryand 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 reaction#n this work, we employed a Zeiss Gemini 500 field emission scanning
electron microscope.

2.3.2 Energy dispersive-ray spectroscopy (EDX)

Energydispersive Xray spectroscopy (EDX) is a chemical analysis method to determine the local
elemental composition by analyzing emittedays. The Xrays are generated when the sample is hit

by the electron beam, because electrons inside the atonb sfss@nergy 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, emittirrgys. Their energy is
detemined by the atom, since the energy state positions are a specific material Préperty

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 @cdiculated, which represents the elemental content.
An example of the EDX spectra is showrFigure2.12%,

Ta

Cu Atomic %
B Sr=7.01%
- Bi=14.11%
Ta=14.33%

0 =64.15%

Figure2.12 EDX spectra from a SrBla0s nanotub&-.

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 surfaggaiogy, and crossection

of the nanowire networks. EDX provides the elemental analysis, especially for th&gdmanowire
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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 fixdt,glue on top using a silver paste.

2.3.3 Highresolution transmission electron microscopy (HRTEM)

Transmission electron microscopy (TEM) is a commonly used characterization method to obtain high
resolution analysis ithenanoscale, 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 topandthen 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 pasthrough the column, only a small portion of the electron beam
will focus on the sample, which has a wedifined energy.

Electron gun

Condensor apertune|

Objective apertune

Objective lens

=]
[=I=] 1\

Projector lenses

Fluorescent screen

Figure2.13 Schematic representation of transmission electron microstope

Normally, transmission electrons can penetrate through samples thinner than 100 nm, the exact
transmission thickness however depends on sample density and compasition. There are two observation
modes in TEM, brighfield and darkfield imaging. In the brilgt-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 areppear®n the screen. However, in the ddidd imaging mode, only diffracted

atoms wil pass through the aperturandthe transmitted electrons are blocked. Thus, this mode can
reveal the crystal information of the specimghe two observation modes of brigigld and darkfield

are demonstrated Figure2.14%,

(a) e-beam (b) e-beam

Objective
lens

— < E— S
Transmitted Aperture
electrons

[ .
n Transmitted
electrons

| | Screen | |

Figure2.14 Transmitted and diffracted electrons for (a) brifibld and (b) darKield images in
transmission electron microscdpe
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For TEM analysis, a small piece (~3 mitb 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 {edektrode layer and breakiitd small

pieces consisting of only a few individual nanowires. Then this hanowire containing suspension was
drop-casted on to a copper TEM grid with a pipette. Once the isopropanol evaporates, the sample is
ready fo& TEM characterization. TEM and TERDX 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 (XP&so know as electron spectroscopy for chemical analysis
(ESCA),is a quantitatively analyzing method fomgson elemental composition and chemical states

on a material's surface, providing insights into surface properties within a depth of approxiriditely 1

nm. XPS employs higlenergyX-ray photons to stimulate electrons within a substfiigure 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 illustratingrtheber 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 surfaceensitivé**>

X-ray gun
(photon source)

Electron
energy
analyzer

Electron
collection

Ienses\

Photoelectrons.

v,\ Electron

detector
Photons Sample

Photoelectric Effect
hv

e[ e (e)e

Computer

Figure2.15 Diagram and main components of an XPS sy&tem

In this work, XPS measurement was done inStdace Science Laboratasythe Technical University

of Darmstadt. A SPECS PHOIBOS 150 spectrometer implemented at the BPAIN¢Iuster tool was
used. 't i s equ igy poarde. Samples weee rtut iAtd smKller piscethen used
directly for XPS measurements, without extra treatmehhe data analysis was performed with
CasaXPS XPS can provide information foocedon the nanowire surface, insteaflEDX analysis
averaging over a number of wiresgan also distinguish the surface oxidation layer, or other impurities
andcontaminations.

2.3.5 Electrochemicameasurements

For nanomaterials using in catalytical applications, it is important to first characterize their
electrochemical properties in a controlled experimental condifibase 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 cataly8f$°. There is one fundamental method used in
various measurements, which is cyclic voltamm@fy). 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. voltade) diagram is measured. An example is showRigure2.16.

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 potenfidghe working electrode is more negative than the
reduction potential of the redox couple, the reduction reaciionrs therefore a reduction peak will

appear on the curve. For both oxidation and reduction reactions, anodic and cathodic current peaks are
identifiedon the CV curveDuring the CV scan, there are also s@utentialregions where no reaction
happens, this is called the ntaradic region. Within the nefaradic region, there is no peak shown on

the CV curvé 10y,
Epa
anodic (oxidation)
! Eositive current
lpa

A\ = Measured Current

cathodic (reductio
negative current

EDC
V1= Measured Potential

Figure2.16 Example of a CV curve measureméht

In this work, all CVmeasuremesfare done in a commercial threkectrode cell from Redoxme AG, as
shown inFigure2.17. The setup includes a platinum spiral wirdgheescounter electrode, a Ag/AgCI (3
M KCI) reference electrode, and a gold coated copper plate in contact with the sathple@king
electrode There is also gair of gas inlet and outlet tubes, whiateused for purging the electrolyte
with N2 gas before every measurement.

reference
electrode

counter electrode

redoxme
BMM EC 15mL

substrate
with thin film
(working electrode

socket-contact

Figure2.17 The Redoxme BMM EC 15 mL Cell assembly construction.
2.3.6 Electrochemicallyactive surfacearea (ECSAjpeasurementmethods

To evaluate the catalytical performamieNWNWSs, 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 doublayer capacitance measurement and (ii) the integration ohuhexide
reduction peak.

Double-layer capacitance measurement

The electricdoublelayer is the interfacéormed 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 systeftt. Thiswas first proposed by Helmholtz in 1858¢ doubldayer concept was
introduced as an interfacial region comprised of two layers of opposite charges separated by a small
distancé®® as shown irFigure2.18 (a). The electrical doubKayer model has since evolved through
major contributions by Gouy (1909), Chapman (1988yn (1924), and Grahame (19473°41%, As

shown inFigure2.18 (b), Gouy and Chapman expanded the model by accounting for the thermal motion
of ions, introducing the concept of a diffuse lgyeregion 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 togathtreaff
thickness of the electric doublHeayl8teypeombireeditde r e s
two modelsjntroducing two ion distribution regions: the compact (or Stern) layer and the diffuse layer
(Figure2.18 (c)). In the compact layer, ions are strongly adsorbed onto the electrode, which includes
specifically adsorbed ions (usually anions) and-specifically adsorbed counterions, separated by the
inner and outer Helmholtz planes (IHP and OHP). The diffagerifollows the description from the

Gouyi Chapman modéf’

Diffuse layer Stern layer
~—— Diffuse layer
Vo
-

B = i b= 'G') |
2 = : 2 S }
£ 1 P @
q-{:— %-}- : Z 4 i solvated cation
£t o 4 L e o |
24 e ¥ lle® 1 °
St ® e Zieley o
i flo 0% —Fl5T o ®
) + | o o
edsi | N i
CIHP OHP

(El) (b) (c)

Figure2.18 Schematic representation of the electrical doldjer using thed) Helmholtz
description, I§) Gouy-Chapman description, and) (Stern description. IHP stands for the inner
Helmholtz plane while OHP refers to the outer Helmholtz ptéhe.

In our expeninents, we charge this doublayer with an external potentialand 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 doublelayer capacitance, is directly proportal to the surface area of the electrode in contact with

the electrolyté® When a potential is applied at the electrode, the ions inside the electrolyta with
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
force100,109,119
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During a CV scanthe measurement window is carefully chosen to ensure that no electrochemical
reactions occur. Only this reactidree region, known as the néaradaic region, can be used to estimate
the doubldayer capacitancé&o, the doubldayer charging current can remain constaihie ECSA of

an electrodean be determined by the douldger capacitance( ) and the specific capacitanag )
according to the equation:

00 "YE)('5
5 ¢ v

The specific capacitand€s [=] eFcn ?) is proportional to the surface area, tlurscial in evaluating
the ECSA, since small inaccuracy can lead to underestimation or overestimation of the ECS# values.
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 conéhitistrselect a suitable
nonfaradic region from a CV curve, such Bgure 2.19 (a), then optimize measuring settings by
varying different parameters (details will be discussexbatiord.1.4, apply different scan ratevithin
the selected potential rangeg. 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 thetblelreeat fitting
curve is the capacitance vallgdgure2.19(c)), which is described by the equation below:

0

0 - w
5 C

Where § is capacitance’Q is the capacitive current, and is the scan raté.
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Figure2.19 Cyclic voltammograms (a) recorded for a glassy carbon electraiganpurged 0.1 M
NaOH aqueous solution in a wide scan range, (b) with different scamititen the selected
measuring window, (c) anodic and cathodic curremtfaaction of scan ratedot lines correspond to
corresponding linear regression fits. The resulting capacitance values are shown eatbrthe
corresponding to their respective data'det

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 db djtimized conditions for the
determination of the ECSA of the NWNW by this method, which will be discussed in detaition

4.1.4 The main advantage of the douldger 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 niiffere
compositionsBut to more accurately evaluate our NWNWg also employed a second method for
ECSA evaluationwhich 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 evaluationthiee.integration of the Au
oxidation reaction peak. This methappliesonly 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 valuesaredetermined by integrating the faradaic charge transfer of the Au surface oxide
reduction reactioh2 Au oxi de f or mati on h as!® besearchershavuedound d s i
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 goldSitara.this oxide film

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

0
00 "Yéa— ¢ pT

where 0 is the measured charge transfer value, &nd is the reference value of the change transfer
used for monolayer of AuO reduction is 1%cm

We employed a flat Au thin filmproduced by eleémdeposition, witha thicknessof around2 pm, as

the reference sampla representative CV recorded in a 0.1 M8, solution is shown ifrigure2.20.

The anodic peaks locatedlt= 1.2- 1.4 V are attributed to the formation of Au oxitfeS while the

current rising at 1.6 V represents the beginning.@&\@lutiort'”. The cathodic peak at 0.85 V represents

the Au oxide reduction, with the peak arfeaarked 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 thebackground, the total charge transfer is deterniified 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 thé feterence sample. By integrating

the respective reduction peak, a reference charge transfer valug=o688 Ccm? is obtained This

value will be used in section 4.1.1 for determination of the Au NWNWs EC8i&.value isslightly

higher than the valuavailable fromliterature Leopold and Nahtt®theoretically calculated 448 Ccm

2, when assuming the surface is Au(111). The reason for this deviation mostlyfoameéhe 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 swéep rate.
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 uscammeableesults.

0.0004

— — Reduction peak baseline

0.0002 | Reduction peak region d
0.0000 4

-0.0002

Current (A)

-0.0004 4

-0.0006 1 Au-oxide reduction
charge: 653 uC

-0.0008 T T T T T T T T T
-0.2 0.0 0.2 04 06 08 1.0 1.2 14 16 18

Potential (V vs. Ag/AgCl)

Figure2.20 CV recorded in 0.1 M b8Q; for a 1 cni flat Au reference samptée
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In chapter4.1.4we 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 choiok energy sourcdor portable devices and

transportatiorvehicles such as automobil¥& These applications require simple resources, with non

hazardous waste, and function at low temperatures, while providing high specific®®rnargyder to
i mprove the performance of methanol/ethanol
increase the reaction rate.

A representative scheme of the methanol oxidation process in a fuel cell isishBignre2.21. A

direct methanol fuel cell consists of two electrodesluding an anode, where methanol is fed along
with water, and a cathode, where oxygen goedlwe. anode and cathode are separated by an ionic

conductor, the cell can be filled with an acidic or alkaétextrolyt&®.

€o, —* HO+A
e- —_—
L H,0
e | =  Catalyst Layer
< e
o, |o [[TH
— | I 4
—>
_. HQ.
o
_ _knod ||T* =
Methanol + H,0—» +H;0 le— O, Air in
— H* <

Anode Electrolyte Cathode

Figure2.21 Schematic figure of a methanol fuel ¢&ll

fuel

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

dioxide emissions. Whilat the catode,oxygen is consumed and reduced, witl®Hs a product. The
completereaction is shown below:
o
6"0'3"026066 ¢00 C pp
The anodic and cathodic reactions are different as a function &f pithe acidic electrolyte, the
reactions atheanode and cathode are:
0@ 0 00°00L @O @Q ¢ p¢
0 TO 1Q ° 00 ¢ poO
But if the electrolyte islkaling such asodium hydroxide and potassium hydroxitteenthe reaction
equationsaattheanode and cathode are:

6Q 0 YW 0% 60 @00 ¢@Q ¢ pT
0 ¢O0 TQO 100 ¢ puL
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The anode corresponds to the negative electrode, while the cathode is the positive electrode, and the
potential difference betwedhetwo electrodes is called the cell poterifal

In this thesis, to characterize the catalytic performance of Au, AgAy, and nanoporous Au
NWNWSs, the setup details are given in sectihB.5 To properly characterize the catalytic ability of
various NWNWSs 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 Contactangle 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 variousadhemical composition. When liquids are brought

into contact with a surface, they exhibit a certain wetting behav@rexample, a drop of water either
spreads over the surface or is repelled by it. This wetting behavior is typically described and
charcterized by a technical term called the contact angle (3®)CA on a surface is the angle formed

at the thregohase 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,@higo 0 A < d -
1807 signifies nonwetting or hydrophobic behavior, where the liquid forms a nearly spherical droplet
with minimal surface adhesion. Conversely, a@&( d < 90A) characterizes
behavior, where the liquid spreads extensively across the séif&ee

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

. rr

Al70 T C PO
wherel is the surface energy of solitl, is the surface energy of the liquid, and is the energy of
solid-liquid interface.Classical models, including the Wenzel and CaBsieter models, provide a

theoretical framework to explain how surface roughness influences wetting.
TheWenzel theory describes a chemically homogeneous surface

wET 1 a0 éTi ¢ pX
T is the macroscopic contact angle of the rough surfade,the roughness factor, and is the
given by the Young equation.

The CassieBaxter theory differs from the Wenzel theory, which can describe a chemically
heterogeneous surface, with two compositions, each with a certain surface fraction:

0ETi MMATIO "QATIO ¢ puw
where the effective contact angle is affected by the contact angle of two materials and their surface
fraction "Q and"Q

However the CassidBaxter theory can also be developed and applied on agihgked rough surface
with texture wherethe surface is only partially wetted, with air pockets trapped in the aspdntggh
acase,the contact angsof the solid and liquid phasee] and 0, respectively:

D€ i p 10Q i OwéT C pw
Wherei is the roughness factor of the wetted af€as the area fraction of the wetted areaj sBQis
also called the solid fraction 25127,

In addition toCA, the adhesion of the water droplets to the surface is also of interesidfibsion
indicates whether the drop rolls off on an inclined surface or remains stuck to one spdtff@neat
states can be distinguished here. A hydrophobic surface can either have a low adhesiondo avater,
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strong adhesion to watéi/hen a droplet is placed on an inclined surface, the contact angles at two sides
show different behavior, as shownhigure2.22, the minimum value of the CA, called the receding
CA, dec, and a maximum value of the CA, called the advancingdz, The difference between the
advancing and receding CAs is called CA hysteresigs A low adhesiorbetween the water droplet

and the surface leads to a low contact angle hysteresis and vicéversa

Figure2.22 Schematic of a droplet on a tiltedrfaceshowing advancinga) and recedingdec)
contact angle@A). The difference between these anggabe CA hysteresi¥®,

There are many unique wettilbg@haviorsexisting in natural surfacesuch 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 i@ contact angle hysteresfsHowever, the rose petal surface shawsgery different
phenomenon, it exhibits a high contact angle droplet, with a high adhesion, the droplet is pinned on the
surface, and forsa high contact angle hysteresis, which is a special wetting phepojrsmeone
explained it as the Cassimpregnating?®128130 These effects are results of special surface structure,
with certain roughness both ihemicrometer and nanometer range.

Current theory onlyprovidespartial solution to the eveteveloping field of complex surfaces. With
diversecombinatioms of different hydrophilic and hydrophobic nanostructures, they can achieve many
unique functions. In this workye are interested to see how 3D NWNW structure can influence surface
wetting behavia For this, we fabricated series of Au NWNWs with different nanowire szmnd
densites, to explore the interactions between capillary imbibition and wetting behavior on patterned
nanostructtes CA measurementaereonly carried out on pure Au NWNWSs, consideriggid is a
material suitable for model study, which is chemically stadobeldoes not oxidize in air. Despite the
hydrophilic nature of gold, NWNWs with different geometyhibitedvarious wetting state details

are discussed isection5.2

CA measurements of the NWNWSs were cargetlon an optical tensiometer (Biolin Scientifidgure
2.23), using the static sessile drop method. Droplets of deionized water(Millrect 8) of 2, 4, Gand
15 ¢ L v o lusedbeopletsevereformed at the pipette tiimdthen placed othesample surface
The photographs were taken at five different spots onsémplesurface for each sample, each
measurement was recorded for 10 s after the droplet was placed.

For the tilting contact angle measuremetttg, advancing angle {u) and receding angle &) were
measured at tilted 0, 15, 30, 45, 60, 75, and 90 dggreewi t h 4 a nsdTheteis ne dontadtr o p | et
line movement observed, so we use the CA hyster@sig)(when the sample is tilted 90°
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Figure2.23 Photo of the Optical Tensiometer Theta Lite.
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3. Morphological and Structural
Characterization oNWNWSs

This chapter presents the results of a detailed characterization of the three types of electrodeposited
NWNWSs (.e., pure Au, AuxAgx, and porous Au) by various complementary methods, namely SEM,
EDX, TEM, and XPS. The goal of these investigations is to understand how the diffgmémesis
parameters influence the sample morphology and composition, as well as to provide the optimized
conditions for the synthesis of the tailored, stafatenogeneousand functional NWNWSs.

3.1 Au Nanowire Networks
3.1.1 Homogeneity, morphologyand crystallinity as a function of applied potential

Au NWNWs were electrodeposited employing a 50 mM KAu(CMbectrolyte cyanidédased
electrolyte under potentiostatideposition conditions at 60 € (details in sectidh2.4. The
electrodeposition process was monitored via cuvertime (-t) curves(Figure 3.1 (a)). Aiming at
fabricating homogeneous Au NWNWSs 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 fronU = -1.1 V toU = -0.7 V (vs. Ag/AgCl) were applied. To allow direct
comparison, etched iamack templates with the same set of parameters were employed, i.e., pore
diameter of 150 nm altotal nanochannel densitf 4x1.0% cm2. The experimental results reveal a very
strong influence of the deposition potential on both the Au NWNW growth rate and the resulting
morphology.

Figure3.1 (a) shavs that ahigh potentials, e.gl =-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 arvdibed caps formed on the membrane surface.

This fast growh results in inhomogeneous filling and thus poor interconnectivity, with a rather
inhomogeneous and unstable network structiigue3.1 (b)). AtU =-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 Figure3.1 (c)). However, not all channels are filled at the same rate, and thus some area
with fewer nanowires were observed. At lower potentials, natdety0.9 V (green)andU = -0.8 V

(pink), the network homogeneity is significantly improved resulting in a dense network strisgtere
Figure3.1 (d, f).
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Figure3.1 (a) Currentvs-time (-t) curves recordefbr various applied potentiatiuring the
potentiostatic deposition of Au NWNWSs, and the corresponding SEM imageés$=k).1 V, (c)U =
-1.0V, (duU=-09V, (e)U=-0.8V, (HU=-0.7 V vs. Ag/AgCI. The large magnification SEM
images reveal cylindrical monodispersed nanowires.

Crosssection SEM images of the Au NWNWs further demonstrate the homogeneity increase with
decreasing applied potenti&igure3.2). It can be seen that with decreasing poténtiee duration for
complete channel filling gets longer and longer.\At -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 owedime. Ba
on these observations, an optimal deposition potentibl ©f-0.9 V was selected for the following
experiments, which delivers an optimized morphologyiatiche-efficient.
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Figure3.2 SEM images of crossections of Au NWNW deposited at @=-1.1V, (b)U=-1.0V (c)
U =-0.9 V vs. Ag/AgCl The orange arrows indicate some branches of hanowires grow higher than
average, and the inhomogeneity decrease, from a to c, as the deposititial p@iens negative

The nanowire diameter was determined from the SEM im&yasieasuring 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
electrochemicallyactive surface area of the entire network. Their surface structure, in addition, can
influence the catalytic activity. EDX analysis shows that the nanowires consist of purgigoté3.3).

No impurities were detected except a small peak of caxbloich is ascribed to the polymer residsial

left from the PC template removal.
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Figure3.3 EDX spectrum o Au NWNW deposited at) =-0.9 V vs. Ag/AgCI.

The crystallinity of the Au nanowires wasalyzedby TEM. Figure 3.4 shows representative TEM

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

darkfield imaging, grain boundaries (GB) were identified and marked with red linEgyume 3.4.
Nanowires deposited &1.0 V (Figure34(ac ) ) are single crystalline o
which indicates a bambdike crystalline structure. At less negative deposition potertiad {0.9 V in

Figure3.4 (d-f) andU =-0.8 V inFigure3.4 (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-mjung8.{

(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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(@

Figure3.4 TEM darkfield images of fragments of Au nanowire networks deposited@tlfa= -1.0
V, (d-f) U =-0.9 V, which are higtangle annular darkeld imaging, and (g) U =-0.8 V vs.
Ag/AgCl, are mediurangle annular darkield imaging. The red lines mark the positions where grain
boundaries (GB) were observed.

3.1.2 AuNWNWSs with variouswvire diameters

After optimization of the electrodepaosition process using templates with 150 nm diameter channels and
density 0f4x108 cm?, we fabricated a series of membranes with the same channel density and diameters
ranging from 40 nm to 200 nrAs shown inFigure3.5, a series of Au NWNWSs with nanowires ranging

from 40 nm to 200 nm can be successfully synthesized with the 50 mM KAué@Nirolyte, applying

-0.9 V vs. Ag/AgCI. This series of electrodepositions protreat the optimized conditions can be
applied to fabricate NWNWSs with differentiensites and nanowire diameters. Thalowed the
fabrication of NWNWs with tailored geometry for the further investigation of their properties to be
implemented in various applications.
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Figure3.5 SEM images of Au NWNWs with different nanowire diamstelensity of X10° cn2.

In summarywe demonstrate th#éihe deposition potential has a direct influence on the growth rate of
Au NWNWSs, and the overall homogeneity of the network. For potentiostatic deposition of the Au
NWNWSs, a voltage ofU =-0.9 V vs. Ag/AgCl yields the best compromisetweenoptimal network
properties anduitablegrowth durationNWNWSs deposited under these conditions exhibit a bamboo
like crystalline structure, consisting of micrometer sized stagfstalline sections.
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3.2 AuxAgc Alloy Nanowire Networks

To fabricate AuxAgx NWNWSs, with controlled composition, we investigated the influence of two
parameteri the following sections, includindpe Au:Agion ratio in the cyaniddased electrolyteand
the applied potential.

3.2.1 CVfor determination of the deposition potential

First, we measured the CVs (scan rate: 50 mV/s) for both KAw(@hJ KAg(CN) (Carl Roth)
electrolytes betweed = 0 andi 1.5 Vvs Ag/AgCl, as explained in sectiéh3.5 The employed etched
ion-track membranes were prepared under identical conditiam®¢hannaliameter =150 nm density
= 4x108 cmv?, with Au backelectrode).

The relevant standard reduction potentiedsAg/AgCI, for 6 660 0 ando " 0 are
0060 QP OB6GI OO Y @) Qo o p
O BOG QPO6A ¢6l Y ™ @ o q

At small overpotentials, the reaction proceeds through an adsoshéd 0  intermediate which
also applies to Ag

5660 © 8660 60 o ob
5660 QO 80660 o ab
5660 P 86 6 0 o ab

These reactions happen before the actdhictionpeak, then at more negative potentials will the direct
reduction reaction happ®h The equilibrium potential for thé " O /Ag couple is always more
positive than thed 66 0 /Au couplé®?134 We can see frorRigure3.6 that the two different ionare
reduced at different potentials vs. Ag/AgCl. From the orange cu@ean see the reduction peak of
Ag initiates from-0.3 V while reacing the highest reduction current at aroudd7 V. For the reduction

of Au, the onset potential is arour@8 V, with the peak potential reanp -1.15 V. These values are
corresponding to literatur&s33 while defining the deposition window of AWAgx alloy NWNWs.

50 mM Au
0+ 50 mM Ag

Current (mA)

1.8 16 -14 A2 -0I.8 -OI.6 04 -02 0
Potential (V vs. Ag/fAgCl)

Figure3.6 Cyclic voltammogram$or electrolytes containing0 mM KAu(CN)/ 50 mM KAg(CN)
with 250 mM NaCQO:s at 60°C.
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The reduction peak potential signals the diffuséomd transportimitation 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 moreridh depositions. Therefore, the first tests were carried
outbetweerJ =-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 thelectrodepositionconditions

Figure3.7 shows the recorded EDX spectra for nanowire networks deposlted 4t.1,-1.0,-0.9, and

-0.8 V vs. Ag/AgCl, together with the corresponding SEM images and the average compodbkiion
composition for every sample was obtaingdaveraging the values of five EDX scans on different
sample positionsVhen nanowires are deposited with the most negative potentiallay, which is

very close to the reduction peak of Au, then the nanowivasistof 89 at% Au and 11 at% AgJ.he

results show that the Ag content in the nanowires increases for less negative applied potentials. When
deposited at0.8 V, the Au content decreased to 73 at%, thedAg content increased to 27 at%. All
nanowres show homogeneous growth and uniform size distribution, as well as good interconnectivity.

73% Au
19% Ag 27% Ag

89% Au
1% Ag

)

Intensity (a.u)
Intensity (a.u)

Intensity (a.u.

10 15 20 25 30 35 40 LU L 10 15 20 25 30 35 40 10 15 20 25 30 35 40

Energy (keV) Energy (keV) Energy (keV) Energy (keV)

Figure3.7 SEM image and EDX spectrum of AuAgx NWNWSs deposited at (&) =-1.1V, (b)U =-
1.0V, (c)U=-0.9V, (dU =-0.8 V vs. Ag/AgC] using electrolyte 50 mM Au + 5 mM Ag.

With the electrolyte containing the metal igatio of [Au(CNY]*:[Ag(CN).]* = 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%hAarefore, to synthesize AWAQx

NWNW with higher Ag content, the Ag ion concentration in the electrolyte has to be further increased.
We electrodeposited NWNWSs with electrolyieetal 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 applyingy =-0.8 V vs. Ag/AgCI.

Table3.1 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 theposition of the NWNWSs roughly, while

the applied potential further finely tunes thegeteccomposition. The less negative potential will lead

to a higher concentration of Ag in the nanowires. By combining these two parameters, we successfully
fabricated AuxAgx NWNWSs with (0.1<x<0.9) covering a wide range of compositions.
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Table3.1 AuixAgx NWNWs electiodepositiorconditionsand the corresponding nanowire
composition

Depos

Ernlee;catl KAU(G¢ KAg(g poten Sampl nz;\gr:onw net\gr:onw
rati (MM (mM) A(g;//\/zg name a2t % (at %
1:0 50 0 0.9| AUyAg 100 0
9:1 45 5 1.1 AyAg. 93 7
9: 1 45 5 0.8| AYyAg 78 22
41 40 10 0.8| AyAg. 6 3 37
3:2 30 20 0.9 AyAg 5 2 438
3: 2 30 20 0. 8| AYyAg 43 57
2: 3 20 30 0. 8| AYyAg 27 73
3:7 15 35 0.8| AyAg. 20 80
0:1 0 50 0. 8| AuyAg 5 95

Figure3.8 shows the 4 in the NWNWSs, determined by EDQ4s a function of the Ag ion concentration

in the electrolyte, for two different applied potentials, nantéky -0.8 V (brown triangles) and = -

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 neggtistential at0.8 V yields nanowires with around 20 at%

more Ag in the nanowireBy this series of tests, precise control of nanowire composition can be
achieved.
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Figure3.8 Nanowire compositiomas a function oAg concentratiorin theelectrolytes at two different
deposition potentiald) = -0.8 V (brown triangle dot), and =-1.1 V (blue round dot), the error bar
comes from the five EDX measuremerasdthe daskdline is the linear fitting of the data points.

3.2.3 Composition analysis

To analyze the detailed composition of the alloyed nanowsesll sections of the nanowires were
analyzedby EDX mapping, which can display thecal elemental compositionf the sample. In this
case, we can see fraRigure 3.9 that the distribution of both Au and Ag atoissrery homogeneouys
across the nanowires.

Figure3.9 EDX mappingof a selected area of a representaiVéNW, showing the atomic
distribution of Au (yellow), Ag (pink), and C (blue).

Further on, we compared tlo®mposition analysis from EDX and XPBy EDX we analyzed the
average composition of the NWNW over a certain arggure 3.10 shows the EDX spectra recorded
for AuixAgx NWNWSs 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 oleghé 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 coatiyinatefrom the Au substrate, since the NWNW on top is a highly
porous structure that electron beam can potentially penetrate through.
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Figure3.10 EDX spectrums of different composition AlAgx NWNWs.

Considering EDX only provides average nanowire composition over a certain area, we analyzed five
selected samples by XPS analysis to obtain surface composition Vaduee3.11 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 depositioeattolyte (NaC0Os), 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 comporiénts
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Figure3.11 XPS spectrum survey of five AlAgx NWNWSs with different compositions.

Figure3.12 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 NWNWSs.
The Ag NWNW sample (x=0) shows the Ags3cht 368.2 eV, which represents pure Ag without
oxidation. In turn, the Ag 3g@ peak of the AuxAgx alloy NWNWSs 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) tasAgo.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 elemehtckwchanges the local electron density, leading to a
chemical shift in binding enerdi}**” For instance, studies have demonstrated that the Au 4f peaks in
Aui Ag nanostructures shift to higher binding energies as the structures evolve from nanoparticles to
nanocages and further to nanoframes, with a total displacement of ¥ Similarly, the binding

energy of the Ag 34 peak shifts depending on the oxidation state and the formation of the AuAg alloy,
indicating changes in the chemical environrk&nt
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Figure3.12 XPS spectrum ofu1..Agx NWNWSs at Au 4f (left) and Ag 3d (right) peak positions.

When we compare the compositiohthe same sample seridsterminedirom these two different
method, we saw thesalues are slightly differenThe results of this comparative study, as shown in
Table3.2, revealthat the values of pure Au NWNW is the same from two measurerbanteeresults

of AuAg NWNWsfrom XPSshowsslightly lower Aucontent However, for the pure Ag NWNW, both
methodsdetected a trace of Au, which should not appear, we attribute thisitdltlemce from the Au
substrate under theghly porous NWNWs, as well as the deviation caused by the spectrum background
and thedetectionlimitations 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 (~pm scale), but it suffers from matrie&#, peak overlap, and limited sensitivity to

light element¥4% In contrast, XPS offers higher surface sensitivity (typicalli0lnm) and chemical

state information, but it is less accurate for quantifying heavier elements and is influenced by surface
contamination and charging effetfs'42 Due to their fundamentally different probing mechanisms, the
comparisorbetweerthe twomeasurementsasto 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 compaesititysis,
and wecannotidentify any significant difference between the average composition of the NWNWSs and
thenanowiresurface compositian
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Table3.2 Comparison of the atomic composition values determinedderAgx NWNWs by XPS

and EDX.

Au 100 0 100 0
AUo.gAdo.2 731 271 78+2 22+2
Auo.sAgo5 47£2 53+2 52+3 48+3
Auo.3Ago.7 24+ 2 76+ 2 271 73£1

Ag 1+1 99+1 31 97+1

In addition to the XPS measurements, we analyzed theAu. NWNWs sample by TEMEDX.
Figure3.13 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 dlighiuation, 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 fra different methods. Alsahis proves our assumption that ttetector can receive some

signal from the sample substrate, which is pure gold, because the network structure has a 90% porosity,
hence increase the overalbasured\u content.

Wire 1 Wire 2
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Figure3.13 TEM line scan of four single nanowires atora@mpositiondistributions green lines
represent the atomic compositionfad, and the red lines represent gtemic compositiof Ag, the
black box representie measuremertn the nanowire

In summary, we successfully synthesized.fgx NWNWSs with controlled composition from 10 at%

to 90 at% Ag, by combination of deposition potential and varied electrolyte concentration. Through
different analysis methods, the NWNWSs show homogeneous composition distribution in a single wire
and through #arge area.
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3.3 Nanoporous Au Nanowire Networks

In this section, the fabrication and characterization of NWNWSs of porous nanowires by selective
dealloying of Ag from the AKAgx alloy NWNWs is presented. AuAgx NWNWSs are suitable
candidate for dealloying, as we showed in the previous section, they form a homogeneous solid solution
at all concentratioi& 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 andubagm|d

which would also reduce costs. Furthermore, we want to explore to which extent we can tailor the
hierarchical porosity of these NWNW?4Ve systematically investigated the influence of the most
important parameters on the morphology and mechanical stability of the porous NWNWSs, including the
nanowire size, Ag at% in the NWNWSs, and the dealloying time.

3.3.1 Experimental analysis oAui-xAgc alloy nanowire dealloyingprocess

In the case of ALkAgx bulk and thin films, the minimum Ag concentration smccessfullydealloying
yielding a porous structure is ~ 55 at% Ag and 45 at%4°Awhile the most commonly used composition

to fabricate nanoporous gold is 75 at% Ag with 25 at%¢%dowever, in the case of nanowires, they
exhibit much higher surfag®-volume ratio, which could potentially lead to different diffusion
mechanisms. Therefore, it is important for us to experimentally test different composition and dimension
parameters tanderstand the process in nestale.

To explore how does the AtAgx NWNWSs 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 diametersiaiowires with exsitu 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 procesi the followingsectionsThe synthesiparameters of the AuAgx NWNWs were
selected based on the results discussed in seBtibwith desired compositions. The dealloying
conditions are given in secti@2.6 by using 65% nitric acid at room temperature.

Influence of nanowire composition

We synthesized AlsAQo.s, AUo.3AJo.7, and A 2Ados NWNWSs, with the samaanowire density 2*10

cm?, and the same nanowidéameterl50 nm.The three samples were dealloyed in concentrated nitric
acid, under the same conditiofdgure3.14 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 exitu analysis of the AlAgo.s NWNW sampledealloying 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. Atlibginning it consistf 63 at% Ag, the dealloying
happened quite inhomogeneous at the beginfahd h) the pores are not distributed evenly on the
nanowire surfacegven after 24 hours, there is still 19 at% Ag lefsp 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

Figure3.14 middle row shows the AuAgor NWNW dealloying process, for this sample, it is evident
that the dealloying rate is higher than for the previous saMfiien the Ag concentration increased to
70 at% at the initial stagafter dealloying fol hour, therewasonly 9 at% Ag left, and pores appeared
homogeneouslpn the nanowire surfac&/e can se¢hatthe pore size gradually increases from 1 h to
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8 h, and the network structure remains fetanding After 24 hours, there is less than 1 at% left in the
samplebut we have also observed a severe roughening morphalogmany pores are closed due to
the surface diffusion.

Figure 3.14bottomrow shows the AsbAgos NWNW, when the Ag concentration further increased to

77 at%, we observed a very fast pore evolution after justvlith,homogeneous pore distribution.
However, this fast volume loss caused the network struttuoellapse the crossing junctions are
already partially destroyed after 1 ho#ifter 24 hours, the wire size is severely shrunk, and the porous
surface is rougheneWe can clearly observe the strong surface diffusion process here, with the closing
of the pores. The reason canthatthe largespecific surface area strongly facilitated the diffusion
process.

This series of testing showed a direct visualization of the.Agk NWNWs dealloying evolution
process as a function of time. The comparison between the three precursor alloys illustrated that the
initial composition is an important factavhich canlargely affect the dealloying process, including the
composition change as well as the pore evolutldigher Ag content (e.g.,80 at%) in the -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 vieyhghuis

a more suitable choice to produce a porous NWNW waithappropriate dealloying rate, without
collapsing or inhomogeneous pore distribution.

Figure3.14 SEM images of AuxAgx alloy nanowire dealloying processith three different
composition precursor alloy.

Figure3.15, it shows how the sample composition change with different dealloying time, we can see
that the higher the initial Ag concentration, the fasterdiedloying goesAnd the less Ag is remained
inside the nanowires after 24 hours.
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Figure3.15 Nanowire composition changéth dealloying time

In summary, with thilNWNW geometry (nanowire diameter 150 nm, density 2*di?), the most
suitable compaosition would be 70 at% Ag with 30 at% Au to produce a stable porous NWNW sample.
But the dealloying time must tstrictly controlled talimit the surfacediffusion (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 coulalso potentiallyinfluencethe dealloying process as well as fluge size
evolution is the nanowire diametefhereforewe synthesized AuAgx NWNWSs with three different

nanowire diameters 150 nm, 100 nm, and 60 eath with two differentompositionprecursors
Together with exsitu SEM and EDX analysis of all samples.

In addition to the resultshowedin the last section, we synthesized two other NWNWs with 150
diameter nanowires, witimitial composition of 58 at% and 65 at% Aas shown irFigure3.16. We
observed similar process as discussed inldse chapterthe 58 at% Ag sampleshowed slower
dissolution of Ag, with 25 at% Ag still left after 24 houBuring the dealloying procesaie 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 aroufl adn. For the65 at% Agsample the
dealloying proceestd much faster, the Ag concentration decrease trend can fit well in the curves in

Figure3.15. With higher initial Ag concentration, after 24 hours dealloyihgnanowire sieis further
decreased to 100410 nm, due to more Ag dissolution.
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Figure3.16 SEM images of 150 nm diameter nanowire dealloying praziesanowire morphology
evolution with time (from left to right) of two different composition precursor alloy.

Figure3.17 shows the dealloying process of 100 nm-#gx NWNWSs, with initial Ag concentration

of 61 at% and 68 at%Vith initial only 61 at% Ag, the nanowires showed homogeneous pores evolute

on the surface only after one howith 24 at % of Ag in the nanowireshich is much fastesind much

less Ag residuatompare to the 150 nm NWNWseth similar compositionBut after 24 hoursthe

porous nanowires are severely coarsened, the nanowire size is largely decr&&sgDtom, from

which we observed lots of transverse pores on the nanowlifes.nanowires showed bending
morphology with partial network collapse, witlettoss of interconnecting pointd/hen thenitial Ag
concentration increased to @860, there is already large pores shown after 1 hour of dealloying, with
only 6% Ag left in the nanowiresesulting 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. Afteors dealloying, there

are almost no pores observed on the serfdue taougheningand merging caused by diffusion. The
sample consists thus of very rough nanowires with diameter 42+12 nm, partially discontifruous.
summary, wikn the nanowire size is decreased to 100 nm, the network structure possesses even higher
surface to volume ratio, witlewercrossing junctions. These factors result in a faster dissolution of Ag

and a decrease of structural stabilityen compare with 150 nidWNWSs.

Figure3.17 SEM images of 100 nm diameter nanowire dealloying praafesanowire 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 NWNWSs with nanowire diameter 60 nm dealloyed under the
same conditionswith initial compositionof 62 at% and 68 at% AdVith initial 62 at% Ag, we saw a
fast and homogeneous pore evolution even after 1 hour, and we already obaeseaingffect after

5 hours. This demonstratethat with higher surface to volume ratio, both dissolution and diffusion is
largely facilitated. While the network structural stabilitaiso moreaffected there is already collapsing
observed after one hour, which is highly unfavorable if we aira &iablenetworkstructure Also, this

is na beneficialfor catalytic applicationsthere will beno spacefor the sampldo access electrolyse
and reactantdVith initial 68 at% Ag, there is almost no Ag detectable after 24 hours deallayiag

is already pore closing observed after 3 hpamd thenetworkstructure is completely lost after 5 hours

In summary, both series showed faster Ag dissolution compare to the NWNWsangéhnanowire
diameters, but the destroy of the network structure is not desirable for the following catalysis tests

Figure3.18 SEM images of 60 nm diameter nanowire dealloying progesanowire morphology
evolution with time (from left to right) of two different composition precursor alloy.

Figure3.19 shows all sample composition change with different dealloying time, it is obiiatwsith

the same initial Ag concentraticime smaller nanowires have a faster Ag dissolua® 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 lin&gh the increase alealloyingtime,

the dissolution becomes slowéen will enter a plateau aftet®8 hours. The smaller the nanowire, it

will enter this plateau soon&Vhen wecomparehe different initialcompositionswith more Ag atoms

on the surface, the driven force to start the Ag dissolution is laveh results in the faster dealloying

speed.
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Figure3.19 Nanowire composition change with dealloying time

In summary, different nanowires showed different composition change and morphology evolution
during the dealloying procesall suffer from similar diffusioncaused 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 Adidissolu
resulted in the partial loss of connecting junctions (or reduced connection size) between the nanowires,
thus degrading the $edupporting ability of the network structure. This can be avoided by using initial
AuxAgx NWNWSs 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 NWNWSs, we synthésizporous NWNW with 150 nm diameter
nanowires and density of 2*16m?, the results will be discussed in sectibd.3

3.3.2 XPS analysis gforous 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 ZiEfagesy foundhat

there is 4.4% Ag present at the surface, while only 0.7% of the whole nanoporous gold foam. Similar
results were reported by Schaéfermand Wittstock®. They all reported that the nanoporous gold
produced by free corrasion in strong acid solutions exhibited-echgshell Similarly, we employed

XPS to analyze the surface composition of the dealloyed NWNWSs 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 -figh shell on the nanowires of the NWNW. To study the surface
composition of the dealloyed nanowires, we performe® Ralysis. Due to the detection limitation
depth of photoelectro¥, XPS is very suitable to study the surface composition only up to several
nanometers thick.

Figure 3.20 shows the XPSesultsof a pristine AdszAgor NWNW (black) and two samples after
dealloying with 1(red)and 6 hourgblue). All samples exhibit the main Au and Ag peaks, as well as
smaller carbon and oxygen peaks, attributed to surface contamination
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