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Summary

The main aim of this project was to develop new 1D metal based nanomaterials

and explore their use for potential applications in catalysis. This work involves the

synthesis, characterisation, and application of new AuAg ultrathin nanowires and

studies the use of vortexing as method of inducing chirality in large aspect ratio Ag

nanowires.

Chapter 1 provides a literature review and background information on the synthesis

and application of 1D nanomaterials, particularly ultrathin materials. Topics such

as chirality, plamonics and fuel cells are also discussed in detail. In addition the

aims of the project are also outlined.

Chapter 2 provides information on the synthetic and experimental protocols used in

this work. The characterisation techniques and equipment used are also detailed.

Chapter 3 describes a tunable synthesis of water soluble ultrathin AuAg nanowires

using a novel protocol. The influence of various parameters in this synthesis and

further optimization our protocol using temperature control are investigated. A

new ultrathin AuAg nano-necklace structure was also synthesised and characterised.

The ultrathin 1D AuAg nanomaterials were further used as catalysts for the electro-

oxidation of ethylene glycol.
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The chiral modification of 1D ultrathin AuAg nanomaterials using a facile ligand

exchange method is detailed in Chapter 4.

In chapter 5 we investigate the use of our ultrathin AuAg nanowires as templates

for the synthesis of novel 1D Pt, Rh, and RhPt nanomaterials. The resulting Pt and

RhPt nanomaterials were further used as anodic catalysts for the electro-oxidation

of methanol and formic acid.

Chapter 6 is dedicated to studying the influence of stirring on the observed chi-

roptical activity of large aspect ratio Ag nanowires. This chapter also includes the

development of new chiral plasmonic-excitonic Ag nanowire@ quantum dot hybrid

nanostructures.

Finally, chapter 7 outlines the overall conclusions and details future plans and some

preliminary work.
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0D = 0 dimension

1D = 1 dimension

2D = 2 dimension

3D = 3 dimension

a.u = arbitary units

ACW = Anti-clockwise

ATR-IR = Attenuated total reflectance- Infrared

BINAP = (1,1-Binaphthalene-2,2-diyl)bis(diphenylphosphine)

CA = Chronoamperometry

CD = Circular dichroism

CTAB = Cetrimethylammonium bromide

CW = Clockwise

CV = Cyclic voltammetry

Cys= Cysteine

D- = Dextrorotary

DFT = Density functional theory

DMF = N,N-dimethylformamide
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DNA = Deoxyribonucleic acid

DnR = Dot‘n‘rod

DTAB = Dodecyltrimethylammonium bromide

EDX = Elemental dispersive x-ray

EG = Ethylene glycol

EGOR = Ethylene glycol oxidation reaction

GCE = Glassy carbon electrode

Glu = Gluthathione

HAADF = High angle annular dark field

HR-TEM = High resolution transmission electron microscopy

Jb = Current density (backward scan)

Jf = Current density (forward scan)

L- = Levorotary

LH = Langmuir-Hinshelwood

M = Molar

MW = molecular weight

NNL = Nano-necklace

NT = Nanotube

np = Nanoparticle

NW = Nanowire

Oam = Oleylamine

PVP = Polyvinyl pyrrolidone

QD = Quantum dots
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STEM = Scanning transmission electron microscopy

SEM = Scanning electron microscopy

TC= texture coefficient

TEM = Transmission electron microscopy

TGA = Thioglycolic acid

TP = Tetrapod

UV-Vis = Ultraviolet- visible

WORM = Write-once-read many times

XRD = X-ray diffraction
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Chapter 1

Introduction

1.1 What are 1D nanomaterials and why do we

need them ?

The field of nano research has progressed significantly in recent years

and continues to grow unabated. The development of new and excit-

ing nanostructures with unique properties has undoubtedly broadened

many areas in science from sensing and electronics to biomedical ap-

plications.

What are nanomaterials? Nanomaterials are classed as any material

having at least one dimension confined between 1-100 nm. The word

nano derives from the greek work ”nanos” meaning dwarf and deals

with materials that are 1 billionth of any unit. It is due this small

size domain that nanomaterials exhibit chemical and physical proper-
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ties unseen in the bulk material. The main feature that discriminates

the various types of nanomaterials is their dimensionality. Using the

scheme by Pokropivny and Skorokhod a nanomaterial is defined as 0D,

1D, 2D or 3D depending on the number of dimensions that are not

confined to the nanoscale (Figure 1.1).1 For instance 0D nanomaterials

have all dimension confined to the nanoscale and are typically spher-

ical particles or clusters. 1D nanomaterials on the other hand have

at least 2 dimensions confined to the nanoscale and show preferential

growth along one given direction. These include structures such as

nanowires, nanofibers and nanorods. In the case of 2D nanomaterials,

these have 2 dimensions outside the nanoscale and include nanosheets

while 3D nanomaterials have all dimension out of the nanoscale and

include nanoscaffolds. For the purpose of this work only one 1D nano-

materials will be considered

Figure 1.1: Classification of nanomaterials by dimensionality.

The demand for new 1D nanomaterials continues to grow each year as
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these materials offer inherently interesting mechanical, electronic and

optical properties.2–5 These features make 1D nanomaterials crucial for

our future technology and are currently being extensively developed

for the next generation of flexible and wearable soft devices.6 In ad-

dition, 1D nanomaterials have large surface-to-volume ratios making

them also ideal for catalysis and sensing. Over the next few sections

the underlying theory behind the synthesis, properties and applica-

tions of 1D nanostructures will be discussed.

1.2 Synthesis of 1D nanomaterials

The synthesis of 1D nanomaterials, and indeed all nanomaterials in-

volves 2 fundamental steps, namely nucleation and growth. The nu-

cleation process involves the formation of seeds which act as building

blocks. As the concentration of seeds increases they aggregate and

grow to form a larger structure. Control over this growth process

is key to producing anisotropic 1D nanostructures. Typically a seed

mediated growth approach is used to produce 1D nanomaterials.7,8

This involves the reduction of metal precursor(s) in the presence of

pre-made seeds. These pre-made seeds act as a template to guide the

growth of the resulting nanomaterial. This heterogeneous nucleation

method has the benefit of reducing spontaneous nucleation from oc-
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curring and offers greater shape control. The growth mechanism of 1D

nanomaterials is commonly described by an oriented attachment type

mechanism.9,10 This is a ”match and dock” process wereby, the result-

ing nanostructure is formed by the alignment and fusion of seeds or

nanoparticles. Factors such as coluombic interactions, Van der Waals

interactions and dipole interactions have been attributed as the main

driving forces in this mechanism.

Over the years various synthetic methods have been developed to

achieve 1D growth and are categorised as either ”top-down” or ”bottom-

up” methods. ”Top-down” methods include chemical vapour depo-

sition (CVD)11–13 and vapour-liquid-solid methods.12,14 While these

method produce high purity nanomaterials they require high operat-

ing temperatures, strict experimental conditions and require techni-

cally challenging and expensive equipment. In relation to ”bottom-

up” approaches, these have been recognised as more viable means to

producing 1D nanomaterials on a large scale. These method by com-

parison to ”top down” are in general faster, cheaper and more facile.

The most common ”bottom up” approaches for producing 1D nano-

materials are templating and ligand control methods.
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1.2.1 Template synthesis of 1D nanomaterials

Templating is one of the most effective methods of achieving con-

trolled synthesis of 1D nanomaterials. In this approach, the template

serves as scaffold to guide the 1D anisotropic growth of the material.

Templating is categorised as either ”hard” or ”soft” depending on the

choice of template used. Hard templates include the use of porous

materials like aluminium oxide,14,15, carbon nanotubes16,17 and meso-

porous silicas.18,19 These method use the pore channels as a matrix for

growing the 1D nanomaterials. The benefit of this technique is that

the resulting nanomaterial can be tailored by changing the dimensions

of the pores in which they are grown. Aluminium oxide is notably one

of the most widely used hard templates.20 Typically sol-gel21,22 or elec-

trodeposition methods20,23 are used to fill the pores in theses processes.

In the case of soft templating, this involves the use of soft matter

like polymers,24,25 biomolecules26–28 and mesophase surfactants29–32 to

control 1D anisotropic growth. Surfactants in particular represent an

interesting class of soft template as these rely on the formation of

ordered vesicles, micelles or liquid films which act as reactors where

nanomaterials can be grown (Figure 1.2).33 For example cetrimethy-

lammonium bromide (CTAB) forms cylindrical micelles and many re-

search groups have utilizing this as an effective method for producing

5
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Au nanorods.34–38 One of the major benefits of soft templating, es-

pecially with surfactants, is that the template material can be easily

removed after the synthesis. Compared to hard templating, post syn-

thesis removal of the template is a significant issue requiring additional

and often harsh synthetic steps.

Figure 1.2: A proposed mechanism for 1D nanomaterial formation using a surfactant
micelle: A) formation of cylinderical micelle, B) growth of 1D material inside a
micelle and C) removal of the template. D-F) same process only the exterior of an
inverted micelle is used as the template. Image reproduced from ref 29.

1.2.2 Ligand controlled synthesis of 1D nanomaterials

Ligand control synthesis involves the use of capping agents which pref-
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erentially bind onto different facets of the seeds. Since the facets are

capped to different extents anisotropic growth can thus occur on the

least protected (capped) facet(s). For instance polyvinylpyrrolidone

(PVP) is widely used in the synthesis of Ag NWs.39–42 Xia et al.43

demonstrated using a typical polyol method the reduction of AgNO3

into Ag NWs using ethylene glycol as the solvent and reducing agent

and PVP as the capping agent. In this reaction the reduction of

AgNO3 results in the formation of multiply twinned Ag nanoparticles

with a decahedron shape. These nanoparticles present 111 facets on

the ends and 100 facets on the sides. Since PVP binds more strongly

to the 100 facets elongation and growth occurs at the 111 facets result-

ing in NWs (Figure 1.3). These ligand controlled methods are highly

versatile and are widely used to produced nanomaterials of various

morphologies.44,45 In addition purification and recovery of products

from this method can be simply achieved by processes like centrifuga-

tion.
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Figure 1.3: Proposed mechanism for PVP directed growth of Ag NWs, where the
arrows represent the migration of Ag atoms to the 111 facets and the grey region
represents the PVP capped 100 facets. Image reproduced from ref 39.

1.3 Synthesis and application of ultrathin 1D

nanomaterials

The development of nanomaterials in the ultrathin domain (below 10

nm), has attracted much attention in recent years. As mentioned

previously size effects have a profound influence on the behaviour of

nanomaterials. Interest in these materials not only stems from their

increased surface area, but they have also been shown to exhibit unique

properties unseen in corresponding nanomaterials outside this domain

(above 10 nm) such as magnetism,46,47 localisation48 and quantum size

effects.49

8



Chapter 1 Introduction

Over the last decade significant breakthroughs in synthetic methods

have seen a major development of a wide variety of metal,46,47,50–55

metal oxide,56–59 inorganic60,61 and organic ultrathin nanomaterials.62,63

For the purpose of this work however only metallic ultrathin nanoma-

terials will be discussed. Synthetically, template based techniques have

long been realised as effective means to achieving ultrathin metallic

nanomaterials. Templates such as zeolites,64,65 mesoporous silica66–68

and metal organic frameworks69 (Figure 1.4) have been used, in the

controlled synthesis of ultrathin nanomaterials. As mentioned, the

draw back to this method however is the removal of the template post

synthesis which often involves harsh treatments that are potentially

damaging to the synthesised material.

Figure 1.4: MOF as templates for ultrathin Au and Pd nanomaterials. Image
reproduced from ref 65.

Currently sacrificial templating has been realized as an effective route
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to overcoming this problem.70,71 This method involves the galvanic

replacement of the template, in this case an ultrathin nanomaterial,

resulting in dissociation of the template and the ultrathin dimension

being preserved in the product.72,73 Ultrathin Te NWs in particular

have undoubtedly become one of the most employed sacrificial tem-

plates, as Te is a relatively cheap template material and facile large

scale synthesis have been developed.74–77 In addition, the redox po-

tential of Te makes it suitable for the synthesis of Pt and Pd based

nanomaterials which is being exploited to produce a range of novel

catalytic materials. For example Work by Liang et al.78 demonstrated

the use of ultrathin Te NWs as sacrificial templates for the synthe-

sis of ultrathin Pt nanotubes (NTs) and Pd NWs (Figure 1.5). The

authors propose that the difference in product between Pt and Pd is

due to the difference in molar volume, with twice the amount of Pd

produced compared to Pt per mole of Te. The versatility of the Te ul-

trathin NWs as sacrificial templates was further highlighted by Wang

and co workers.70 The authors in this case interestingly showed that

by adjusting the PH of a solution containing the TeO3
-2 by product

following templating that it is possible to recycle Te NWs with high

efficiency. This green protocol undoubtedly paves the way for sustain-

able templating in the future.
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Figure 1.5: Schematic presentation of the synthesis of Pt NT and Pd Nws using Te
NWs as sacrificial templates. Image reproduced from ref 74

Additional templates such as ultrathin Au79 and Cu80,81 NWs, and

even amyloid fibers82 are emerging as effective sacrificial templates for

producing ultrathin 1D nanomaterials.

More recently wet chemical methods using ligand control are becoming

more widely used. As mentioned previously (section 1.2) this method

relies on the use of suitable ligands to guide the formation and in this

case restrict the growth of the material to the ultrathin domain. Or-

ganic reagents such as octadecene, oleylamine (Oam) and oleic acid

are the most commonly used ligands.52,83–88 The benefit of this method

is that it does not require any additional synthetic steps such as the

preparation of templates. This ligand directed synthesis involves the
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preferential binding of the ligand on specific facet(s) of the seed ma-

terial with subsequent growth occurring on the more exposed facets.

In the case of Oam, ultrathin 1D anisotropic growth was proposed

to occur by the formation of micelles (Figure 1.6). Since the bind-

ing of Oam at the tip of the micelle is weak this facilitates controlled

anisotropic growth at these sites.47,89 Interestingly Lu et al.90 has al-

ternatively proposed that oleylamine produces ultrathin Au NWs via

the degradation of a polymeric like [oleylamine-AuCl] inorganic com-

plexes. A general mechanism for the role of Oam however still remains

in question.

Figure 1.6: Olelyamine micelle proposed for ultrathin anisotroptic growth of Au
nanowires. Image reproduced from ref 43.

Tunability in the ligand controlled approach has also been demon-

strated by simply varying the ligand concentration. Since Oam and

oleic acid can also serve as reducing agents and solvents their concen-

12



Chapter 1 Introduction

tration can significantly effect the resulting nanomaterial. An example

of this was reported by Wang et al.90 in which using an Oam to oleic

acid ratio of 1:1 or just Oam affords ultrathin Au NWs with diameters

of 9 nm and 3 nm, respectively.

Furthermore, ethylene glycol (EG) is also suitable ligand for the con-

trolled synthesis of 1D ultrathin nanomaterials.54,91,92 Xia et al.55 in

particular recently showed that ultrahin Pt NWs with a diameter of

3 nm can be produced in high yield using a mixture EG and N,N-

dimethylformamide (DMF) under solvothermal conditions. Products

from these modified polyol type synthesis involving EG, have the ad-

vantage of being miscible in water or alcohols making further process-

ing such as for device applications more facile. This is a necessary

step in order to progress the field of ultrathin nanomaterials for more

cost efficient, large scale applications in the future.

Ultrathin 1D nanomaterials have become promising candidates for a

broad range of applications. Due to their large surface to volume

ratios and tunability of both morphology and composition, these ma-

terials have shown remarkable catalytic performances particularly in

electro-catalysis for direct fuel cells. This will be discussed in more

detail in section 1.6. In addition to catalysis, 1D ultrathin nanoma-

terials have also been employed in electronic devices.86,93–95 Ultrathin
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AuAg NWs capped with Pluronic 123 in particular have been used as

the active component in memory devices, exhibiting write-once-read-

many times (WORM) switching type behaviour.96 Further examples

of electronic applications include the use of ultrathin Ag54 and Cu50

NWs for low haze transparent conductors. The field of ultrathin nano-

materials is rapidly evolving and with it brings new and interesting

materials with unique properties. These materials will undoubtedly

broaden our capabilities and potentially expand many areas of science.

1.4 1D Plasmonic metal nanomaterials

Over the last decade the development of plasmonic metal nanomate-

rials has resulted in significant progress in many areas such as opto-

electronics,97 sensing98,99 and photocatalysis.100,101 Au and Ag based

nanomaterials are the most commonly used plasmonic metals as they

can exhibit a strong surface plasmon resonance (SPR) in the visible

and near-infrared (NIR) region of the spectrum. SPR is an optical

phenomenon which arises when an incident beam of light interacts

with surface electrons in the conduction band of the metal. This

causes the surface electrons to collectively oscillate and resonate with

the incident beam. SPR strongly depends on several factors such as

the size and shape of the material and the dielectric constant of the
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surrounding medium.102 To this end, 1D nanomaterials in particular

have demonstrated remarkable optical properties suitable for a wide

range of applications. For example Au nanorods (NR) which exhibit

a strong longitudinal SPR mode along their length and a transverse

SPR mode along their width are extensively used for bioimaging appli-

cations.103,104 Ding et al.105 in particular showed that polyelectrolyte

capped Au NRs conjugated with transferrin are highly effective con-

trast agents in HaLa cells due to their strong longitudinal SPR (Figure

1.7). Au NR offer multiple advantages for bioimaging such as tunablity

of plasmonic peaks by varying their aspect ratio, good biocompata-

bility and they do not undergo photobleaching like their fluorophore

based counterparts.

Figure 1.7: Light scattering images of HaLa cells following A) no treatment, B)
treatment from non-transferrin conjugated polyelectrolyte capped Au NRs and c)
treatment with transferrin conjugated polyelectrolyte capped Au NRs. Image re-
produced from ref 101

Ag NWs are another prominent example of 1D plasmonic metal nano-
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materials and have been envisaged to play an important role in future

optoelectronic devices.106,107 For instance Fang et al.108 demonstrated

that branched Ag NWs can be used as plasmonic beam routers. The

authors show that by varying the polarisation angle of the incident

beam on these NWs it possible to direct relative intensity of surface

plasmon polaritons to either the main NW or branched NW (Figure

1.8). Interestingly when emission from the main NW was at a mini-

mum, emission from branched NW was at a maximum and vice versa.

Ag NWs have also been used in organic solar cells as transparent con-

ductors.109,110 Due to their plasmonic properites Ag NW networks can

offer greater transmittance compared to indium tin oxides.
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Figure 1.8: Local electric field distribution showing the maxima (top) and minima
(bottom) emission at the branched NW as a function of polarisation angle. Image
reproduced from ref 104.

1.5 Chirality and chiral nanomaterials

Chirality is a fascinating occurrence in the natural world, which plays

a very important role in chemistry, biology and medicine. In chem-

istry, chiral molecules exists in two mirror-image forms, which are non-

superimposable in three dimensions and termed enantiomers. Well-

known examples of chiral molecules include proteins, DNA, sugars,

amino-acids, enzymes, and a huge range of drugs, including ibupro-
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fen (common anti-inflammatory and analgesic) and L-Dopa (effective

on Parkinson disease). One of the most prevalent examples of the

importance of chirality was seen in the case of Thalidamide (Figure

1.9). Originally developed in the 1950s this drug was aimed at tar-

geting morning sickness. It was soon found however, that while the

S-enantiomer was bioactive, and alleviated the symptoms of morning

sickness the other enantiomer, produced due to racemization in vivo,

had devastating effects on the unborn child resulting in fetal abnor-

malities.

Figure 1.9: S-Thalidomide (left) and R-Thalidomide (right) enantiomers.

Our understanding of chirality has grown considerably over the years

and has since been applied to nanomaterials where it is envisaged

to play an important role in nanonotechnology. Over the last few

years a range of new chiral nanomaterials have been developed, in-

cluding quantum nanostructures,111–114 metal oxides115–117 and metal

nanoparticles.118–121 The interest in chiral nanomaterials is continu-

ously growing due to their unique properties and the range of poten-
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tial applications offered by these materials such as chiral sensing,122–126

asymmetric catalysis127–130 and biotechnology.131,132

The origin of chirality in chiral nanomaterials can be grouped into

three categories: intrinsic chirality, ligand induced chirality and struc-

tural chirality. Since chiral nanomaterials typically exhibit chiroptical

activity (ie. the preferential absorbance of left or right handed cir-

cular polarised light) circular dichroism (CD) spectroscopy is used to

eulicidate the presence and handedness of chiral nanomaterials. CD

spectroscopy is outlined in more detail in chapter 2, section 2.2.2. Over

the next few sections we will discuss the different forms of chirality

and highlight the significance of chiral and achiral ligands on inducing

chirality in nanomaterials.

1.5.1 Intrinsic chirality

Intrinsic chirality is chirality that originates from the symmetry break-

ing of a nanocrystals lattice structure or chiral distortion of its sur-

face atoms. This phenomenon is most notably seen in the case of

Au and Ag metal nanoclusters composed of only a few atoms.133,134

In these cases chiral metal cores are produced using achiral ligands.

An example of this was demonstrated by Janzinsky et al.135 using p-
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mercaptobenzoic acid as a capping agent on Au clusters composed of

102 Au atoms. Through X-ray crystallography it was found that the

observed chirality by these Au clusters was due to the formation of a

chiral pattern from SR-Au-SR ”staple” motifs on the surface of the

cluster. This chiral distortion on metal clusters was similarly seen for

Au28,
136 Au38

137 and Au144
138 clusters capped with achiral thiols.

Examples of intrinsic chirality expressed by larger nanomaterals (5-100

nm) however is rare. A prominent example of this was demonstrated

by Mukhina et al.139 with the synthesis of a racemic mixture (50:50

of L and D) of intrinscally chiral CdSe/ZnS quantum dots and rods.

In this particular case the authors attribute the intrinsic chirality to

the formation left and right handed screw dislocations in the lattice of

the nanocrystal (Figure 1.10). The authors also remarkably achieved

chiral resolution of these nanocrystals via phase transfer process using

L-cysteine. Furthermore intrinsically chiral nanomaterials have also

been achieved using nanocrystals with chiral lattice structures such as

α-HgS.140
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Figure 1.10: TEM images (A and B) and atomisitic models of right (C) and Left
(D) screw dislocations. Image reproduced from ref 134.

1.5.2 Ligand induced chirality

Ligand induced chirality involves the interaction of chiral molecules

typically with achiral nanomaterials. Synthetically, ligand induced

chirality can be achieved either during synthesis using chiral capping

agents or via post synthesis ligand exchange. The use of chiral modi-

fiers as capping agents during synthesis is perhaps the most common

method. Chiral amino acids particularly pencilamine and cysteine are
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among the most extensively used chiral capping agents. For example

due to the strong affinity between S-Au and S-Ag, pencilamine and

cysteine are routinely used as capping agents in the synthesis of chiral

Au and Ag nanoparticles.141–146 In addition, work done by our group

in particular has also demonstrated use of pencilamine as a capping

agent for the synthesis of a variety of chiral luminescent semiconductor

nanomaterials.111–113,147 Other capping agents such as the chiral phos-

phine BINAP, which expresses axial chirality, has also been effectively

used to synthesize chiral Au, Pd and Rh nanoparticles.130,148

The origin of chirality in this ligand induced case was initially modelled

using the dissymetric field model in which the chiral electronic state

of the chiral molecule mixes with the electronic state of the nanomate-

rial,149 however it was since found to be a more complex phenomenon.

Through density functional calculations Garzon and co workers150

showed that the observed chirality in the case of gluthathione capped

Au clusters was due to a combination of chiral distortion of surface

atoms and from the presence of the chiral molecule. Our group has

demonstrated that nanomaterials can exhibit a chiral memory effect

in which chiroptical activity is still expressed by the nanomaterial

even after the removal of the chiral capping agent, due to the pres-

ence of chiral defects on the surface.112 This was similarly shown by

Nakashima et al.151 in which CdTe quantum dots remained chiral fol-
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lowing a ligand exchange of cysteine methylester hydrochloride with

1-dodecanethiol (Figure 1.11). The use of chiral imprinting has since

been realised as effective method for producing chiral surfaces for po-

tential chiral recognition applications.152

Figure 1.11: Chiral memory effect for CdTs nanocrystals. Image reproduced from
ref 146.

In relation to 1D nanomaterials specifically, cysteine capped Au nanorods

are the most common example.153 To the best of our knowledge, ligand

induced chiral modification of NWs is rare. One of the most promi-

nent examples of this was demonstrated by Erathodiyil et al.154 in

which a cinchonadine alkloids adsorbed onto the surface of ultrathin

Pt NWs. It was found that the Aromatic moiety of the cinchonidine

acts as an anchor on the Pt surface while the chiral centre acts as an

enantioselective site (Figure 1.12 ).
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Figure 1.12: proposed confirmation of cinchonadine on a Pt surface. Image repro-
duced from ref 149.

Regarding the ligand exchange method, this involves the post syn-

thetic replacement of an achiral capping agent with a chiral ligand.

For instance citrate capped Au nanoparticles have been made chiral

via a direct ligand exchange with cysteine.155 Typically ligand ex-

change is achieved using a phase transfer approach in which chiral

molecules are used as the phase transfer agent.156,157

1.5.3 Structural chirality

Finally, the last source of chirality is from nanomaterials that have

chiral shapes and morphologies. Typically chiral architectures such
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as helices and twisted structures have been produced using the chi-

ral scaffold of biomolecules like DNA and peptides as templates.158–161

For example helical self-assemblies of Au and Ag nanoparticles with

specifically left or right handed chirality have been produced via in

situ growth on these bio-templates.158,162,163 The chiroptical activity

of chiral structures such as self assemblies, depends on the helice pitch

and radius, and the number of nanoparticles. The versatility of this

templating method was highlighted by Lan et al.164 with the controlled

design of helical Au nanorod self-assemblies. The authors show that

by varying Au nanorod to DNA ratio is was possible to produce en-

tirely left or right handed helices composed of 9, 4 or 2 Au nanorods

(Figure 1.13). It was further highlighted that the CD response for the

larger Au nanorod assemblies was the greatest.
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Figure 1.13: Helical self assemblies of Au nanorods. Image reproduced from ref 159.

More wet chemical based methods involving NWs are beginning to

emerge, in which surface strain induced by the deposition of metals

onto the NWs causes the NWs to adopt helical morphologies.165,166

Unfortunately these methods do not control the resulting handedness

of the helices and are chiroptically inactive. While controlled wet

chemical methods remain a challenge, recent work by Nakagawa and

coworkers167 have demonstrated the synthesis of left and right handed

ultrathin Au NW double helices (Figure 1.14) using 2 organogelators.

The function of one organogelolator was to form a chiral soft template

nanoribbon while other organogelator acted as a stabilizer to help form

the ultrathin NWs.
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Figure 1.14: TEM (A,C) and corresponding TEM tomography images (B,D) of Au
NWs prepared from left and right handed templates respectively. Image reproduced
from ref 162.

1.6 Fuel cells

The development of direct fuels cells has long been recognised as im-

portant step in overcoming our fuel crisis. While the direct fuel cell

was first reported in 1839, inefficient technology (ie. poor and/or

costly catalysts), transport and infrastructure issues have hindered

their large scale commercialization. However significant developments

in nanotechnology and the use of fuels like alcohols has significantly
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progressed fuel cell research.168–170 The basic principle of an alcohol

fuel cell is outlined in Figure 1.15. A fuel cell is composed of an anodic

compartment and a cathodic compartment separated by a polyelec-

trolyte membrane. At the anode the fuel is oxidised resulting in an

electrical out-put and protons being exchanged across the polyelec-

trolyte membrane. These protons are subsequently involved in the

oxygen reduction reaction at the cathode to produce water.

Figure 1.15: Basic principle of a direct methanol fuel cell. Image reproduced from
ref 167 .171
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1.6.1 Anode compartment

As mentioned previously the anode is were the alcohol (the fuel) is ox-

idized. Methanol in particular has become one of the most extensively

studied fuels for a number of reasons: it offers large energy densities,

can be produced from natural gases and is relatively safe and easy to

transport and store.172 The half-cell equation for the complete oxida-

tion of methanol is detail below.

CH3OH + 6 OH- −−→ 6 e- + CO2 + 5 H2O

Regarding the mechanism for the oxidation of methanol, a dual re-

action pathway has been generally accepted.168,173–176 In one pathway

the adsorbed methanol on the catalyst surface forms adsorbed CO

which is further oxidised to CO2, while the other pathway involves

the oxidation of adsorbed carbon intermediates (Figure 1.16). The

presence of adsorbed oxygen species such as OH from the dissociation

of water has been found to play a critical role in the oxidation of the

adsorbed intermediates. Furthermore, strongly adsorbed species like

CO are the main cause of catalytic poisoning. This results in ineffi-

ciencies like slow oxidation kinetics, as catalytic sites are blocked and

higher overpotentials. In addition, a further drawback to using small
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fuels like methanol, is that it has a high tendency to cross over the

polyelectrolyte membrane and poison the cathode thus hampering the

performance of the fuel cell.177,178

Figure 1.16: Proposed mechanisms for the electro-oxidation of methanol. Image
reproduced from ref 172.

In more recent years researchers have moved towards the use of ethy-

lene glycol (EG) as a fuel.179–182 EG offers a higher energy density and

due to its size is less likely to cause crossover poisoning. More impor-

tantly EG is already produced on a large scale from the car industry

thus the potential infrastructure is already present. Unlike methanol

which is the one of the simplest fuels , having no C-C bonds, the
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oxidation of EG is more complex. Matsouka et al.183 proposed that

oxidation of EG in alkaline medium occurs via a poisoning and non-

poisoning pathway as shown in Figure 1.17. In the non-poisoning

route EG is oxidised to oxalate while in the poisoning route EG forms

formate which subsequently oxidises to form CO poisoning species. A

down side to EG oxidation process however is the formation of par-

tially oxidized products such as glycolaldehyde, glyoxal, glycolic acid,

glyoxylic acid. Wang et al.184 further proposed that a ”desorption–re-

adsorption–further oxidation” mechanism accounts for the oxidation

of the C2 species ( ie. intermediate species containing 2 carbons).

Figure 1.17: Proposed mechanismss for the electro-oxidation of EG. Image repro-
duced from ref 180.
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1.6.2 Cathode compartment

As mentioned earlier the cathodic compartment is were oxygen is re-

duced to form water. Oxygen reduction can occur via 2 pathways:

a direct 4 electron transfer or by a 2 electron transfer involving a

H2O2 intermediate. Several mechanism have been proposed for this

reduction process, these include the 1) direct dissociation of adsorbed

O2, 2) dissociation of adsorbed OOH species, and 3) the dissociation of

H2O2.
133,176,185 In the direct dissociation of oxygen route, the adsorbed

O2 dissociates to form 2 oxygen atoms which subsequently react with

adsorbed H to form H2O. In mechanism 2) the adsorbed oxygen first

reacts with adsorbed H to from a OOH species. The OOH species

then dissociates to from O and OH. This OH subsequently reacts

with adsorbed H to form water. In the final proposed mechanism, the

adsorbed oxygen reacts with 2 adsorbed H atoms forming H2O2. The

H2O2 then dissociates into 2 adsorbed OH species which then react

with adsorbed H atoms to form water. These reaction mechanism are

summarised in Figure 1.18.
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Figure 1.18: Proposed mechanisms for the oxygen reduction reaction. Asterix de-
notes an adsorbed species. Image reproduced from ref 182.

The reduction of oxygen is given by the half equation below.

O2 + 2 H2O + 4 e- −−→ 4 OH-

1.6.3 1D nanomaterials as Anodic catalyst

The overall performance of polyelectrolyte fuel cells depends strongly

on the anodic and cathodic catalysts. For the purpose of this work we

will only focus on the anodic catalyst. Pt in particular is the most ex-

tensively used catalyst for fuel cell applications as it is effective at C-C

bond breaking. However Pt is highly expensive and also susceptible

to poisoning from oxidized intermediates.168 Over the last few years

researchers have focused on improving catalyst design, particularly on
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aspects such as catalyst morphology and composition.186–189

As mentioned earlier (section 1.3) ultrathin NWs have become widely

used in fuel cells offering remarkable catalytic performances compared

to their 0D counterparts. For instance, Xia et al.55 showed that ul-

trathin Pt NWs not only offer greater current out-puts compared to

Pt nanoparticles but they are also significantly more durable. Among

some other examples include PtRuFe,190 PtPdFe191 and PtSn192 ultra-

thin NWs each exhibiting striking activities as anodic catalysts. Al-

loying has notably become an efficient means of improving catalysts.

Alloying has a 2-fold effect: it reduces the loading of expensive metals

and can enhance catalytic performance due to synergistic effects from

the alloying metals. These synergistic effects typically involve changes

in the electronic structure of the alloyed metal and/or geometric ef-

fects such as segregation and arrangement of the surface atoms of

each metal in the alloy.193 For example, in order to mitigate the is-

sue of catalytic poisoning researchers have looked to alloying Pt with

more oxophilic metals such as Ru, Sn, Rh, Ni.193 In the case of PtRu

ultrathin nanomaterials,194,195 the enhanced catalytic performance has

been attributed to Ru actively promoting the formation of adsorbed

OH species and from the downward shift of the Pt d-band resulting

in weaker bonding with adsorbed CO.

34



Chapter 1 Introduction

1.7 Aims of the project

In light of our review of the current literature it is apparent that the

NWs, particularly ultrathin metallic NWs are highly versatile and

promising nanomaterials, with field rapidly growing each year. How-

ever there are many issues that still need to be addressed. Firstly,

there is lack of synthetic protocols for tunable aqueous based synthe-

sis of ultrathin NWs. In addition, Te ultrathin NWs are the most used

sacrificial templates however there are very few studies performed us-

ing alternative ultrathin NWs as sacrificial templates. Finally, to the

best our knowledge there are no examples of ligand induced chirality

on ultrathin NWs. In keeping with the topic of chirality, preliminary

results in our group has shown that mechanical influences such as stir-

ring can induce chirality in large aspect ratio Ag NWs and this may be

used as templates for the controlled synthesis of chiral self assemblies.

Since the synthesis of ultrathin Au NWs and the chiral modification of

Au based nanomaterials are well established, the focus of this work will

be on developing tunable water soluble synthesis of ultrathin Au based

NWs, exploring their chiral modification and their use as sacrificial

templates. In summary the aims of this work are as follows:

• To develop a tunable water soluble synthesis of ultrathin Au

based NWs
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• To explore chiral ligand induced methods to make the ultrathin

Au based NWs chiral

• To investigate these ultrathin Au based NWs are sacrificial tem-

plates for the synthesis of various new 1D nanomaterials and to

test their catalytic activities for potential fuel cell applications

• To continue preliminary studies done in our group studying the

effect of stirring induced chirality on large aspect ratio Ag NWs

and to further explore this induced chirality for the synthesis of

new chiral self-assemblies
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(152) Wattanakit, C.; Côme, Y. B. S.; Lapeyre, V.; Bopp, P. A.;

Heim, M.; Yadnum, S.; Nokbin, S.; Warakulwit, C.; Limtrakul,

J.; Kuhn, A. Nature Communications 2014, 5, 1–8.

(153) Hou, S.; Wen, T.; Zhang, H.; Liu, W.; Hu, X.; Wang, R.; Hu,

Z.; Wu, X. Nano Research 2014, 7, 1699–1705.

(154) Erathodiyil, N.; Gu, H.; Shao, H.; Jiang, J.; Ying, J. Y. Green

Chemistry 2011, 13, 3070–3074.

(155) Gautier, C.; Bürgi, T. ChemPhysChem 2009, 10, 483–492.

(156) Knoppe, S.; Wong, O. A.; Malola, S.; Häkkinen, H.; Bürgi, T.;
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Chapter 2

Experimental methods

2.1 Chemicals and general materials

All chemical starting materials were purchased from Sigma Aldirch

and Acros Organic and were used as received. The millipore water

was obtained using a milliQ filtration system operating at 18 ΩM.

Centrifugation was done using Hermle Z233 M-2 for smaller volume

samples and a Hettich Zentrifugen Universal 32 for large volume sam-

ples.

TEM grids were purchased from TED PELLA.

SEM aluminium stubs and carbon tabs were purchased from TED

PELLA.
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Glassy Carbon electrodes (3 mm diameter), Pt wire reference electrode

and the electrode polishing kit were purchased from CH Instruments

Inc.

2.2 Instrumentation and Preparation

2.2.1 UV-Vis absorbance spectroscopy

In this technique the sample is irradiated with light within the UV-

visible region of the electromagnetic spectrum (290 – 900 nm). Typ-

ically a UV-Vis spectrometer uses an incandescent white light source

which passes through a monochromator such as a prism or grating

which in turn splits the white light into its various wavelengths. A

samples absorbance is governed by the Beer-Lambert law:

A= εCl

Where A is the absorbance, ε is the molar extinction coefficient (ie.

a constant that defines the absorbance of the sample at given wave-

length), C is the sample concentration and L is the pathlength that

the light passes through. Thus the absorbance of a sample depends
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directly on its concentration.

All UV-Vis absorbance spectra were recorded on a Perkin Elmer

LAMBDA 1050 UV/vis/NIR spectrometer. All measurements were

done in a quartz cuvette with a 10 mm path length.

2.2.2 Circular Dichroism (CD)

Circular dichroism is an absorbance technique that studies a chiral

samples preferential absorbance of left or right handed circularly po-

larised light, as detailed in the following equation.

∆A=A(left)-A(right)

In this technique the sample is irradiated with a combination of both

left and right handed circularly polarised light. Since a chiral sam-

ple absorbs a preferential handedness of circularly polarised light, the

transmitted light contains more of one hand over another and thus

the detected light is ellipitical. For this reason a circular dichroism

spectrum is typically expressed in terms of absorbance or ellipicity in

units of millidegrees (mdeg).

All Circular dichroism analysis was performed on a Jasco J-815 and

Jasco J-810 spectrometer. All scans were done in a quartz cuvette
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with a 10 mm path length.

2.2.3 Attenuated total reflectance Infra-red spectroscopy

(ATR-IR)

Attenuated total reflectance (ATR) is an IR technique that involves

the total internal reflection of IR waves through a crystal of high re-

fractive index. This total internal refection produces evanescent waves

on the surface of the crystal and into a sample held in contact with

the crystal (refer to figure 2.1 below).

Figure 2.1: Principle of ATR-IR. Image reproduced from reference 11

Absorption of IR radiation by the sample results in an attenuation

of the evanescent waves. The attenuated energy is passed back into

the IR beam, which then passes through the crystal and exits the op-

posite end of the crystal were it is detected. Unlike conventional IR
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techniques which requires the sample to be in a matrix such as KBr,

ATR-IR only requires the solid sample to be in direct contact with

the crystal.

All IR spectra were recorded on a Bruker Tensor II with an ATR

accessory. All samples were dried under vacuum prior to analysis. All

measurements were done over the range of 4000 - 200 cm-1

2.2.4 X-Ray powder diffraction (XRD)

XRD is a non-destructive technique that uses X-rays to characterise

crystalline materials. A material is defined as crystalline if it has a

regular and periodic arrangement of its atoms. This technique in-

volves the formation of diffraction patterns by interacting X-rays with

crystal planes in a sample. In order to simplify the system reflection is

used to describe the diffraction events that occur from a given plane.

This is further simplified by using miller indices which convert the

reflecting planes into points defined by coordinates (h,k,l). In order

for a diffraction pattern to be observed constructive interference from

the diffracted waves must occur. This constructive interference occurs

when Braggs law is satisfied (refer to the following equation).

nλ = 2dsin(θ)
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where n is an integer number, λ is the wavelength of the incident

beam, d is the distance between parallel planes and sin(θ) is the angle

of incidence.

All XRD analysis was performed on a Bruker D2 Phaser diffractome-

ter. All samples were dried under vacuum prior to analysis.

2.2.5 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a form of electron microscopy

which uses accelerated electrons as the illumination source. These

electrons are generated from an electron gun typically by heating a

tungsten tip. The electrons are then accelerated by an anode under a

vacuum and pass through condenser lenses which control the intensity

and size of the beam. Objective lenses then focus the beam onto the

sample while scanning coils defected the beam horizontally and verti-

cally over the surface of the sample. The basic set up of the SEM is

shown in Figure 2.2.
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Figure 2.2: Basic set-up of a scanning electron microscope. image reproduced from
ref 22.

The bombardment of the sample by the electron beam results in elec-

trons being ejected from the sample. This generates secondary elec-

trons and backscattered electrons. Secondary electrons are due to

emission from valence electrons from the surface atoms of the sample.

Since these electrons are generated only from the surface, they pro-

vide information about the samples surface topology. Backscattered

electrons are produced from deeper inside the sample than the sec-

ondary electrons and provide information about the surface topology

and composition of the sample. In addition X-rays can also be gen-

erated following the excitation and relaxation of inner shell electrons
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from the constituent atoms of the sample. This allows for elemen-

tal analysis of the sample. X-ray elemental analysis is discussed in

more detail section 2.2.8. SEM thus can provide a variety informa-

tion about the samples morphology, surface topology and composition.

SEM Analysis was performed on an Zeiss Ultra Plus SEM. Samples

were prepared by drop-casting the sample onto a carbon tab on a

alumunium stub and allowing to dry overnight.

2.2.6 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is another form of electron

microscopy. Similar to SEM, the electron beam is generated from

an electron gun and accelerated by an applied voltage in a vacuum.

The TEM uses a complex condenser lens set up composed of at least

2 lenses to focus the electron beam onto the sample. Apertures are

further used to control the spot size and intensity of beam on the

sample. Unlike SEM which detects secondary and backscattered elec-

trons, TEM uses only thin samples and thus detects electrons that are

transmitted through the sample. The transmitted beam then passes

through an objective lens and aperture to further fine focus the beam

onto the detector. Typically a CCD detector is used to produce the

final image. Regarding high-resolution (HR)-TEM, this offers signif-
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icantly enhanced spatial resolution of up 0.2 nm. As a result HR-

TEM can provide more detailed information about the sample such as

crystal orientation due to the formation of lattice fringes. The basic

principle of a TEM is shown in Figure 2.3

Figure 2.3: Basic set-up of a Transmission electron microscope. Image reproduced
from ref 3.3

All low resolution Transmission Electron Microscopy (TEM) and high
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resolution TEM analysis was performed on a JOEL 2100 and a FEI-

Titan respectively. The samples were prepared by drop-casting the

sample onto 300 mesh lacy carbon copper grids and allowing to dry

overnight. Low resolution TEM was performed using a 200 KeV accel-

eration voltage from a Lanthanum Hexborise emission source. High

resolution TEM was performed using an acceleration voltage of at

least 300 KeV.

2.2.7 Scanning Transmission Electron Microscopy (STEM)

Scanning transmission electron microscopy (STEM) is a highly ver-

satile form of electron microscopy for characterising and analysing

nanomaterials. This microscopy works on the same principle as SEM

however thin samples are used, which allows for transmission modes

of imaging as seen in TEM also to be used. Thus STEM combines

the benefits of TEM and SEM. Similar to SEM, STEM produces sec-

ondary electrons and backscattered electrons, however the signal levels

are higher and greater spatial resolution can be achieved by STEM by

detecting the transmitted electrons. Multiple detectors can be used

in STEM to provide different but complimentary information about

the sample. The typical detectors include the bright field detector

(BF) which detects electrons directly from the transmitted electron

beam and the annular dark field (ADF) detector, that surrounds the
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transmitted beam and detects the scattered electrons. The ADF de-

tector is typically angled out side of the incident transmitted beam

to optimize the collection of scattered electrons. Since the scattering

of electrons depends on the atomic number (Z) this is often referred

to as Z-contrast or High angle annular dark field (HAADF) imaging.

The basic principle of STEM is presented in Figure 2.4.

Figure 2.4: Basic set-up for scanning transmission electron microscope. Image re-
produced from ref 4.4

STEM was performed by using the High angle annular dark field

STEM detector on an FEI-Titan. The Samples were prepared by

drop-casting the sample onto 300 mesh lacy carbon copper grids and

allowing to dry overnight.
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2.2.8 Energy dispersive X-ray Spectroscopy (EDX)

Energy dispersive X-ray analysis is a technique used for identifying

and quantifying elements present in a sample. All EDX analysis was

performed by using the EDX detector on the Jeol 2100, FEI-Titan and

Zeiss Ultra Plus SEM. EDX mapping was performed by Dr. Sarah Mc-

Carty and Dr. Finn Purcell-Milton.

Briefly, in this technique electrons are ejected out from the inner shell

of an atom following irradiation from a high energy electron beam.

An electron from an outer shell then relaxes to fill the vacancy of the

ejected electron. The relaxation of the outer electron results in the

emission of X-ray photons. Since the energy difference between each

shell is characteristic of that atom it is possible to identify elements.

Characteristic X-rays are labeled depending on the shell from which

the ionisation and relaxation process occurs. The shells are termed K,

L, M and N with K being the closest to the nucleus. If for example

ionization occurs from the K shell and the relaxing electron is from

the L shell, the emitted X-ray is termed Kα (as L is one shell away

from the K shell). If relaxation from M to K occurs this is termed

Kβ (as M is two shells away from K). Figure 2.5 below details the

principle of EDX spectroscopy.

69



Chapter 2 Experimental methods

Figure 2.5: Basic principle of EDX. Image reproduced from ref 5.5

2.2.9 Electrochemistry

Electrochemistry is the study of electron transfer processes between

an electrode surface and molecules either bound to the electrode or

in solution near the electrode.6 Electrochemical analysis is done in a

electrochemical cell which consists of a working electrode, reference

electrode and a counter electrode. The working electrode provides

the surface were the electron transfer process(es) occur. This surface

needs to be pristine prior to any surface modification, in our case with

nanomaterials in order to achieve optimal performance. In the case of

the reference electrode, this has a well defined and stable equilibrium
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potential. It is used as a reference point against which the potential of

other electrodes can be measured in the electrochemical cell. Common

examples include the saturated Calomel electrode and the Ag/AgCl

electrode. Finally the purpose of the counter electrode is to complete

the electrical circuit in the cell. Since the current in the cell flows from

the working electrode to the counter electrode, the counter electrode

needs to be chemically inert within the potential window being stud-

ied. In addition a suitable electrolyte solution is also needed to reduce

solution resistance. A typical electrochemical cell set up is shown in

Figure 2.6.
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Figure 2.6: Electrochemical cell set up with working electrode (green), reference
electrode (white) and counter electrode (red).

Electrochemistry offers a multitude of analytical techniques, with

cyclic voltammetry (CV) in particular being one of the most com-

monly used techniques. CV involves sweeping the electrode potential

between 2 potential limits E1 and E2 at known scan rate. Upon reach-

ing E2 the sweep is then reversed to E1 thus forming a cyclic scan.

CV plots current against potential and indicates the potentials where

redox process occur. Oxidation process occur in the forward scan (

E1 to E2) by applying a positive potential ramp. This causes the elec-

troactive species to lose electrons at the electrode and results in an
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anodic current peak at a given potential. Reduction process typically

occur in the reverse scan (E2 to E1) by applying a negative potential

ramp. The reduction of the analyte results in a cathodic current peak

at a given potential.

CV is a highly versatile electroanalytical tool, as by varying the scan

rate it is also possible to probe the mechanism of an electrochemical

process. The relationship between scan rate and the peak current for

a reversible and quasi-reversible reaction is given by Randles-Sevciks

equation:

ip= 0.4463nFAC(
nνFD

RT
)
1
2

Where ip is the peak current, n is the number of electrons involved

in the electron transfer process, F is the Faradic constant, A is the

geometric surface area of the electrode, C is the concentration, ν is

the scan rate, D is the diffusion coefficient, R is the gas constant and

T is temperature. Since the current response in CV depends on the

amount of analyte being oxidized/reduced at the electrode surface,

this is effected by the diffusion of the species to the electrode. This

diffusion process further depends on the concentration gradient at the

electrode. As the voltage changes the concentration of the species

near the electrode changes thus at slow scan rates the diffusion layer
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thickness is large resulting in smaller peak current, while for fast scan

rates the diffusion layer thickness is small hence the peak current is

large. In keeping with the Randles-Sevciks equation a plot of the peak

current versus the square root of the scan rate is linear for diffusion

controlled processes.

Cyclic voltammetry (CV) was recorded on a CH Instruments elec-

trochemical workstation. All electrocatalytic studies were performed

using a standard three electrode cell at room temperature (24 1 ◦C)

controlled by a Julabo F-12. The cell was placed inside a Faraday

cage for all measurements. Glassy carbon electrodes (GCE) 3 mm in

diameter were used as the working electrode, Pt wire was used as the

counter electrode and Ag/AgCl or saturated calomel as the reference

electrode. All solutions were degassed by bubbling nitrogen through

them for at least 25 minutes. All glassware was thoroughly rinsed

with HCl and millipore water prior to use. The electrode surface was

cleaned and renewed after each measurement, by rinsing the electrode

in HCl and water and sequentially polishing the surface with 1, 0.3

and 0.05 µm alumina powder.
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2.3 Experimental protocols

2.4 Experimental protocols of chapter 3

2.4.1 Synthesis of ultrathin AuAg nanowires

PVP (1 mL, 500 mM), HAuCl3 · 3 H2O (200 µL, 50 mM) and AgNO3

(200 µL, 50 mM) were dissolved in DMF (8 mL). The solution was

vortexed for 2 minutes and an aqueous solution of ascorbic acid (1

mL, 400 mM) was then injected into the solution. The mixture was

vortexed for a further 30 s and then left standing for 1 day (for 8 nm

nanowires) or 3 days (for 3 nm nanowires) at room temperature. Af-

ter aging, the solution was then diluted by a factor of 20 with water.

The resulting grey solution was then centrifuged twice (9000 rpm, 35

mins) and the precipitate was redispersed in water.

2.4.2 Synthesis of ultrathin AuAg nano-necklaces

PVP (1 mL, 500 mM), HAuCl3 · 3 H2O (200 µL, 50 mM) and

AgNO3(200 µL, 50 mM) were dissolved in DMF (8 mL). The solution

was vortexed for 2 minutes and ascorbic acid (1 mL, 400 mM) was

then injected into the solution. The mixture was vortexed for a fur-
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ther 30 s and then left standing for 18 hrs day at 35 °C. After aging,

the solution was then diluted by a factor of 20 with water. The re-

sulting grey solution was then centrifuged twice (9000 rpm, 35 mins)

and the precipitate was redispersed in water.

2.4.3 Catalytic reduction of 4-nitrophenol using Ultrathin

AuAg nanowires

4-Nitrophenol (500 µL, 4 mM) was dissolved in millipore water (9

mL). NaBH4(500 µL, 0.2 M) was then added and the resulting dark

yellow solution was stirred for 10 minutes at room temperature. The

AuAg NWs (500 µL, 0.45 mg/mL) were then added to the solution

and 2.5 mL of this mixture was transferred into a quartz cuvette. The

formation of the nitrophenolate anion was then monitored by UV-Vis

analysis by taking measurements every 1 minute until completion of

the reaction.

2.4.4 Ultrathin AuAg nanowires as anodic catalyst for ethy-

lene gylcol oxidation

The glassy carbon working electrode (3 mm diameter) was modified

with 9 or 3.6 nm ultrathin AuAg NWs by drop casting from stock
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solutions and allowing to dry in air. Typically 10 µg of catalyst in each

case was used. Nafion (25 µL) 1 wt % was then drop cast onto the

modified electrode and allowed to air dry. The cyclic voltammograms

(CVs) were obtained in nitrogen-saturated solutions and the potential

was scanned from -0.8 to 0.8 V (saturated camel electrode) at 50

mV s-1. All measurements where carried out using a solution of 0.5

M ethylene glycol with 1 M KOH as the electrolyte. The scan was

repeated several times to ensure that a stable and reproducible cyclic

voltammetry (CV) curve was obtained.

2.4.5 AuAg nano-necklaces as anodic catalysts for ethylene

gylcol oxidation

The glassy carbon working electrode (3 mm diameter) was modified

with ultrathin AuAg NNL by drop casting from stock solutions and

allowing to dry in air. Typically 10 µg of catalyst in each case was

used. Nafion (25 µL) 1 wt % was then drop cast onto the modified

electrode and allowed to air dry. The cyclic voltammograms (CVs)

were obtained in nitrogen-saturated solutions and the potential was

scanned from -0.8 to 0.8 V (saturated camel electrode) at 50 mV s-1.

All measurements where carried out using a solution of 0.5 M ethylene

glycol with 1 M KOH as the electrolyte. The scan was repeated several

times to ensure that a stable and reproducible cyclic voltammetry
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(CV) curve was obtained.

2.4.6 Experimental protocols of chapter 4

2.4.7 Chiral modification of 1D ultrathin AuAg nanomate-

rials

Chiral modification was performed by using a ligand exchange using

thiol containing amino acids. Typically chiral ligand (120 µL, 1 mM)

was added to 1D Ultrathin AuAg nanomaterials (500 µL) in water

(1.5 mL). The sample was then purified by centrifugation (15000 rpm,

20 mins) and the precipitate was redispersed in water.

2.4.8 Experimental protocols of chapter 5

2.4.9 Templated synthesis of RhPt dendritic nanowires

PVP (30.3 mg , 55000 wt) was dissolved in water (14 mL). Ultrathin

AuAg NWs (1 mL, 0.35 mg/mL) were then added and the solution

was heated to 80 °C. RhCl3 (270 µL, 19 mM) and H2PtCl4 (2.7 mL, 5

mM) were added sequentially and the solution was stirred for 1 min.

An aqueous solution of ascorbic acid (1 mL, 1 mM ) was then added

and the solution was left heating at 80 °C for 1 hour. The solution
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was then cooled to room temperature and Acetone was added. The

solution was then centrifuged three times (9000 rpm, 30 mins) and the

precipitate was the redispersed in water.

2.4.10 Templated synthesis of Pt dendritic nanowires

In the case of 1D Pt assemblies the procedure was repeated as detailed

in 7.3.1 only 2 equivalents of H2PtCl4 (5.4 mL, 5 mM) were added.

2.4.11 1D Pt and RhPt assemblies for electrocatalytic oxi-

dation of methanol, ethanol and formic acid

The working electrode was modified with the Pt or RhPt assemblies by

drop casting from stock solutions and allowing to dry in air. Typically

4.9 µg of catalyst in each case was used. Nafion (5 µL) 0.1 wt % was

then drop cast onto the modified electrode and allowed to air dry. In

the case of methanol perchloric acid was used as the electrolyte. While

for formic acid oxidation, H2SO4 was used as the electrolyte. The

cyclic voltammograms (CVs) were obtained in nitrogen-saturated so-

lutions. and the potential was scanned from -0.25 to 1.05 V (Ag/AgCl)

at a scan rate 50 mV s-1 in all cases. Voltammogram measurements

for the oxidation of each substance were carried out in a solution of

1 M methanol or 0.5 M formic acid with a 0.5 M of electrolyte both
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cases. The scan was repeated several times to ensure that a stable

cyclic voltammetry (CV) curve was obtained.

2.4.12 Synthesis of AuAg nanowires@ Rh nanoparticle hy-

brid structures

PVP (30.3 mg , 55000 wt) was dissolved in water (14 mL). Ultrathin

AuAg NWs(1 mL, 0.35 mg/mL) were then added and the solution

was heated to 80 °C. RhCl3 (540 µL, 19 mM) was then added and

the solution was stirred for 1 min. Ascorbic acid (1 mL, 1 mM ) was

then added and the solution was left heating at 80 °C for 1 hour.

The solution was then cooled to room temperature and Acetone was

added. The solution was then centrifuged three times (9000 rpm, 30

mins) and the precipitate was then redispesred in water.

2.5 Experimental protocols of chapter 6

2.5.1 Synthesis of ultra-long Ag nanowires

Ag NWs were synthesized using a typical polyol synthesis.7 Briefly

PVP (0.2 g, 55000 wt) was added to ethylene glycol (25 mL) and
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sonicated until completely dissolved. AgNO3 (0.25 g) was then added

into the PVP solution and sonicated for 30 s. Finally 3.5 g of a FeCl3

solution (600 µM) dissolved in ethylene glycol was then added into

the above solution. The resulting mixture was then added into a pre-

heated reaction vessel at 130 ℃ and heated for 5 hours. The solution

was then allowed to cool to room temperature and washed with ace-

tone and ethanol followed by centrifugation (9000 rpm, 30 min) three

times. The precipitated nanowires were then re-dispersed in ethanol.

2.5.2 Synthesis of Ag nanowire@ quantum dot hybrid struc-

tures

Prior to the synthesis of the hybrid structures the QDs were trans-

ferred into ethanol following centrifugation (and washing twice more

with ethanol). The concentration of the QDs in ethanol was then

adjusted to the required concentration using UV-vis absorbance spec-

troscopy (typically an absorbance of 0.6 a.u @ 500 nm was used). The

hybrid structures were then synthesized by adding quantum dots (1

mL, ab 500 nm = 0.6 a.u) into ethanol (1.75 mL) while stirring at

960 rpm. Ultra-long Ag NWs (1 mL, 0.525 mg/mL) were then added

and the mixture was then stirred counter-clock wise for 10 mins at 960

rpm. The solution was then allowed to age at 4° C for up to 8 days.
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After aging the mixture was centrifuced ( 9000 rpm, 10 mins) and the

precipitate was redispersed in ethanol.
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Chapter 3

Ultrathin AuAg nanowires

3.1 Introduction

The synthesis of ultrathin Au nanowires (NWs) has been extensively

developed over the last decade, with these materials finding a range

of applications from sensing1–3 and catalysis4–6 to electronics.7–9 Typi-

cally organic reagents such as oleylamine (Oam) and oleic acid are used

in their synthesis, as these reagents can function not only as a solvent

but also as reducing and capping agents.10–15 This multi-functional role

helps to restrict the growth of the material to the ultrathin domain

(<10 nm). While organic solvents offer uniformity they do however

have the disadvantages of toxicity, difficultly in further processing and

costly large scale production. Thus in order for this field to expand

water soluble Au based NWs are necessary.
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Recently, work by Hui et al16 demonstrated that the use of the amine

based dendrimer polyamidoamine (PAMM) results in 1.3 nm diame-

ter water soluble ultrathin Au NWs. The NWs produced were highly

uniform however extensive dialysis was needed to remove excess of

dendrimer. Additional wet chemical methods such as that shown by

Ai-Jun et al17 in which HAuCl4 was reduced by NaBH4 in the presence

of L-Glutamic acid (in low concentration) proved effective in produc-

ing non-uniform Au NW networks. Similarly Lui et al18 also showed

that reduction of HAuCl4 by ascorbic acid in the presence of citric

acid also produces non-uniform Au NWs. In both these case a low

concentration of capping agent was necessary to allow the growth of

the seeds into a NW structure. In addition using a method more typ-

ical for Au nanorod synthesis, Li et al.19 showed that adding toluene

can change the cylindrical micelle of CTAB into a sandwich like mi-

celle which helps to facilitate the growth of ultrathin Au NWs. While

methods are emerging for water soluble synthesis of ultrathin Au NWs

the field is progressing quite slowly.

Furthermore the synthesis of ultrathin Au based NW alloys is an area

also still in its infancy. While the use of ultrathin Au NWs has been

established, the potential of ultrathin Au NW alloys has not yet been

fully realised due to the scarcity in synthetic methods. AuAg alloys in

particular are one of the most extensively studied nano alloys as they
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are highly compatible and present promising plasmonic and catalytic

properties. Recent examples of 1D alloys include work by Hui et al.16,

who showed that by using the PAMM dendrimer it is also possible to

produce a water soluble ultrathin AuAg NW alloy however the NWs

are very poly-disperse. Wang et al20 has also produced highly uniform

3 nm AuAg NW alloy by reduction of Au and Ag salts with Ascorbic

acid under vortex mixing and allowing to age. The draw back to this

synthesis however is the extended aging time of 10 days.

The aim of this part of the project was to develop the synthesis for wa-

ter stable ultrathin AuAg NWs and investigate their properties. Here

we detail our results on a new synthesis of ultrathin AuAg NWs with

tunable diameters of 9 nm and 3 nm. In addition we report the syn-

thesis of a novel AuAg ultrathin nano-necklace structure. Finally we

explore the application of these materials as anodic catalysts for ethy-

lene glycol oxidation and for the catalytic reduction of 4-nitrophenol.
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3.2 Synthesis and characterisation of Ultrathin

AuAg nanowires

Water soluble ultrathin AuAg nanowires were synthesised by mod-

ifying the protocol developed by Wang et al.20 Brielfy, HAuCl4 and

AgNO3 were reduced (1:1) in dimethylformamide (DMF) under vortex

stirring using ascorbic acid (AA) as a reducing agent and polyvinylpyr-

lidone (PVP) as a stabiliser. After reduction the solution was then

left standing at room temperature. By allowing the solution to age for

up to 4 days and diluting a 1 mL aliquot from the reaction mixture

by a factor of 20 (with water) after aging each day, it was possible to

tune the resulting NW diameter. TEM analysis is presented in Figure

3.1 below.
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Figure 3.1: Schematic presentation of the preparation of AuAg NWs (top) and TEM
images (bottom) of NWs produced following dilution with water after various days
of aging.

As shown by our TEM analysis after aging the reaction mixture for 18-

24 hours (day 1) and diluting the mixture by a factor of 20 with water,

resulted in non-uniform ultrathin NWs with an average diameter of 8

nm and ranging up to microns in length. As the reaction mixture was
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aged longer the resulting NWs following dilution became on average

thinner, going from 8 nm after day 1 to on average 3 nm by days 3 and

4. The reproducibility of this synthesis is shown in Figure A1. It must

be noted that while the diameters significantly changed over time, the

products also became more poly-disperse. UV-Vis analysis (Figure

3.2) of the NWs produced after each day shows broad plasmonic bands

around 370 and a shoulder at 500 nm. A similar observation was also

reported by Wang et al.20 These 2 plasmonic bands may be due to

the longitutudinal and transverse plasmonic modes arising from the

non-uniformity of the NWs. Regarding the broadness of the peaks this

is most likely due to the poly-dispersity of the products particularly

for days 2-4 and also the non-uniformity of the NWs. The peak at

500 nm is a common plasmon for Au NWs16,18 and its peak position

remains unchanged after each day. The peak centred around 370 nm

is more typically seen in Ag nanomaterials21,22 and also remains rela-

tively unchanged after each day. A more detailed study of this peak is

discussed later (section 3.3). Extending the UV-Vis analysis into the

near-IR region (1000 nm), showed no additional peaks.
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Figure 3.2: UV-vis spectra of NWs produced following dilution after each day of
aging.

Since the NWs produced after day 1 were the most monodisperse

we performed extensive charactersation only on these NWs. Figure

3.3 presents the High-resolution Transition electron microscopy (HR-

TEM) of the NWs produced after 1 day of aging.
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Figure 3.3: HR-TEM images of NWs produced following dilution after 1 day of
aging

.

From our HR-TEM analysis the NWs are poly-crystalline showing

multiple lattice fringes with d-spacing of 0.210±0.017 and 0.237±0.027

nm corresponding to the (111) and (200) of FCC Au and Ag.

X-ray diffraction (XRD) was performed to further investigate the crys-

tal structure of the NWs (Figure 3.4).
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Figure 3.4: XRD pattern for AuAg ultrathin nanowires.

The XRD analysis shows that the NWs have a high degree of crys-

tallinity with diffraction peaks at 2theta values of 38.2 , 43.9, 64.37,

77.3 and 81.5 ° corresponding to the (111), (200), (220), (311) and

(222) planes respectively for both FCC Au ( JCPDS-01-117) and Ag

(JCPDS-01-1164). This observation is typical for noble metal nano-

materials of this kind. Furthermore texture coefficient (TC) analysis

(table 3.1) shows that the (111) plane has the highest coefficient. This

analysis indicates that the NWs preferentially grow along the (111)

plane.
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Table 3.1: Texture coefficient analysis of AuAg ultrathin NWs produced after 1 day
of aging

Facet I0 (counts) I (counts) TC* of sample

111 453.3 510 1.13

200 208.5 143.4 0.67

220 117 133.2 1.07

311 136.6 150.5 1.10

* refer to appendix for TC equation. Reference 05-8482 was used for

this analysis.

High angle annular dark field Scanning transmission electron microscopy

(HAADF-STEM) was also performed on the NWs to study their sur-

face topology (Figure 3.5). The HAADF-STEM analysis shows that

the NWs present a smooth surface topology. In addition a uniform

z-contrast along the length of the NWs was also noted, indicating that

there is a homogeneous distribution of metals present in the NWs.
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Figure 3.5: STEM analysis of AuAg nanowires produced following dilution after 1
day of aging.

In order to confirm the elemental composition and distribution of

metals in the NWs HAADF-STEM energy-dispersive X-ray (HAADF-

STEM EDX) mapping was performed (Figure 3.6).
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Figure 3.6: STEM-EDX map (top) of AuAg nanowires where A and B denotes
the L-and K- line of Au and C denotes the L- line of Ag and the associated EDX
spectrum (bottom).

The elemental analysis confirms that the NWs are an alloy of Au

95



Chapter 3 Ultrathin AuAg nanowires

and Ag with a Au:Ag ratio of 60:40. The EDX spectrum shows the

characteristic L and M peaks of Au at 9.7 and 2.1 KeV respectively

and the L peak of Ag at 3.1 KeV respectively. The additional peaks

present are due to the Cu from the TEM grids used for this analysis.

HAADF-STEM EDX mapping further confirms that both metals are

uniformly distributed along the NW. This result also accounts for the

uniform contrast observed in our STEM analysis.

3.3 Analysis of the pre-diluted solution

Analysis of the pre-diluted solution was crucial for understanding the

formation of these NWs. After aging the reaction mixture for 18-20

hrs, we analysed the resulting solution with TEM, STEM and UV-Vis

(Figure 3.7).
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Figure 3.7: TEM image (A), STEM image (B), size distribution (C) and UV-Vis
spectrum (D) (with photograph inset of solution ) of pre-diluted solution.

The TEM image displays the presence of ultrathin NWs with an aver-

age diameter of 3.1 nm as shown by the size distribution. These NWs

are a similar to those produced by Wang et al.20 as expected. The

UV-Vis shows a broad absorbance profile with a broad absorbance

band with an on-set at 500 nm. In addition STEM analysis shows a

similar uniform contrast as seen by the post dilution NWs and also

highlights the presence of seed nanoparticles. These NWs were no-

tably very fragile and dissociated under a short exposure time by the

electron beam. We further characterised these NWs by EDX analysis

(Figure 3.8).
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Figure 3.8: HAADF STEM (A) and EDX map of pre-diluted AuAg NWs were and
B and C denotes the L- line of Ag and M- line of Au respectively. The associated
EDX spectrum (bottom) is also detailed.

Our EDX analysis shows that these NWs are also composed of Au and
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Ag as noted by the L and M lines of Au and Ag as detailed in section

3.2. The peaks due to copper is a result of using copper TEM grids

as a substrate. A more detailed STEM-HAADF EDX mapping study

showed that both metals are also uniformly distributed along the NWs.

3.4 Monitoring the formation of ultrathin AuAg

nanowires following dilution

To further understand the mechanism and formation of these NWs we

took aliquot from the reaction mixture prior to dilution (after aging

for 18-20 hrs) and at various times intervals following dilution and

prepared them quickly on lacy carbon TEM grids for TEM analysis.

The TEM images are shown in Figure 3.9.
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Figure 3.9: TEM analysis monitoring the growth of AuAg nanowires following dilu-
tion with water

.

Our TEM analysis showed that prior to dilution, the aging of the

solution resulted in ultrathin NWs with an average diameter of 2-3

nm. The presence of excess seeds was also observed. Following the

dilution process we can see that within 10 s thicker NWs are formed.
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These resulting NWs become on average 2.5 times thicker than the

initial NWs prior to dilution. Comparison of NWs produced at dif-

ferent stages over the duration of the study showed no significant size

difference. This implies that the growth process is not immediately

stopped when dropped onto the TEM grid. We also performed UV-Vis

analysis in tandem with our TEM preparation (refer to Figure 3.10).

Figure 3.10: UV-Vis analysis monitoring the growth of AuAg nanowires following
dilution with water.

UV-Vis analysis shows a single broad absorbance band initially at 500

nm and over time we see the development of the second peak at 370

nm. This second peak is associated with the formation of a new sur-

face as the NWs become thicker.
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Thus from these results we propose that the NWs are produced via

a 2 step templated mechanism; firstly, the seeds produced from the

reduction process undergo an orientated attachment during the ag-

ing period to form ultrathin NWs. Secondly in the dilution step, the

excess seeds in solution fuse with the NW templates to form the re-

sulting thicker NWs. This fusion process was similarly reported by

Al-Wang et al.17 in which a low concentration of capping agent facil-

itated the growth of Au NW networks. In our case the dilution step,

disperses the PVP resulting in poorly passivated seeds. This promotes

inter-particle attractive forces such as Van Der Waals, dipole-dipole

and hydrogen bonding between the seeds and template NWs which

offer large surface areas. The seeds subsequently undergo fusion and

wetting onto the surface of the templates. This mechanism supports

our earlier observation in which aging the solution for 2-4 days prior to

dilution resulted in NWs with a thinner average diameters, as during

the aging, more seeds form templates. Thus during the dilution step

there are fewer seeds to fuse with the template NWs so the resulting

diameters stay on average smaller. Furthermore the random fusion of

the seeds with the template also explains the polycrystallinity of the

resulting NWs observed in our HR-TEM analysis.
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3.5 Control study - investigating the role of Ag

and Au in the formation of the nanowires

To further understand the formation of these NWs the role of Au and

Ag were studied individually. Control experiments were performed by

using either only H2AuCl4 or AgNO3 for the synthesis. The concen-

tration of the metals was kept the same in both cases (2.2 mM) and

the samples were monitored after days 1 and 3. These 2 days were

chosen as they mark the most distinct changes for the AuAg NWs.

Our TEM and UV-vis analysis for the Ag control is shown in Figure

3.11.
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Figure 3.11: TEM images of Ag control after 1 (A) and 3 (B) days aging following
dilution and UV-Vis spectra of products produced following dilution after each day.

Interestingly, TEM analysis clearly shows that following dilution Ag

nanoparticles undergo a fusion and aggregation process. The fusion of

the nanoparticles appears to show 1D anisotropic growth after both

days. Since the aging process did not show any significant improve-

ment in the products after day 3, aging the solution longer did not

warrant further investigation. In addition the UV-Vis analysis shows

a broad absorbance profile with a shoulder at 340 nm after both days.

This absorbance feature is common in 1D Ag nanomaterials23,24 and
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the broadness of the absorption profile also compliments the aggre-

gation observed in our TEM. Regarding the Au control, TEM and

UV-Vis analysis (Figure 3.12) show a dramatic difference in behaviour

compared to the Ag control.

Figure 3.12: TEM image of Au control after 1 (A) and 3 (B) days aging following
dilution and UV-Vis spectra of products produced following dilution after each day.

From the TEM (Figure 3.12) only Au nanoparticles of various sizes

and shapes were formed following dilution. Furthermore these parti-
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cles did not shown any fusion and only minor aggregation after both

days. The UV-Vis analysis shows a peak at 520 nm after day 1 and

550 nm after day 3 which is typical for Au nanoparticles.25 The red

shift of peaks is indicative of larger particle sizes after day 3.

Thus from our study both metals are required to yield ultrathin NWs.

This result is not too surprising as the use of Ag has been well es-

tablished to promote 1D growth in Au- based nanomaterials.26,27 The

anisotropic fusion seen for the Ag control also supports our proposed

mechanism and that perhaps the presence of the Ag component in the

alloy helps to facilitate this process.

3.6 Study on the effect of various solvents on nanowire

formation

In light of our mechanistic study it was also important to investigate

the influence of various solvents for the dilution process. To carry

out this study we have chosen 3 alcohols; methanol, ethanol and iso-

propanol (as they are miscible with both DMF and water and vary in

polarity) and diluted 1 ml aliquots from the reaction after each day

of aging with water and with each of our chosen alcohols. A dilution

factor of 20 was used in all cases and the study was carried out over 3
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days. The dilution process was monitored by UV-Vis and the products

were analysed by TEM (Figure 3.13- 3.15).
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Figure 3.13: TEM (left) and UV-Vis(right) analysis of nanowires produced following
dilution with water (A), methanol (B), ethanol (C) and isopropanol (D) after 1 day
of aging. Photograph inset of final solution.
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Figure 3.14: TEM (left) and UV-vis(right) analysis of nanowires produced following
dilution with water (A), methanol (B), ethanol (C) and isopropanol (D) after 2 day
of aging. Photograph inset of final solution.
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Figure 3.15: TEM (left) and UV-vis(right) analysis of nanowires produced following
dilution th water (A), methanol (B), ethanol (C) and isopropanol (D) after 3 days
of aging. Photograph inset of final solution.

As expected, the choice of solvent used for the dilution step has a

significant effect on the morphology of the resulting NWs. In the case
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of ethanol and isopropanol our TEM analysis after each day, showed

highly poly-disperse products. These products included nanoparticles

of various sizes and a broad distribution of NWs. This result was

seen after each day showing that aging did not influence the resulting

NWs for both these solvents. This is a marked difference in behaviour

and morphology compared to those produced by water, which were

non-uniform along the length of NW and gradually became thinner

by day 3. Methanol proved most interesting, forming NWs similar in

morphology to water but slightly thinner (6 nm) after 1 day of aging.

After the second day of aging, the methanol products became more

poly disperse showing NWs with average diameters ranging from 3.7

to 5.5 nm. It must be noted that these NWs still resembled those

produced by water. By day 3 the resulting methanol products were

similar to that seen by ethanol and isopropanol and were highly poly-

disperse.

We propose that the difference in polarity of each solvent plays a ma-

jor role in changing the resulting morphology. It is well known that

PVP mainly binds through oxygen of the pyrrolidone ring. Through

the use of DFT calculations Al-Saidi et al.28 determined that Van Der

Waals forces in particular play an important role in the binding and

configuration of this capping agent. Thus the PVP-solvent interac-

tion has a pronounced influence on the binding ability of PVP, with
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alcohols favoring hydrophobic interactions as highlight by Kedia et

al.29 Furthermore the solvent mediated self-assembly of noble metal

nanomaterials is also well documented, with lower polarity solvents

favouring aggregation.30 In our case, ethanol and isopropanol showed

a tendency to form nanoparticle aggregates while water and methanol

produced NWs of similar morphology.

UV-Vis analysis (Figure 3.13-3.15) further shows a pronounced dif-

ference between water and the 3 chosen alcohols. While 2 peaks are

noted in the case of water (as detailed earlier), only a single broad

peak was observed for all the alcohols. Furthermore a blue shift was

noted in all cases as detailed in Table 3.2. The reason for this may

be due the formation of thin 1D morphologies and small nanoparticle

aggregates.31,32 This shifting was also most apparent on day 1 perhaps

due to an excess of seeds present in solution which undergo aggrega-

tion following dilution.

Table 3.2: Change in peak position following dilution with various alcohols

Solvent Day 1 (nm) Day 2 (nm) Day 3 (nm)

Methanol 15 12 8

Ethanol 23 14 5

Isopropanol 21 6 5
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3.7 Effect of dilution factor on nanowire forma-

tion

Another key point of interest was the effect of the dilution factor on

the resulting NWs. We performed the dilution step using a smaller

dilution factors of 5 and 10 on a solution after 1 day of aging. These

were monitored by UV-Vis and the products analysed by TEM (Fig-

ure 3.16).

Figure 3.16: TEM images and UV-Vis spectra studying the effect of 5 ml (left) and
10 ml (right) dilution factors on nanowire growth.
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As seen in our UV-Vis analysis (Figure 3.16) the dilution factor had a

profound effect on the rate of formation of the NWs, with a dilution

factor of 5 taking 3.25 times longer to reach completion than a dilution

factor of 10. To further understand the kinetics of this process further

we done a kinetic curve for the on-set of the second peak at 324 nm

(Figure 3.17 ).

Figure 3.17: Kinetic curves for rate of formation of AuAg nanowires following dilu-
tion with 5 and 10 mL at 324 nm.

The kinetic curve shows a linear relationship in both cases with a 5

mL dilution producing a rate constant of k=0.0057 min-1 and a 10

mL dilution producing a rate constant of k=0.025 min-1. Thus we

propose that a smaller dilution factor does not disperse the PVP in

solution as effective as a larger dilution factor. Consequently the seeds
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are not as poorly passivated so the growth of the resulting NWs is a

more gradual process. Interestingly TEM analysis showed no distinct

difference between the NWs produced in either case (refer to Figure

A3 and A4 for size distribution analysis). This indicates that wetting

of the seeds on the template NWs occurs to the same extent until

lowest energy surface is produced.

3.8 Influence of different molecular weight PVP

on nanowire synthesis

Our next step was to minimize the polydispersity of our NWs partic-

ularly after 3 days of aging. It is well known that the capping agent

plays a crucial role in controlling the shape of nanomaterials by pref-

erentially binding onto different facets of nanocrystals. Recently, the

molecular weight (MW) of PVP has proved to play important role

in defining the quality of NW products.33–35 While these results were

focused predominantly on Ag NWs, we have shown that the Ag com-

ponent of our alloy has a major influence on the formation of these

NWs. Thus we investigated the effect of various PVPs with MWs of

29K, 55K and 360K. These were compared to the 40K PVP typically

used for this synthesis. The samples were analysed following dilution

after 1 and 3 days of aging. A fixed concentration of 500 mM of PVP
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was used in all cases. TEM and UV-Vis analysis of samples produced

after 1 day are shown in Figure 3.18.
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Figure 3.18: TEM (left) and UV-Vis spectra (right) studying the effect of 29K (A),
40K (B), 55K (C) and 360K (D) PVP on nanowire growth following dilution after
1 day of aging.
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After 1 day of aging TEM analysis, Figure 3.18 revealed that all of

the chosen PVPs did not improve the quality of our products after

dilution. Compared to the use of 40K PVP which is typically used for

this synthesis, the NWs were more polydisperse. It was noted that the

NWs produced using the 29K PVP were on average thinner ranging

from 4-6 nm while the products from the 55K and 360K PVP tended

to be larger with average diameters 7.5 and 9.2 nm respectively (refer

to Figure A5-7 for size distribution analysis). This may be explained

by the fact that PVP can also act as a reducing agent due to the

presence of its hydroxyl end groups.36–39 It is generally accepted that

shorter MW PVPs are stronger reducing agents. In keeping with our

proposed mechanism, the rapid production of seeds by the shorter

MW PVP consequently results in some PVP adsorbing to the seeds

and loss of its reducing power.37 In the case of heavier MW PVPs

the slower reduction produces a larger number of seeds over the 18

hr aging period.39,40 Therefore following dilution this results in thicker

NWs. UV-Vis of all samples shows a typical absorbance profile for

these NWs with a shoulder at 500 nm and broad peak at 370 nm. In

addition the dilution process was completed within 30 min in all cases.

Regarding the 3 day aged samples, it can be seen from Figure 3.19

that the products remain polydisperse after dilution. UV-Vis analy-

sis of these samples also reflects the polydispersity noted in the TEM
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analysis with the presence of broad absorption profiles with 360K PVP

capped sample in particular showing 2 pronounced peaks at 500 and

380 nm.
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Figure 3.19: TEM images (left) and UV-Vis spectra (right) studying the effect
of 29K (A), 40K (B), 55K (C) and 360K (D) PVP on nanowire growth following
dilution after 3 days of aging.
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While the PVPs in this study did not improve our protocol they did

however highlight the impact of the MW. Thus the use of heavier

or lighter PVPs may potentially be employed to further tune this

synthesis by producing larger or smaller diameter NWs respectively.

3.9 Effect of temperature on nanowire synthesis

In an attempt to improve on our protocol we focused further on trying

to minimize the polydispersity of our products and aimed for shorter

reaction times. We found that the biggest disadvantage to aging the

reaction mixture at room temperature over 4 days was the variation

in temperature from day to day and between day and night. To solve

this issue we performed a temperature controlled study by aging the

reaction mixture at 20, 25, 30, 35 and 40 °C for 18 hrs. In addition to

studying the synthesis with AuAg we also looked at the effect on using

only Au or Ag for the synthesis as a control. The solutions were then

diluted by a factor of 20 with water and the products were analysed

by TEM (Figure 3.20)
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Figure 3.20: TEM and UV-Vis analysis of products following dilution after aging at
various temperatures for 18 hrs.

Our TEM analysis shows a significant difference in the resulting nanos-

tructures size and morphology between each temperature. At 20 °C

the resulting non-uniform NWs following dilution were on average 9.2

nm in diameter and were monodisperse. Interestingly after aging at

122



Chapter 3 Ultrathin AuAg nanowires

25 °C the average diameter of the post dilution NWs was 3.6 nm and

they were also highly monodisperse. This is a striking improvement

on our protocol as the not only was the product quality enhanced we

also achieved NWs typically seen after 3-4 days after only 18 hrs of

aging. This difference in results after a small temperature change of

5°C further highlights how sensitive this synthesis is to temperature.

Regarding the sample aged at 30 °C, it was noted that the products

became polydisperse. We observed that 2 types of NWs emerged; one

which was similar in size and morphology to the 25 °C aged sample

while the other type appeared more necklace like containing bead like

shapes along the length of the NW. In the case of the 35 °C aged sam-

ple a complete morphology change had occurred with the presence of

only ultrathin nano-necklace structures. A detailed characterisation

of this structures is discussed in section 3.11. Thus aging at 30 °C

marked a transition point in the morphology of the resulting NWs.

Finally, aging at 40 °C proved to be detrimental as only anisotropic

nanoparticles of various shapes and sizes were formed. UV-Vis anal-

ysis (Figure 3.20) of all the products from this study shows peaks at

500 and 370 nm in all cases except for the 40°C aged sample which

shows a peak a broad absorption band with an on-set at 600 nm. The

results of this study are schematically presented in Figure 3.21. The

reproducibility of the 20, 25 and 35°C synthesis is shown in Figure A8.
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Figure 3.21: Reaction presentation summarizing the products produced following
dilution after aging at various temperatures for 18 hrs.

Regarding the Au and Ag control, the samples were aged at only 20

and 25°C as TEM analysis (Figure 3.22) revealed no improvement or

change in behaviour compared to our earlier control study (section

3.5) at these temperatures.
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Figure 3.22: TEM images of Ag and Au control produced following dilution after
aging at 20°C (A and B) and 25°C (C and D).

Thus keeping the reaction mixture at a fixed temperature served to

accelerate the nucleation and growth processes. In addition the poly-

dispersity of the products was notably reduced as the growth kinetics

were not altered due to temperature fluctuations during the aging

period.
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3.10 Charactersation of AuAg nanowires synthe-

sised by aging at 25°C

Following the temperature controlled study we conducted a detailed

characteration of the AuAg NWs produced following dilution after

aging at 25°C. HR-TEM analysis (Figure 3.23) as expected are poly-

crystalline, similar to the larger NWs produced after 1 day of aging.

In addition these NW were on average 3.6 nm in diameter (refer to

Figure A9 for size distribution analysis). These NWs exhibit multiple

lattice fringes with d values of 0.216±0.014 nm and 0.246±0.025 nm

corresponding to the (111) and (200) of FCC Au and Ag.

Figure 3.23: HR-TEM image of AuAg NWs produced following dilution after aging
at 25°C for 18 hrs.

EDX line map analysis further confirms that the NWs are an alloy of
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Au and Ag. The EDX spectrum shows the charactaristic L and M

peaks of Au at 9.7 and 2.1 KeV respectively and the L peak of Ag at

3.1 KeV respectively. The additional peaks present are due to the Cu

from the TEM grids used for this analysis. Comparison of the L line

produced from each metal indicates that the NWs are predominantly

made of Au as similarly seen for our previous AuAg NWs (section

3.24).

Figure 3.24: HAADF STEM image (A), EDX line profile (B) and EDX spectrum
(C) of AuAg NWs produced following dilution after aging at 25 °C .
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XRD analysis was used to assess the crystal structure of these NWs

(Figure 3.25)

Figure 3.25: XRD pattern of AuAg NWs produced following dilution after aging at
25 °C .

The XRD analysis shows the expected pattern with diffraction peaks

at 2theta values of 38.2 , 43.9, 64.37, 77.3 and 81.5 ° corresponding

to the (111), (200), (220), (311) and (222) planes, respectively, for

both FCC Au (JCPDS-01-117) and Ag (JCPDS-01-1164). Further-

more from our texture coefficient analysis the (111) plane was found

to be to be the most dominant (refer to table 3.3). This analysis indi-

cates that the NWs preferentially grow along the (111) plane as seen
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with our previous NWs (section 3.2).

Table 3.3: Texture coefficient analysis of AuAg ultrathin NWs produced after 25°C

Facet I0 (counts) I (counts) TC* of sample

111 609 555.6 1.15

200 508.4 423.6 0.91

220 510.1 456.7 0.98

311 480 520.5 1.05

222 371.3 406 0.977

* refer to appendix for TC equation. Reference 05-8482 was used for

this analysis.

3.11 AuAg nano-necklaces

In light of the temperature study, we produced a novel AuAg nano-

necklace (NNL) structure. NNLs represent an interesting class of hy-

brid material combining the advantages of 1D and 0D nanomaterials.

This makes them promising candidates for potential catalytic, sens-

ing and electronics applications. Current methods to producing such

materials however are synthetically challenging requiring the use of

intensive techniques such as chemical vapour deposition41 (CVD) and
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laser abberation42, while more wet-chemical approaches rely heavily

on templates.43,44 Nevertheless recent work by Huang et al.45 in par-

ticular, has demonstrated the use of Te NWs as effective templates

in the synthesis of Pd-Au NNLs. Further to this Huang and co-

workers outline how the Au bead-to-bead distances and bead size can

be tuned by varying the amount reducing agent and Au precursor re-

spectively. In addition Jia et al.46 also showed that Ag/AgCl NNLs

can be achieved through an interesting oxidation method. By employ-

ing poly-crystalline Ag NWs as a template Jia details how FeCl3 (the

oxidant) can promote the growth of AgCl beads at grain boundaries

in the template. While interesting methods are emerging, the field is

still at an early stage. In this section we present a detailed charactari-

sation of AuAg NNLs produced via a low temperature, template-free

synthesis.

TEM analysis of our NNLs is detailed in Figure 3.26 below.
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Figure 3.26: TEM images and size distributions of the various regions of the AuAg
NNLs.

As can be seen in Figure 3.26 the NNLs present a complex morphol-

ogy with 4 distinct regions: a thick NW region (I) which goes into

a tapered region (II), ultimately forming a thinner NW region (III)

with beads (IV) along its the length. The complexity of this structure

is not common in NL structures and is most likely a result of ther-
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mal atomic diffusion during the synthesis. Size distribution analysis

(Figure 3.26) further shows that region (I) is on average 10 nm and

can be up to microns in length. The thinnest part of this structure,

region (III) is on average 2.5 nm in diameter with a very narrow size

distribution. Interestingly the beads (region IV) have a varied bead-

to-bead distance ranging from 14.4 nm to 175 nm. In addition the

bead sizes also vary, but are on average 13 nm. Regarding the tapered

region (II), this marks the transition point between (I) and (III) and

its length tended to differ between NNLs.

UV-Vis analysis (Figure 3.27) of our NNLs shows a peak at 370 nm and

a shoulder at 490 nm. This absorption profile is commonly observed

for our AuAg 1D structures as highlighted earlier. Further extension

of the UV-Vis into the near-IR (1000 nm) also shows no additional

peaks associated with the longitudinal mode due to the large aspect

ratio of these structures.
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Figure 3.27: UV-Vis spectrum of AuAg NNLs
.

HR-TEM was used to further study the components of this structure

in more detail (Figure 3.28).
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Figure 3.28: HR-TEM analysis of the various regions of the AuAg NNLs
.

Our HR-TEM analysis shows that these NNLs are polycrystaline pre-

134



Chapter 3 Ultrathin AuAg nanowires

senting multiple different lattice spacings. The d values observed for

each region are detailed in table 3.4.

Table 3.4: d spacing values in each region of the AuAg NNLs

Region on NNL d values (nm)

I 0.237 ±0.017 , 0.241 ±0.010

II 0.208 ±0.007, 0.22 4±0.029, 0.243 ±0.013

III 0.234 ±0.037, 0.242 ±0.023

IV 0.216 ±0.013, 0.232 ±0.009, 0.242 ±0.011

The d values are typical of the FCC materials with values of 0.20 and

0.23 nm corresponding to the 111 and 200 planes of FCC Au and Ag.

STEM analysis (Figure 3.29) further revealed that the NNLs have a

smooth surface topology. In addition there is a Z-contrast between

the beads and the adjoining NW. This is to be expected given the

difference in thickness between both these 2 regions.

135



Chapter 3 Ultrathin AuAg nanowires

Figure 3.29: STEM analysis of AuAg NNLs.

XRD analysis was used to investigate the crystal structure of the NNLs

(Figure 3.30 ).
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Figure 3.30: XRD pattern of ultrathin AuAg NNLs.

The XRD analysis shows that the NNLs have diffraction peaks at

2theta values of 37.9, 44.1, 62.6, 77.4 and 81.5 ° corresponding to

the (111), (200), (220), (311) planes respectively for both FCC Au (

JCPDS-01-117 ) and Ag (JCPDS-01-1164). In addition TC analysis

shows that the (111) has the highest coefficient value (refer to table

3.5). This analysis further indicates that the NWs preferentially grow

along the (111) plane.
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Table 3.5: Texture coefficient analysis of AuAg NNL

Facet I0 (counts) I (counts) TC* of sample

111 511.8 554.9 1.07

200 417 423.6 0.99

220 430.2 456.7 1.04

311 372.8 328.9 0.87

* refer to appendix for TC equation. Reference 05-8482 was used for

this analysis.

In order to understand the elemental composition and distribution of

the NNLs HAADF-STEM EDX line mapping studies (Figure 3.31)

were performed.
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Figure 3.31: EDX line map analysis of AuAg NNLs.

The elemental analysis shows that in regions (I) and (III) there is a

higher Au composition compared to Ag as indicated by the greater
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intensity from the Au L-line in both cases. Interestingly the beads

(region IV) are more richer in Ag than Au. This variation in the

metal composition in the different regions of the NNL may be due to

the difference in atomic diffusion between Au and Ag,47,48 however a

detailed study of the formation of these NNL is needed to fully under-

stand this composition variation.

The sample aged at 35°C was also assessed by TEM prior to the dilu-

tion step. Interestingly TEM analysis (Figure 3.32) shows the presence

of NNL. This strongly indicates that the NNL structures are formed

during the aging process rather than from the dilution step.
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Figure 3.32: TEM image of 35°C aged solution prior to dilution.

3.12 Ultrathin AuAg nanowires for the catalytic

reduction of 4-Nitro-phenol

4-Nitrophenol is a organic pollutant produced by industrial and agri-

cultural activities. It is highly hazardous to the environment and

toxic, with exposure causing serious damage to the liver and central

nervous system. However the conversion of 4-nitrophenol to its amino
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acid, 4-aminophenol by hydrogenation has been realised as a solution

to this issue. The production of an aminophenol is not only a remedy

for this pollutant but can also be employed for a range of applications

such as in corrosion inhibitors,49 production of anti-pyretic drugs50 and

in photograph developers. As originally demonstrated by Pal et al.,51

sodium borohydride when used with a nanomaterial catalyst can serve

as effective hydrogen source for this conversion process. This method

has since been established as a model reaction for testing the catalytic

behaviour of nanomaterials.

The performance of nanomaterials, particularly those containing Au

and Ag shows a strong size and morphology dependence, with larger

surface area materials offering potentially greater activity.52–54 This

field has notably been dominated by the use of nanoparticle cata-

lysts on various supports such as on metal oxides55,56, ionic57,58 and

organic59–61 polymers. While supports can enhance the performance

of these catalyst, their use however involves additional steps in the

material preparation. Thus the use of ultrathin 1D materials would

undoubtly remove the need for supports as they inherently offer large

surface areas and they do not tend to aggregate. In this section we

detail the catalytic results of our ultrathin NWs produced following

dilution after 1 and 3 days of aging. UV-Vis analysis as shown in

Figure 3.33 was used to monitor this catalytic reduction process.
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Figure 3.33: UV-Vis analysis monitoring the catalytic reduction of 4-nitrophenol
using ultrathin AuAg nanowires produced after 1 day( top) and 3 days (middle)
and kinetic curves for the rate of reduction (bottom) at 400 nm

.

143



Chapter 3 Ultrathin AuAg nanowires

UV-Vis analysis shows the characteristic decrease of the 4-nitrophenolate

peak at 400 nm and the increase of the product peak at 300 nm. In-

terestingly the larger NWs (produced after day 1) exhibited a greater

catalytic activity, completing the reaction within 24 mins compared

to the thinner NWs which took 41 mins. Applying the typical pseudo

first order kinetics for this reaction a plot of ln (At/A 0) (where At

is the absorbance at a given time and A0 is initial absorbance) with

respect to time further shows that day 1 aged NWs have a rate con-

stant of k= 3.4x10 -3 s-1 and the day 3 aged NWs have a rate constant

of k= 2.2x10-3 s-1. While the thinner, larger surface area NWs (day

3) were expected to perform better, their under-performance may be

due to degradation during the reaction, as these NWs are significantly

fragile.62,63 Also, it must be noted that we were unable to recover

the nanowires used in both cases after the reaction. It is commonly

accepted that the catalytic reduction of 4-nitrophenol occurs via the

Langmuir-Hinshelwood (LH) mechanism58,64 (i.e. adsorption of both

reactants onto the surface of the catalyst, then reaction on the surface

followed by desorption of the products). Thus, in order to rationalize

these results further we propose that in the initial adsorption steps of

the reactants, the thinnest regions of the smaller non-uniform NWs

are susceptible to dissociation following to the removal of PVP by

hydride stripping.65 Another main contributor to the lower rate con-

stant for the thinner NWs is most likely due to the inhibition of active
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catalytic sites.66,67 In addition it has been shown that as metallic nano-

materials become thinner they behave less like metals.68,69 This would

significantly affect, not only the affinity of the product and reactants

with the catalyst surface,70,71 but also the electron transfer process,

which is critical for the reduction step in this reaction to occur.72–74

Furthermore it is well documented that larger diameter NWs exhibit

greater charge transport properties compared to their smaller diam-

eter counterparts.3,75,76 60 The plot for this reaction for the thinner

NWs shows a deviation from linearity (R2 = 0.85) and thus may not

be strictly following LH behaviour. Nevertheless, comparison of our

NWs with other ultrathin and noble metal nanomaterials (Table 3.6)

shows that the NWs produced after day 1 provide good catalytic ac-

tivity with rate constants comparable to that of notable Pt containing

catalysts and can also significantly out-perform both supported and

unsupported nanoparticle catalysts.
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Table 3.6: Catalytic reduction of 4-Nitrophenol by various noble metal nanomate-
rials

constantrateCatalyst
(10-3 s-1)

Catalyst loading

Ag NW @ Au np77 0.5 mg mL1.4 -1

Au NWs (2 nm)
on alumina beads78 2.288.8 µg

Pt93Bi7 NW79 150.46(4.1 nm) µg

Pt92Bi8 NWs79 152.3(4.7 nm) µg

Pt55Pd38Bi7 NWs79 154.3(4.4 nm) µg

Pt92Bi8 NWs79 152.3(4.7 nm) µg

Ag NWs77 0.45 mg0.47(30 nm)

Au NP@ Tween 80 (14 nm)80 1 mmol L1.5 -1

Ag NP@ SiO2 nanorattles81 4 mg3.3

0.45 mg mL3.4AuAg NWs (8 nm) (This work) -1

0.45 mg mL2.2AuAg NWs (3 nm) (This work) -1

Electro-oxidation of ethylene glycol using3.13

Ultrathin AuAg nanowires as anodic cata-

lysts

In the face of the energy crisis the need and demand for alternative fuel
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sources has become ever more important. Over the last few decades

the use of alcohols such as methanol and ethanol have been extensive

studied in poly-electrolyte fuel cells.82–84 While these alcohols provide

good energy densities they have significant disadvantages; methanol

has a low boiling point and is toxic while ethanol which is produced

from biomass requires a vast amount of land and infrastructure. In

addition both these fuels have a high tendency to cross over the poly-

electrolyte membrane and poison the cathode thus hampering the per-

formance of these fuel cells.85,86 In more recent years researchers have

moved towards the use of ethylene glycol (EG) as a fuel.87,88 EG of-

fers higher energy density and due to its size is less likely to cause

crossover poisoning. More importantly EG is already produced on a

large scale from the car industry thus the potential infrastructure is

already present.

While Pt and Pd based nanomaterials have commonly been used as

catalysts there is a major effort to move to more cost efficient mate-

rials. Au based nanomaterials in particular have emerged as effective

catalyst for the EG oxidation reaction (EGOR).89,90 Work by Li and

co workers91 demonstrated that Au nanostars suffer little poisoning

and can produce a current density of 26 mA mg-1. In addition to

morphology effects, Au and Ag are plasmonic. This makes them po-

tentially multi-functional materials as highlighted by Xu et al.,92 with
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white light irradiation of AuAg nanobowls amplifying their perfor-

mance for EGOR. Furthermore the use of 1D Pt and Pd materials

alloyed or decorated with Au have shown significant catalytic activity

owing to synergistic effects and large surface areas.93–96 In this section

we present for the first time the use of AuAg ultrathin NWs as anodic

catalyst for the electro-oxidation of EG.

The electro-catalytic activities of 9.2 and 3.6 nm diameter NWs pro-

duced from our temperature controlled study following aging at 20

and 25 °C respectively, were assessed by cyclic voltammetry (CV) in

a 1 M KOH solution containing 0.5 M EG (Figure 3.34).
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Figure 3.34: CV curves (top) at 50 mV s-1 and i-t curves over 4000 s at 0.2 V
(bottom) for 3.6 and 9.2 nm AuAg NWs versus saturated Calomel electrode in a 1
M KOH solution containing 0.5 M EG.
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As shown in Figure 3.34 the 3.6 nm NWs produce a larger current

density (9.6 mA mg -1) compared to that of the thicker NWs (4.1 mA

mg -1). Furthermore the peak potential of these thinner NWs was

slightly more negative (0.193 V) than the thicker NWs which have a

peak potential at 0.22 V. These results highlight the influence of the

NW diameter on catalytic performance, with thinner NWs benefiting

from larger surface areas and more active sites. In addition, both cat-

alyst produce 2 peaks. Since the oxidation of EG is complex, the peak

in the forward scan has been attribute to the partial oxidation of ad-

sorbed EG to its possible C2 product(s) such as glyoxal or glycolate.

In the reverse scan reduction of surface poison occurs producing active

sites which allows complete oxidation of the C2 product(s) resulting in

the second peak. The larger the ratio of the forward peak (Jf) to the

reverse peak (Jb) the greater the electrodes poison-resistance ability.

In our case Jf/Jb for the 3.6 and 9.2 nm NWs was found to be 3.2 and

1.7 respectively. Compared with other catalyst (Table 3.7) our NWs

particularly the 3.6 nm diameter NWs, have a remarkable catalytic

performance. Using chrono-amperimetric i-t curves over a 4000 s pe-

riod, it was further found that the thicker NWs were more durable

than the thinner NWs.
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Table 3.7: Electro-oxidation of EG by various Au based catalysts in alkaline medium

Catalyst Ep (V) Jf/Jb

Au nanostars91 0.2 3.71

AuPd@Pd nanocrystals97 ca. -0.7 2.41

Au nanocrystals97 ca. 0.3 2.31

AuPd NW networks98 ca. 0.025 ca. 0.8

AuPd Nanoflowers99 ca. -0.01 ca. 0.75

We next investigated the mechanism for this electro-oxidation process

by varying scan rate in our CV analysis. Scan rates of 35, 50, 75 and

90 mV s-1 were used as outlined in Figure 3.35.
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Figure 3.35: CV analysis at scan rates of 35, 50, 75 and 90 mV s-1 for 9.2 (A) and 3.6
nm (B) AuAg NW versus saturated Calomel reference electrode and corresponding
plot of current density vs square root of scan rate (C) in a 1 M KOH solution
containing 0.5 M EG.

In both cases, increasing the scan rate resulted in an increase in the

current density of the forward scan. A linear relationship between the

peak current density and the square root of the scan rate was further

observed in both cases which is typical behaviour for a diffusion limited

process.
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3.14 Electro-oxidation of ethylene glycol using

AuAg nano-necklaces as anodic catalysts

As a continuation to our previous work (Section 3.14) we investigated

the use of our AuAg NNLs as anodic catalyst for the EGOR. The use

of hybrid nanomaterials is becoming increasingly more popular as cat-

alysts for fuel cell applications.100–102 These heterostructured materials

provide complex morphologies offering large surface areas and inter-

esting synergistic effects particularly from hetero-interfaces. Typically,

templates such as graphene103–106 and various metal oxides100,107 have

been used a starting point on which catalytic nanoparticles are grown.

Recently Lutz et al.108 outlined how combining techniques such as

templating and galvanic replacement can be an effective route to pro-

ducing hybrid materials. More specific to this work, while NNL have

not, to the best of our knowledge, been employed for fuel cell catalysis

they have shown significant performance in Li ion batteries.109 Thus

they could prove promising for fuel cells. Herein we present the cat-

alytic results of our novel AuAg NNLs for the EGOR.

The electro-catalytic activity of AuAg NNLs was evaluated using CV

over a range - 0.8 - 0.8 V in a 1M KOH + 0.5 M EG solution (Figure

3.36).

153



Chapter 3 Ultrathin AuAg nanowires

Figure 3.36: CV analysis (top) at 50 mV s-1 and i-t curve over 4000 s at 0.2 V
(bottom) for AuAg NNLs versus saturated Calomel electrode in a 1 M KOH solution
containing 0.5 M EG.

The CV (Figure 3.36) shows a peak at 0.2 V in the forward scan, which

is associated with the oxidation of EG and a peak at 0.02 V in the
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reverse scan associated with the oxidation of poisons on the surface

of the catalyst. The peak current density (at a 50 mv s-1 scan rate)

was 55.7 mA mg -1 and an appreciable poison resistance of Jf/Jb= 1.1.

In addition, chronoamperimetric analysis also shows that the NNLs

exhibit good catalytic durability over an extend period of time (4000

s) at peak potential. Compared with our previous 9.2 and 3.6 nm

AuAg NWs, the current density produced by the NNLs are 15 and 5.6

times greater, respectively. This marked enhancement in performance

is most likely a result of the complex morphology of the hybrid mate-

rial.

We further investigated the effect of varying the scan rate in our CV

analysis. Scan rates of 25, 35, 50, 75 and 90 mv s-1 were used as de-

tailed in Figure 3.37.
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Figure 3.37: CV analysis (top) at scan rates of 25, 35, 50, 75 and 90 mV s-1 versus
saturated Calomel electrode and plot of current density vs square root of scan rate
(bottom) for AuAg NNLs in a 1 M KOH solution containing 0.5 M EG.

As shown in Figure 3.37 as the scan rate is increased the peak current

densities also increases. A plot of the peak current density with re-
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spect to square root of the scan rate shows a linear relationship. This

indicates that this reaction diffusion rate limited.

3.15 Conclusion and future work

In conclusion we developed a facile and tunable synthesis for water

soluble ultrathin AuAg NWs. Through the use of TEM analysis we

demonstrated that these NWs are produced through a novel 2 step

mechanism involving the formation of NW templates during an ag-

ing period and the subsequent formation of thicker NWs by a solvent

driven fusion and wetting following the dilution step. It was found

that Ag plays an important role in the NW formation process with

control studies showing that Ag tends to undergo 1D anisotropic ag-

gregation when diluted. Furthermore the dilution factor has a marked

influence on the rate of the NW formation, with a dilution factor of 5

taking 3.25 times longer than a dilution factor of 10. Interestingly the

resulting NW thickness was the same in both cases indicating that the

aggregation and wetting process occurs to the same extent. In addi-

tion the choice of solvent for the dilution process also has a pronounced

effect on the resulting NWs. We demonstrated that lower polarity sol-

vents such as isopropanol and ethanol produced highly poly-disperse

products after each day of aging while water and methanol performed

similarly, producing NWs of the same morphology particularly after
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days 1 and 2. This highlighted the significance of the PVP-solvent

interaction and its potential use for manipulating crystal growth in fu-

ture nanomaterial synthesis. Regarding the choice of PVP, we found

that while larger (360K and 55K) and smaller (29K) MWs did not

improve the quality of our products after aging, we did note that we

could potentially tune the average NW diameter from 9.2 nm to 6.3

nm (after 1 day of aging) by using larger (360K) or smaller (29K) MW

PVP.

We further improved our protocol by reducing the poly-dispersity of

the products and shortened the reaction time from 3 days to just 18

hrs. This was achieved through the use temperature controlled aging

of the reaction mixture. We produced non-uniform NWs with an aver-

age diameter of 9.2 and 3.6 nm following dilution by aging the reaction

at 20 and 25°C respectively. Interestingly aging the reaction at 35°C

resulted in novel ultrathin AuAg NNLs with a complex morphology.

We further demonstrated that at 40 °C NWs are no longer produced.

Finally we explored the use of AuAg NWs and NNLs for various cat-

alytic applications. We found that larger AuAg NWs (8 nm av. diam-

eter ) performed better than thinner NWs (produced after 3 days of

aging) for the catalytic reduction of 4-nitrophenol. We proposed that

the larger NWs are more robust and do not degrade as easily as the
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thinner NWs in the NaBH4 solution. The use of 9.2 and 3.6 nm AuAg

NWs (produced from our temperature controlled synthesis) showed

remarkable catalytic activity as anodic catalyst for the EGOR. It was

noted that the thinner NWs had lower peak potentials and higher cur-

rent densities compared to the larger NWs as a result of their larger

surface area. Furthermore our ultrathin AuAg NNL also exhibited

outstanding catalytic activity for the EGOR. This hybrid material

out performed both the 9.2 and 3.6 nm AuAg NWs with even lower

peak potential (0.16 V) and significantly higher current densities.

For our future work we plan to investigating the formation mechanism

of our NNL structures and the plasmon-enhanced catalytic activity of

our AuAg nanostructures for the EGOR using an appropriate light

irradiation. The use of photo-responsive plasmonic metal nanomate-

rials for fuel cells is gaining increasing interest and stands a potential

remedy to the energy crisis.92,110 In the next chapters we explore the

chiral modification of these 1D nanomaterials and demonstrate the

use of AuAg NWs as templates for producing other novel 1D nano-

materials.
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Chapter 4

Chiral modification of 1D

ultrathin AuAg nanostructures

4.1 Introduction

Over the last few years there has been a significant focus on the de-

velopment and functionalisation of nanomaterials with chiral modi-

fiers. Chiral nanomaterials have a broad range of applications such

as asymmetric catalysis1,2, sensing3–7 and in nanotherapeutics.8,9 Syn-

thetically there are 2 main routes to producing ligand induced chirality

in nanomaterials, namely during synthesis as a capping agent or post

synthesis via ligand exchange. The use of chiral modifiers as capping

agent during synthesis is perhaps the most common method. Previous

work in our group has demonstrated the use of pencilamine and cys-

teine as capping agents in the synthesis of various chiral luminescent
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semi-conducting quantum dots.7,10–13 Interestingly it has been further

shown that the binding of the chiral capping agent can lead to chiral

defects on the surface of materials.7 Our group has also recently re-

ported the synthesis of chiroptically active TiO2 nanorods14 with 3-4

nm diameters through the use of (1R,2R)-(+)-1,2-diphenylethylene

diamine (or 1S,2S)-(-)-1,2- diphenylethylenediamine) as a capping agent

during synthesis. These nanorods exhibited interesting luminescence

properties with quantum yields of up to 3.5 %. Other chiral capping

agents such as BINAP which express axial chirality have been shown

to produce ultrafine Au and Pd nanoparticles with excellent selectivity

for asymmetric Suzuki reactions.15,16 Also the cinchonidine-Pt system

in particular has been shown to be highly efficient for selective hydro-

genation of activated ketones.17,18 In this system the aromatic moiety

of the cinchonidine acts as an anchor on the Pt surface while the chiral

centre acts as an enantioselective site.

Regarding the ligand exchange approach, this involves the post syn-

thetic replacement of an achiral capping agent with an a chiral lig-

and.19,20 This method has been of particular interest in nanotheraputic

applications for potential drug delivery. This was recently reported by

Hong et al.21 who showed that by introducing Au nanoparticles capped

with the cationic ligand tetra(ethylene glycol)- lyated (TTMA) and a

thiolated Bodipy dye, HSBDP, a ligand exchange occurs due to the
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high concentration of glutathione present in the cytoplasim of cells.

This replacement of the dye with glutathione resulted in an increase

in luminescence in the cells. While still in its early stages this ligand

exchange method shows much promise.

To the best our knowledge there are no current reports on the chi-

ral modification of ultrathin nanowires (NWs). Thus the focus of this

part of the project was to study the chiral modification of 1D ultrathin

AuAg nanostructures namely; AuAg NWs with 9 nm and 3.6 nm aver-

age diameters and nano-necklace structures (NNL). A facile ligand ex-

change approach was employed in all cases using thiolated amino acids

as the chiral modifiers. Through the use of circular dichorism (CD)

and attenuated total reflectance infra-red (ATR-IR) spectroscopy we

study the resulting optical activity and binding interaction of these

ligands with our nanomaterials.

4.2 Chiral modification and characterisation of

1D AuAg nanostructures

Chiral thiolated amino acids were chosen for this study as thiols are

known to form strong bonds with Au and Ag. A simple ligand ex-
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change method was used in which the chiral modifier was added in

excess to an aqueous solution containing our AuAg nanomaterials

capped with PVP. Table 4.1 below details the results from the various

chiral modifiers used only on the AuAg NWs (9 nm diameter).
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-

Table 4.1: Chiral modification of ultrathin AuAg nanowires

chiral modifier stereochemistry Chiral signal position

D/L-cysteine 360 nm

L-glutathione 360 nm

D-pencilamine -

L-cysteine ethyl ester -

L-methionine -

N-acetyl cysteine -

L-cystine -

N-isobutryl-L-cysteine -
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Interestingly only cysteine (Cys) and L-glutathione (Glu) induced chi-

roptical activity in these AuAg NWs. We propose that the accessibil-

ity of the thiol group plays an important role in this ligand exchange

process. For instance L-cystine and L-methionine do not have a thiol

available for binding to the metal surface, while in the case of pencil-

amine, the thiol is adjacent to 2 methyl groups which may sterically

prevent it binding to the NWs. The binding of L-Glu and not the var-

ious analogous of cysteine (L-cysteine ethyl ester, N-acetyl cysteine

and N-isobutryl -L-cysteine) may suggest that steric hindernace and

perhaps the conformation and interaction of the chiral modifiers with

each other on the surface of the NWs are also significant factors in

this chiral modification.

CD analysis (Figure 4.1) shows mirror image signals at 360 nm for

D- and L- Cys capped NWs. These CD signals are distinctly in the

plasmonic region of the NWs confirming that its a ligand induced phe-

nomenon,22 as the unbound Cys signal is much lower at 220 nm. As

shown by our TEM analysis (Figure 4.1) the chiral modification did

not change the topology of the NWs.
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Figure 4.1: CD and UV-Vis spectra (left) for D and L- Cys capped AuAg NWs and
TEM image (right) of L-Cys capped AuAg nanowires.

IR spectroscopy was also carried to further confirm the binding of the

Cys to the NWs (Figure 4.2).
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Figure 4.2: IR spectra of PVP and PVP capped AuAg NWs (top) and L-Cys and
L-Cys capped AuAg NWs (bottom).

As shown by our IR analysis (Figure 4.2, top) the NWs initially ex-

hibits vibrational bands consistent with PVP.23–25 These include the

vibrational breathing mode of the pyrrolidone ring (894 cm-1) and CH2

asymmetric stretching (2974 cm-1) from the polymer backbone. Fol-

lowing the ligand exchange we see a distinct change in the vibrational
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bands expressed by the NWs (Figure 4.2 bottom). Firstly, the un-

bound ”free” Cys shows typical carboxylic acid bands at 1645 and 1389

cm-1 associated with the COO- asymmetric and symmetric stretches

respectively. Bands related to NH3
+ group are noted at 3164 and

1577 cm-1 corresponding to symmetric stretch and asymmetric bend

respectively. Finally the SH stretching vibrational mode is noted at

2579 cm-1. Compared to the bound Cys, we observe no bands due

to SH, indicating the cleavage of this bond and the formation of a

new bond with the NW surface.26–28 Bands typically associated with

the carboxylic acid and amino group are also detailed at 795 and 278

cm-1 respectively. We also noted a new peak emerge at 1016 cm-1.

This result was similarly reported by Aryal et al.29 for Cys capped

Au nanoparticles, who proposed that it may be due to the combina-

tion of different vibrational modes of the amino group into one mode.

However the exact origin of this peak is still unclear and requires fur-

ther investigation. In addition further comparison of the IR spectra

from the PVP and Cys capped NWs with ascorbic acid (Figure A10 )

shows no peaks in both cases contributing from ascorbic acid. While

the binding of Cys via the thiol is expected the exact binding mode,

understanding the role of the amino and carboxylic acid groups is an

on going field of research. Computational modeling by Di Fecile30 and

Gronbeck31 showed that it is favourable for the amino group to also

coordinate to the surface and that the thiol binds at a bridge site be-
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tween 2 atoms however this is still in question.

Regarding L-glu, the CD signal was expressed at 350 nm confirm-

ing that the chiroptical activity is also ligand induced. Interestingly

the ligand exchange occurred instantly in the case of Cys however

an induction period was required for the functionalization of L-Glu

to occur. A more detailed study of this is discussed later in section

4.3. TEM analysis of the L-Glu modified NWs shows that NWs were

etched by the chiral ligand (Figure 4.3). This accounts for the change

in the absorbance and the shift in the CD signal compared to the Cys

capped NWs. L-Glu which is a tripeptide composed of glutamic acid,

Cys and glycine has Pka values of PK1 = 2.12 (COOH of Glutamic

acid); PK2 = 3.59 (COOH of Glycine); PK3 = 8.75 (NH3
+ ); PK4 =

9.65 (SH). Thus the etching we observed may be due to the acidity of

this ligand.
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Figure 4.3: CD and UV-Vis spectra (left) and TEM image (right) of AuAg nanowires
modified with L-Glutathione.

We used IR spectroscopy to investigate the binding of L-Glu to the

NWs (Figure 4.4).
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Figure 4.4: IR spectra of PVP and PVP capped AuAg NWs (top) and L-Glu and
L-Glu capped AuAg NWs (bottom).

Our IR analysis confirms that the ligand exchange has occurred as

noted by the marked difference in spectra between the PVP capped

NWs (top) and L-Glu capped NWs (bottom). As expected the bound

L-Glu shows no bands associated with the S-H mode indicating that
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molecule is binding via the thiol. The bands at 1677 and 679 cm-1

were assigned to carbonyl and C-S vibrational modes respectively.

In light of this work on the 9 nm diameter AuAg NWs we performed

a ligand exchange with our PVP capped 3.6 nm AuAg NWs and NNL

structures with only Cys and L-Glu as these ligands proved most suc-

cessful. The resulting CD spectra are shown in Figure 4.5 below.

Figure 4.5: CD spectra of NNL and AuAg NWs (3.6 nm av.diameter) modified with
L-Cys (left) and L-Glu capped NNL (right).

Both 3.6 nm NWs and the NNLs were functionalized with Cys pro-

ducing CD signals at 360 nm as expected (Figure 4.6). The CD signals

in both cases were notably smaller than that for larger NWs. Interest-

ingly only the NNL became functionalized with L-Glu and a lengthy

induction period was also similarly noted in this case. Time monitored

CD analysis of this ligand exchange is discussed in section 4.3. Further

TEM analysis (Figure 4.6) also revealed that both these materials are
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damaged by etching. In the case of the NNLs only the thinnest region

(2.7 nm average diameter) was severely etched while the 3.6 nm AuAg

NWs showed only minor etching mostly at the thinnest parts of these

non-uniform NWs.

Figure 4.6: TEM images of 3.6 nm AuAg nanowires (A) and NNLs (B) modified
with L-Cys.

4.3 Time Monitored CD analysis of

L-Glutathione modification

As mentioned earlier the ligand exchange process takes notably longer

to occur for L-Glu than for Cys for both the AuAg NWs (9 nm di-

ameter) and the NNL. We investigated this further by performing a

time determined CD study to monitor the development of the induced

chiroptical activity. L-Glu was added in excess to each material and
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scans were acquired every 75 seconds for 80 mins. Figure 4.7 details

the change in the CD signal over time for NWs.

Figure 4.7: Time monitored CD analysis (top) and plot of CD signal with respect
to time at 350 nm (bottom) for L-Glu ligand exchange with AuAg NWs.
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As shown in Figure 4.7 the CD signal at 350 nm gradually increases

over time reaching completion by 75 mins. A linear plot of the change

of the CD signal over time at 350 nm further highlights the increase

in CD signal over time. The slope of this plot was determined to be

2.5x10-4 mDeg s-1. Regarding the NNL the time monitored CD anal-

ysis is detailed in Figure 4.8.
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Figure 4.8: Time monitored CD analysis (top) and plot of CD signal with respect
to time at 350 nm (bottom) for L-Glu ligand exchange with AuAg NNLs.

Interestingly we see the same trend as in the previous case with a

gradual increase in chiroptical activity at 350 nm. The process simi-
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larly reaches completion by 75 mins. In addition the linear plot of the

change of the CD signal over time at 350 nm shows the increase in

CD signal with time and a slope of 2.5x10-4 mDeg s-1 was also deter-

mined. We propose that this slow ligand exchange process is due to

the complexity and bulky size of L-Glu ligand.

4.4 Investigating the influence of thiol accessibil-

ity on ligand exchange

In order to further investigate the influence of the thiol accessibility

on the ligand exchange process we used thioglycic acid (TGA). This

achiral molecule has only a thiol and carboxylic acid functional group

and closely resembles Cys, making it an ideal ligand for this study

(Figure 4.9). We used only the 9 nm AuAg NWs and elucidated the

binding of TGA with NWs using IR spectroscopy (Figure 4.9 ).
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Figure 4.9: IR spectra of PVP and TGA capped AuAg NWs with structure of TGA
inset.

IR analysis confirms that TGA is bound to the NWs as noted by

the difference in spectra compared to the PVP capped NWs. The IR

spectrum of TGA capped NWs shows peaks at 3307, 1259, 656 cm-1

associated with the hydroxyl, carbonyl and CH vibrational modes re-

spectively. The absence of SH bands also indicates that TGA is depro-

tonated and bound to the NWs through the thiol as expected. TEM

analysis (Figure 4.10) further shows that TGA modification also does

not change or damage the topology of the NWs.
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Figure 4.10: TEM image of AuAg NWs capped with TGA.

Thus these result highlights that the accessibility of the ligands‘ bind-

ing group (in this case the thiol) plays an important role in ligand

exchange. In order to understand this further computational analysis

is required.

4.5 Conclusion and future work

In conclusion we demonstrated for the first time the chiral modifica-

tion of various 1D ultrathin AuAg nanomaterials via a facile ligand

exchange method. Our CD analysis shows chiroptical activity in the

plasmonic region of each nanomaterial confirming that it is ligand in-

duced chirality. IR analysis further confirms the binding of the chiral
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ligands on our nanomaterials with the absence of SH stretches in all

cases indicating binding via the thiol as expected. We also observed

that thinner materials are more susceptible to etching as noted from

our TEM analysis. In addition by monitoring the evolution of chi-

roptical activity with time monitored CD analysis we found that the

L-Glu ligand exchange occurs gradually requiring 75 mins to reach

completion for both NWs and NNLs while Cys binds instantly. This

is mostly likely due to the size and complexity of this tripeptide. Fi-

nally,using TGA we further demonstrated, that ligand size and the

accessibility of its binding group(s) are crucial in this ligand exchange.

For our future work we plan on performing computational model stud-

ies to better understand the binding modes of the chiral modifiers on

our nanomaterials. This field is still in its early stages and while much

work has been done for simple thiols little is known about the binding

of more complex molecules like L-Glu. In addition through compu-

tational analysis we plan to further investigate the steric effects of

the ligands in more detail. Finally, we also aim to explore the use of

our chiral modified materials for sensing applications particularly for

direct glucose sensing. The focus of this work will be to study the

influence of chirality on the limit of detection for D-glucose.
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Chapter 5

Ultrathin AuAg nanowires as

templates

5.1 Introduction

Over the last few years there has been a considerable drive to develop

methods to synthetically control the morphology of nanomaterials. It

is well accepted that the size and morphology of nanomaterials can

have a significant effect on their catalytic and optical properties.1–3

One of the most effective methods for achieving control in nanomate-

rial design is via template based synthesis. Typical examples include

the use soft templates such as DNA4,5 and hard templates such as

aluminium oxide.6–8 A major disadvantage to this approach however

is the removal of the template after synthesis. Recently sacrificial

templating has been realized as route to overcoming this problem.9,10
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This method relies on the galvanic replacement of the metal template,

resulting in dissociation of the template and its (e.g 1D) morphology

being preserved in the product.11,12 Work by Liang et al.13 demon-

strated the use of ultrathin Te NWs as sacrificial templates for the

synthesis of ultrathin Pt nanotubes (NTs) and Pd NWs. The authors

showed that the valency of the metal precursor has a significant impact

on the product with Pt2+ producing NTs and Pt4+ producing NWs.

Ultrathin Te NWs have since been used as templates in the synthesis

of a variety of novel 1D nanomaterials such as; ultrathin PtCu NWs14,

AuPt NTs11, PtAgTe NWs15 and PtPdRuTe NTs16 with each of these

nanomaterials exhibiting interesting catalytic performances particu-

larly for fuel cell applications.

Ag NWs have also widely been used as sacrificial templates in the

synthesis of Pt based nanomaterials, most notably producing hollow

NT structures.17,18 Chen et al.19 demonstrated the synthesis of dou-

bled walled AuPt hollow NTs through a 2 step process. Firstly Au

undergoes a galvanic reaction with the Ag NWs to afford hollow Au

NTs with a thin sheath of Ag on the surface, these subsequently un-

dergo a further galvanic reaction with Pt producing AuPt hollow NTs.

Interestingly the inner wall of these NT was made of Au while the

outer wall was made up of Pt. This multi-step approach highlights

the versatility of templating as a controlled way of producing complex
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nanostructures.

In addition to Ag NWs, ultrathin Au NWs have recently emerged as

interesting sacrificial templates. Hong et al.20 showed that these NWs

can be used to produce dendritic NWs composed of AuPt and AuPtCu

with considerable catalytic activity for methanol oxidation. While the

cost of the template material is still of concern particularly for large

scale applications, researchers have employed Cu NWs as a cheaper

alternative for sacrificial templating. This has seen the development

of various alloys such as AuCu21,22, PtCu21,23 and AuPtCu NTs.24

The aim of this part of the project was to investigate the use of our

ultrathin AuAg NWs as templates in the synthesis of novel 1D nano-

materials. We focused on the development of Pt, Rh and RhPt based

materials. These were chosen for 2 reasons; firstly the redox poten-

tial of our NW templates are relatively high (Au0/Au1+= -1.4 V and

Ag0/Ag1+= -0.8 V) compared to the Pt (Pt4+/Pt0= 0.755 V) and Rh

(Rh3+/Rh0= 0.758 V ) and secondly, the importance of these metals

for catalysis is well established. Herein we detail the synthesis of novel

Pt and RhPt dendritic NWs through the use of AuAg ultrathin NWs

as sacrificial templates. We further demonstrate in the case of Rh, a

tunable synthesis of AuAg NW@ Rh nanoparticle hybrid structures.

Finally we present the application of our Pt and RhPt dendritic NWs
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as anodic catalysts for methanol and formic acid electro-oxidation.

5.2 Synthesis and characterisation of Pt and RhPt

dendritic nanowires

Pt and RhPt dendritic NWs were synthesised using ultrathin AuAg

NWs as templates. Briefly PVP (55K molecular weight) and the ultra-

thin AuAg NWs (produced after following 1 day of aging) were added

together in water and heated to 80 °C. In the case of the RhPt den-

dritic NWs, RhCl3 and H2PtCl4 were added sequentially (1:1), while

for Pt dendritic NWs only H2PtCl4 (2 eq.) was added. Ascorbic acid

was then added after 1 min and the mixture was left heating at 80 °C

for 1 hour. TEM analysis of both products is shown in Figure 5.1.
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Figure 5.1: TEM images of Pt (A) and RhPt (B) dendritic nanowires and associated
size distributions.

Our TEM analysis shows that the ultrathin AuAg NWs performed

as effective templates producing high yields of product in both cases.

The resulting structures consist of an assembly of anisotropic nanopar-

ticles with a NW formation. The reproducibility of this synthesis is

shown in Figure A10. These structures closely resemble the AuPt and

AuPtCu dendritic NWs produced by Hong et al.20 using ultrathin Au

NWs as templates. It must be noted that when this reaction is per-

formed using only RhCl3 as the metal precursor a different behaviour

is observed, this will be discussed in more detail in section 5.5. Size

distribution analysis shows that both products are of similar size rang-
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ing up to microns in length and with average diameters of 23.7 and

24.7 nm for the Pt and RhPt dendritic NWs respectively. UV-Vis

spectra (Figure 5.2) further show broad absorbance profiles in both

cases with Pt in particular exhibiting a peak 290 nm which is typical

for these nanoparticles.25

Figure 5.2: UV-Vis spectra of Pt (left) and RhPt (right) dendritic nanowires.

HR-TEM analysis (Figure 5.3) shows that the Pt dendritic NWs have

d spacing values of 0.235 ±0.009 nm and 0.232 ±0.019 nm which cor-

relates with the 111 and 200 planes of FCC Pt respectively. In the

case of the RhPt dendritic NWs, HR-TEM revealed similar d-spacing

values of 0.195 ±0.018 nm and 0.228 ±0.015 nm which correlates with

the 111 and 200 planes of FCC Rh and Pt. The size of the nanopar-

ticles in these dendritic structures was found to range from 2 to 8 nm

for both the Pt and RhPt dendritic NWs.
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Figure 5.3: HR-TEM images of Pt dendritic nanowires (left) and RhPt dendritic
nanowires (right).

HAADF-STEM (Figure 5.4) further highlights the complex assem-

bly of anisotropic nanoparticles that make these structures. The Z-

contrast noted between the nanoparticles may also indicate a porous

nature of these dendritic NWs.
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Figure 5.4: HAADF STEM image of Pt (left) and RhPt (right) dendritic nanowires.

Both dendritic NW samples were further investigated using XRD anal-

ysis (Figure 5.5).

204



Chapter 5 Ultrathin AuAg nanowires as templates

Figure 5.5: XRD analysis of Pt (bottom)and RhPt (top) of dendritic nanowires.
.

The XRD patterns of both dendritic NWs are very similar with Pt

exhibiting diffraction peaks at 2theta values of 39.19 , 45.96, 66.9,

80.7 and 85.13 ° while in the case of RhPt there is only minor differ-

ence in the peaks with values of 39.5, 45.9, 67.04, 80.98 and 85.24 °.

These peaks corresponding to the (111), (200), (220), (311) and (222)

planes respectively for FCC Pt (JCPDS-01-117 ). This observation is

common for noble metal nanomaterials of this kind. Furthermore TC
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analysis for just the Pt dendritic NWs, shows that the (111) facet is

the most dominant (refer to table 5.1) . This analysis indicates that

the dendritic NWs preferentially grow along the (111) plane. This is

to be expected as we previously demonstrated (chapter 3, section 3.2)

that the (111) facet of our AuAg NWs is predominant.

Table 5.1: Texture coefficient analysis of Pt dendritic NWs

Facet I0 (counts) I (counts) TC* of sample

111 799.9 964.1 1.05

200 569.3 599.2 0.918

220 510.37 584.2 0.997

311 503.86 617.9 1.03

* refer to appendix for TC equation. Reference 04-0802 was used for

this analysis.

In order to understand the elemental composition and distribution of

both our dendritic NWs HAADF-STEM EDX analysis was performed.

Figure 5.6 details the EDX analysis of the RhPt dendritic NWs.
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Figure 5.6: HAADF STEM image (A), EDX maps of Pt and Rh L lines (B) and
EDX spectrum (C) of RhPt dendritic NWs.The red lines in the spectrum highlight
the absence of Ag and Au peaks.

The elemental analysis of the RhPt dendritc NWs confirms that they

are alloy of Rh and Pt with a Pt:Rh ratio of 90:10. The EDX spectrum

shows the characteristic L and M peaks of Pt at 9.44 and 2.04 KeV

respectively and the L peak of Rh at 2.69 KeV. The additional peaks

present are due to the Cu from the TEM grids used for this analysis.

Our EDX analysis further indicates that the alloy is mainly composed
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of Pt. This may account for the minor difference noted in the XRD

analysis between the two products.

The HAADF-STEM EDX analysis of the Pt dendritic NWs is pre-

sented in Figure 5.7.

map.png

Figure 5.7: HAADF STEM image (A), EDX line profile (B) and EDX spectrum (C)
of Pt dendritic NWs.
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The elemental analysis of the Pt dendritc NWs confirms that the struc-

ture is composed entirely of Pt. The EDX spectrum shows the char-

actaristic L and M peaks of Pt at 9.44 and 2.04 KeV respectively.

The additional peaks present are due to the Cu from the TEM grids

used for this analysis. Most importantly in both cases our elemental

analysis did not show the presence of any Au or Ag from the template

in either nanostructure. This confirms that the NWs are performing

as sacrificial templates and are completely dissociated during the syn-

thesis. This is a striking result as unlike in the case of Hong et al.20,

where Au from the Au NW template remains in the final product in

our case it does not. The reason for this may be due to the presence of

Ag in our AuAg NW alloy facilitating the complete dissociation of the

template following the galvanic reaction replacement with the metal

precursors.

5.3 Monitoring dendritic nanowire formation

We investigated the formation of the dendritic NWs by taking aliquots

from the reaction mixture at various times intervals, following the

addition of ascorbic acid, and prepared them quickly on lacy carbon

TEM grids for TEM analysis. This was done only in the case of the

RhPt dendrtic NWs. The TEM analysis is detailed in Figure 5.8.
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Figure 5.8: TEM images monitoring the formation of RhPt dendritic nanowires over
time.
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Our TEM analysis clearly shows that within 10 s of adding ascorbic

acid the dendritic NWs begin to form, as noted by the nanoparticle

aggregates present on the template. By 2.5 mins we see complete for-

mation of dendritic NWs with an average diameters of 15.1 nm. After

10 mins the dendritic NWs remain of a similar size with an average

diameter of 15.6 nm. The dendritic NWs gradually increase in thick-

ness reaching a diameter of typically 25 nm after 25 mins (refer to

Figure A11 -A14. The diameter remains unchanged upon completion

of the reaction at 60 mins. In addition to TEM, we also performed

UV-Vis analysis to monitor the evolution of the structure (Figure 5.9).

Figure 5.9: UV-Vis spectra monitoring the formation of RhPt dendritic nanowires
over time.

211



Chapter 5 Ultrathin AuAg nanowires as templates

UV-Vis analysis shows the gradual formation of a broad absorbance

band centred around 300 nm over the course of the reaction. This

absorbance profile matches that of RhPt dendritic NWs, as detailed

in Figure 5.2. Thus from our mechanistic study, the initial galvanic

reaction between the template and the metal precursors occurs rapidly

resulting in dendritic NWs forming in the early stages of the reaction.

These NWs subsequently undergo gradual increase in thickness over

the course of the reaction, reaching a complete thickness by 25 mins.

5.4 Investigating the role of the template

In order to confirm the role of the template in this synthesis we also

performed a control study with Rh, Pt and RhPt in the absence of the

AuAg NW template. The concentration of the metal precursors was

kept the same in all cases and the products were analysed by TEM

and UV-Vis spectroscopy as detailed in Figure 5.10.
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Figure 5.10: TEM images of Rh, Pt and RhPt controls in the absence of templates
and associate UV-Vis spectra.

As expected, in the absence of the AuAg NW templates no dendritic

NWs are formed. In all cases only nanoparticles were produced from

each control. The average diameters were 2.3, 2.42 and 22.7 nm for the

Pt, Rh and RhPt nanoparticles respectively. This result was similarly

observed by Tu et al.26 in case of Pt and Rh and by Lee et al.27 for

RhPt. In addition no aggregation was observed by these nanoparticles.

Interestingly, recent work by Gacem et al.28 demonstrated the con-

trolled synthesis of spherical aggregates of PVP capped Rh nanopar-
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ticles using similar reaction condition to ours, only using sodium boro-

hydride as the reducing agent. The authors further showed that the

aggregation is driven by the hydrophobic interaction between water

and the PVP capping the nanoparticles. This result could have po-

tential implication in our work. While the template is needed to form

the dendritic NWs the choice of capping agent and solvent may also

be used to further tune the morphology of our products. Regarding

the UV-Vis analysis, each control shows broad absorbance bands cen-

tred at 300 nm, which is common for these nanoparticles. Thus our

control study clearly confirms that the AuAg NWs are performing as

templates and are necessary to produce the dendritic NWs.

5.5 Synthesis and characterisation of AuAg@Rh

hybrid nanostructures

AuAg NW@Rh nanoparticle hybrid nanostructures were synthesised

using ultrathin AuAg NWs as a template. These structures were pro-

duced using the same protocol as detailed for Pt and RhPt dendritic

NWs (section 5.1) using only RhCl3 as the metal precursor. The devel-

opment of similar Au@Rh core-shell hybrid nanostructures has become

area of interest to researchers in recent years.29–31 By coupling the well

established catalytic behaviour of Rh with the plasmonic and catalytic

properties of nano scale Au, these hybrid materials make interesting
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candidates for potential photocatalytic applications.32 However the

synthesis of such hybrid nanomaterials is synthetically challenging due

to the lattice mismatch between Au and Rh (Au 0.408 nm versus Rh

0.380 nm) and the large difference in their surface energy density (Au

1.6 J m-2 versus Rh 2.8 J m-2), as a result there are very few reports

in the literature.33 One of the most prominent examples of this work

was done by Kang et al.,34 with the in situ synthesis of Au nanopar-

ticle cores with atomically thin Rh plate like shells, which exhibited

a photocatalytic enhancement of hydrogen generated from hydrazine.

In this section we present for the first time a detailed charactarisation

of our novel AuAgNW@Rh nanoparticle hybrid nanomaterial.

HR-TEM images of our AuAg@Rh hybrid is shown in Figure 5.11.

Figure 5.11: HR-TEM images of AuAg@Rh hybrid structure
.
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Our HR-TEM clearly shows that the AuAg NWs are completely cov-

ered by ultrafine anisotropic Rh nanoparticles, resulting in a core-shell

like hybrid structure. This is a striking difference in behaviour com-

pared to the use Pt and RhPt, in which the AuAg NWs perform a

more sacrificial role due to galvanic replacement, while in this case

heteroepitaxial growth occurs on the AuAg NW templates.The re-

producibility of this synthesis is shown in Figure A15 .The d spacing

values were determined to be 0.220 ±0.041 nm and 0.237 ±0.009 nm

which correspond to the 200 and 111 facet of FCC Rh respectively.

UV-Vis analysis of this hybrid structure (Figure 5.12) shows that the

distinct surface plasmon peaks of the AuAg template at 370 and 500

nm are completely lost upon formation of the new structure with only

a broad absorbance profile been noted.
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Figure 5.12: UV-Vis spectra of AuAg NWs and AuAg@Rh hybrid structure.

HAADF-STEM analysis (Figure 5.13) further highlights the presence

of the Rh nanoparticles on the NW templates. The size of these

nanoparticles was found to be on average 4.2 nm.
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Figure 5.13: STEM images of AuAg@Rh hybrid nanostructure (top) and size dis-
tribution of Rh nanoparticles (bottom).

The crystallinity of our hybrid nanostructure was further investigated

using XRD analysis (Figure 5.14)
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Figure 5.14: XRD analysis of AuAg NWs (bottom) and AuAg@Rh hybrid structure
(top).

The XRD pattern of the AuAg NW@Rh hybrid shows 2theta values

of 38, 44, 64, 77.5 and 81.2° corresponding to the (111), (200), (220),

(311) and (222) planes respectively of the FCC AuAg NW template
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and at 47 and 69° corresponding to the (200) and (220) planes of FCC

Rh (01-071-4657).

HAADF-STEM EDX line map analysis (Figure 5.15) further confirms

that the hybrid structure is composed of Au, Ag and Rh. The EDX

spectrum (Figure 5.15C) shows the characteristic L and M peaks of

Au at 9.7 and 2.1 KeV respectively, the L peak of Ag at 3.1 KeV and

the K line of Rh at 20 KeV. The additional peaks present are due to

the Cu from the TEM grids used for this analysis.
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Figure 5.15: HAADF STEM image (A), EDX line profile (B) and EDX spectrum
(C) of AuAg NWs@Rh hybrid structure.

5.6 Monitoring of AuAg@Rh hybrid formation

In order to understand formation of these core-shell hybrid structures

we monitored the progress of the reaction by taking aliqout from the

reaction mixture at various times intervals, following the addition of

ascorbic acid, and prepared them instantly on lacy carbon TEM grids
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for TEM analysis. The TEM analysis is detailed in Figure 5.16

Figure 5.16: TEM images monitoring the growth of AuAg@Rh hybrid structure over
time.
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Our TEM analysis shows that prior to the addition of ascorbic acid

only AuAg NW without Rh NPs are present. Within 10 s of the reac-

tion we see the formation of Rh nanoparticles on the AuAg template.

By 30 s an appreciable coverage of Rh nanoparticles was noted on

some of the templates. The coverage of Rh gradually increases over

the course of the reaction with a complete coverage noted after 25

mins. In addition to TEM, we also monitored the progress of the re-

action by UV-Vis spectroscopy (Figure 5.17).

Figure 5.17: UV-Vis analysis monitoring the formation of AuAg@Rh hybrid struc-
ture over time (A) and UV-Vis spectra of the final supernant (B) and purified
precipitate (C).
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Our UV-Vis analysis also shows a gradual change over the duration of

the reaction with formation of a broad absorbance band a 290 nm.

Comparison of the UV-Vis spectra from the purified sample (pre-

cipitate) and the supernatant, reveals that the peak from the time

monitored study closely resembles the supernatant. TEM analysis

(Figure 5.18) of the supernatant shows only Rh nanoparticles. Thus

the gradual change in the absorbance spectra during the reaction is

associated with the reduction of our Rh precursor and the growth of

Rh nanoparticles. This mechanistic study shows that the initial de-

position of Rh onto the AuAg NW occurs rapidly however the growth

of the Rh nanoparticles and coverage of templates is gradual. This

trend was similarly observed by Kang et al.34 for the synthesis of Au

nanoparticle @Rh sheet hybrid structures and for our RhPt dendritic

NWs.
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Figure 5.18: TEM image of supernatant from the time monitored study of AuAg@Rh
formation.

5.7 Effect of Rh concentration on the template

coverage

We next focused on controlling the coverage of Rh on the template

NWs. Heterostructured nanomaterials which are composed of dis-

tinctly different morphologies, in our case 0D on a 1D nanomaterial,

represent an interesting class of hybrid material with unique catalytic

properties.35 In recent years many researchers have focused on control-

ling various parameters such as the shape, size and relative position of

each component of these nanomaterials in an attempt to improve their
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catalytic performance.36,37 In keeping with our work the most common

method to producing these hybrid materials is through the use of tem-

plates, onto which another material(s) is grown or deposited. This has

seen the use of a variety of different templates such as graphene,38–41

metal oxides,42–44 metal nanorods,45 and NWs.46–48 Recent work by

Cai et al.49 in particular demonstrated how the concentration of Au

islands on Pd nanotubes has a significant influence on the catalytic

performance for ethanol electro-oxidation. The authors highlight that

this is due to the concentration of exposed heterojunctions between the

Au and Pd and that an optimal concentration of these heterojunctions

is required for the best performance. Thus we performed our study by

using various Rh concentrations of; 0.68, 0.34, 0.17, 0.108, 0.085 and

0.068 mM in the reaction. TEM analysis of each sample is detailed in

Figure 5.19.
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Figure 5.19: TEM analysis detailing the variation in Rh coverage on AuAg NWs
with a change in Rh concentration

.

As expected, our TEM analysis shows that lowering the Rh concentra-

tion in the reaction effects the resulting coverage on the NW template.

At 0.68 and 0.34 mM the resulting structure is a core-shell with Rh

nanoparticles completely covering the templates. As the concentra-
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tion is lowered, the Rh nanoparticles become notably more sparse

along the AuAg NWs with a concentration of 0.068 mM showing the

least coverage of Rh. We propose a scheme in Figure 5.20 to highlight

this variation in coverage with a change in concentration. It must

be noted however, that as the concentration of Rh is lowered, fewer

templates become modified. Nevertheless we demonstrated that by

varying the Rh concentration it is possible to tune the coverage on

the NW template.

Figure 5.20: Reaction scheme detailing the change in coverage associated with a
change in Rh concentration.
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5.8 Tuning of Rh coverage by varying reaction

time

We further focused on trying to control the coverage of Rh on the NW

templates. In light of our time monitored study (section 5.6) which

showed that the Rh deposition onto the NWs is a gradual process, we

thus aimed at controlling the coverage of Rh by varying the reaction

time. This would overcome the short coming of our concentration

study (section 5.7) such that the yield of the more sparsely covered

NWs would be greater. This study was carried out by using a Rh

concentration of 0.68 mM and quenching the reaction with acetone. 2

separate reactions were performed and quenched after 3 and 12 min as

our time monitored study revealed that these times produce distinct

different Rh coverages. HR-TEM images of each sample is shown in

Figure 5.21.
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Figure 5.21: HR-TEM images of AuAg@Rh hybrids produced after 3 min (left) and
12 min (right).

The HR-TEM analysis shows a marked difference in the Rh cover-

age on the template NWs, with the 3 min reaction showing a more

sparse coverage of Rh as expected. This was further emphasized using

HAADF-STEM (Figure 5.22). In addition, a high yield of modified

NW templates was also observed in both cases, further highlighting

the effectiveness of this method.
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Figure 5.22: HAADF-STEM analysis of AuAg@Rh hybrids produced after 3 min
(top) and 12 min (bottom).

Thus these results shows that it is possible to tune the coverage of Rh

by simply varying the reaction time. It is expected that this tunability

will have a significant impact on the catalytic properties of this hybrid

material, due to the difference in exposed heterojunctions between

deposited Rh nanoparticles and the NW template.49
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5.9 Pt and RhPt dendritic nanowires as anodic

catalysts for fuel cell applications

Direct fuels cells have long been recognised as promising candidates

for providing clean and sustainable energy for the future. Methanol in

particular has become a notable fuel of choice as it is relatively easy to

transport and offers appreciable current densities.50 The biggest draw-

back to the commercialization of these fuel cells however is the cost

of the catalyst, which is commonly Pt based, and inefficiencies arising

from catalytic poisoning.51 These poisoning issue are significant with

methanol fuels cells as in addition to CO adsorption, they also have

a tendency to undergo crossover poisoning, in which methanol crosses

over the polyelectrolyte membrane and poisons the cathode.52–54

In an attempt to mitigate this issue researchers have looked to us-

ing alternative fuels. To this end, formic acid stands as a promising

alternative to methanol as in addition to low toxicity, it is also less

susceptible to undergo fuel crossover poisoning and has shown fast ox-

idation kinetics.55,56 It has been established that the electro-oxidation

of formic acid occurs via a parallel dual pathway mechanism: a direct

path, involving the dehydrogenation of adsorbed formate producing

CO2 resulting in no poisoning, and the indirect path whereby CO
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poisons are generated following the oxidation of adsorbed intermedi-

ates.57–60 Recently it has emerged that the indirect pathway is only

a minor pathway and does not contribute significantly to the overall

current.61,62 while the exact mechanism of these pathways remains elu-

sive, Cuesta et al.63 have shown that absorbed formate (COOH) plays

a key role in both cases.

The choice of catalyst has the most significant influence in the electro-

oxidation of the fuel thus catalyst design such as morphology and com-

position are of great importance.64–67 Researchers have particularly fo-

cused on alloying as an amenable approach for not only reducing the

cost of catalysts but also enhancing catalytic performance.68–71 Yuan

et al.72 demonstrated that flower-like RhPt nanoparticle aggregates

significantly out-perform Pt/C producing a negative shift of 110 mV

for the peak potential of methanol. The authors further showed the a

Pt:Rh ratio of 81:19 offered optimal performance in this case. In ad-

dition RhPt dendrites,27 RhPt ultrathin NWs73 and other alloys such

as PtPd dendrites74 and PtAg ultrathin NWs75 have also showed re-

markable catalytic performances by virtue of their morphologies and

compositions. Herein we present for the first time the use of Pt and

RhPt dendritic NWs as anodic catalyst for the electro-oxidation of

methanol and formic acid.
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5.9.1 Electro-oxidation of methanol

The electro-catalytic activities of our Pt and RhPt dendritic NWs were

assessed by cyclic voltammetry (CV) in a 0.5 M perchloric acid solu-

tion containing 1 M methanol (Figure 5.23). For each electrochemical

test a 4.9 µg of loading of catalyst was used.

Figure 5.23: CV analysis of methanol oxidation at 50 mV s-1 for Pt and RhPt
dendritic NWs versus Ag/AgCl reference electrode in a 0.5 M perchloric acid solution
containing 1M methanol.

As shown in Figure 5.23 the RhPt dendritic NWs produce current

density 1.1 times greater than the Pt dendritic NWs. Furthermore

the peak potential from the RhPt dendritic NWs is more negative

(0.55 V) than the Pt dendritic NWs which have a peak potential at

0.63 V. These results highlight that alloying Rh with Pt enhances the
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catalytic performance, most likely due to synergistic effects between

the 2 metals in the alloy. In addition both these catalyst also ex-

hibit 2 peaks. The peak in the forward scan is due to the oxidation

of absorbed methanol resulting in CO poisons on the surface of the

catalysts, as described by the following equation.

CH3OH + Pt −−→ Pt–COads. + 4 H+ + 4 e-

As the potential is increased adsorbed OH species are formed on the

surface of the catalyst;

H2O + Pt −−→ Pt–OHads. + H+ + e-

In the reverse scan OH reduction occurs (on-set at 0.764 and 0.741 V

for the Pt and RhPt dendritic NWs respectively) and the subsequent

oxidation of the adsorbed CO species occurs as detailed in the equation

below;

Pt–OHads. + Pt–COads. −−→ + CO2 + 2 Pt + H+ + e-

The larger the ratio of the forward peak (Jf) to the reverse peak (Jb)

the greater the electrodes poison-resistance ability. In our case Jf/Jb

ratio for the Pt and RhPt dendritic NWs was found to be 2.3 and

2.9 respectively which are considerably high poison resistances. The

poison resistance was notably greater for the RhPt alloy as expected.

While a ”bifunctional mechanism” is typically used to describe the
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enhanced performance for PtM alloys (M= Ru, Sn and Rh) particu-

larly for methanol oxidation, Sheng and co workers76 recently showed

through DFT calculation that in the case of RhPt it is more complex.

The authors showed that Rh may play a more active role in the initial

C-H bond breaking in the case of methanol rather than just forming

OH species. In comparison with other catalyst (Table 5.2) our den-

dritic NWs exhibit considerable catalytic performance.

Table 5.2: Electro-oxidation of methanol by various Pt based catalyst in acidic
media.

Catalyst Ep (V) Jf/Jb

Au/Pt dendritic NWs20 -0.10 1.25

Au/PtCu dendritic NWs20 -0.075 1.51

RhPt nanodendrites27 0.62 3.02

RhPt nanoparticles27 0.75 0.77

Pd75Pt25 nanodendrites74 0.594 ca. 0.86

Pt3Co NWs77 0.8 0.88

Pt4Pb NWs70 0.68 1.09

Pt dendritic NWs (this work) 0.63 2.3

PtRh dendritic NWs (this work) 0.55 2.9

The mechanism for this electro-oxidation process was investigated by

varying scan rate in our CV analysis. Scan rates of 35, 50, 75 and 90
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mV s-1 for a 0.5 M perchloric acid solution containing 1 M methanol

(Figure 5.24).

Figure 5.24: CV analysis at scan rates of 25, 50, 75 and 90 mV s-1 for Pt(A) and
RhPt dendritic (B) NWs versus Ag/AgCl reference electrode and corresponding plot
of current density vs square root of scan rate (C) in a 0.5 M perchloric acid solution
containing 1 M Methanol.

As shown in Figure 5.24 as the scan rate is increased the peak current

densities also increase. Interestingly the Pt dendritic NWs also show

a notable increase in the reverse peak at high scan rates (75 and 90

mV s-1) while the RhPt catalyst shows only minor changes in the

reverse peak for all scan rates. A plot of the peak current density
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with respect to square root of the scan rate shows a linear relationship.

This indicates that this reaction process is diffusion rate limited.

5.9.2 Electro oxidation of formic acid

Regarding formic acid oxidation, we assessed the electro-catalytic ac-

tivities of our Pt and RhPt dendritic NWs by CV in a 1 M H2SO4

solution containing 0.5 M formic acid (Figure 5.25). For each electro-

chemical test a 4.9 µg loading of catalyst was used.

Figure 5.25: CV analysis of formic acid oxidation at 50 mV s-1 for Pt and RhPt den-
dritic NWs versus Ag/AgCl reference electrode in a 1 M H2SO4 solution containing
0.5 M Formic acid.

As shown in Figure 5.25 the RhPt dendritic NWs out perform the Pt
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dendritic NWs producing a 1.53 times larger current density at more a

negative peak potential (∆ 0.14 V). In addition, both these catalysts

exhibit 2 peaks. Since the direct pathway has been recognised as the

predominant pathway, it is generally accepted that the peak in the

forward scan is due to the oxidation of absorbed formate.

HCOOH + Pt −−→ Pt–COOHads. + H+ + e-

The reduction of surface poisons in the reverse scan provides active

sites for the complete oxidation formate to CO2as described in the

equation below.

Pt–COOHads. −−→ CO2 + H+ + e-

The Jf/Jb ratio for the Pt and RhPt dendritic NWs was found to be

0.65 and 1 respectively. These results highlight the benefit of alloying

on improving catalytic performance. Compared with other catalyst

(Table 5.3) our dendritic NWs exhibit considerable catalytic perfor-

mances.
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Table 5.3: Electro-oxidation of formic acid by various Pt based catalyst in acidic
media.

Catalyst Ep (V) J (mA cm-2)*

Rh nanochains78 0.42 0.55

Pt NWs79 0.7 1.75

Pt71Au29 NWs79 0.58 1.2

Pt71Au29 NWs79 0.68 0.9

Pd0.65Ag1/CNT80 ca.0.37 2.16

PtAg Np75 0.92 0.6

Pd NWs81 (2 nm) 0.64 2.4

Pt dendritic NWs (this work) 0.83 1.6

PtRh dendritic NWs (this work) 0.69 3.1

*refer to appendix Figures A16-17 for ESCA CVs of Pt and RhPt

dendritic NWs.

We further investigated the mechanism for this electro-oxidation pro-

cess by varying scan rate in our CV analysis. Scan rates of 35, 50, 75

and 90 mV s-1 were used as outlined in Figure 5.26 for a 1 M H2SO4

solution containing 0.5 M formic acid.
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Figure 5.26: CV analysis at scan rates of 35, 50, 75 and 90 mV s-1 for Pt(A) and
RhPt dendritic (B) NWs versus Ag/AgCl reference electrode and corresponding plot
of current density vs square root of scan rate (C) in a 1 M H2SO4 solution containing
0.5 M formic acid.

As shown in Figure 5.26 as the scan rate is increased the peak current

densities also increase. In the case of the Pt dendritic NWs there is

a notable rise in the reverse peak at high scan rates (75 and 90 mV

s-1) compared to the RhPt catalyst. A plot of the peak curent density

with respect to square root of the scan rate shows a linear relationship

in both cases. This indicates that reaction process is again diffusion

rate limited.
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5.10 Conclusion and future work

In conclusion we demonstrated for the first time the use of ultrathin

AuAg NWs as templates for the synthesis of novel 1D nanomaterials.

Interestingly the AuAg NWs performed as sacrificial templates with

Pt and RhPt producing dendritic NWs, while in the case of Rh, we

observed hetero-epitaxial growth of Rh on the NWs resulting in a new

AuAg NW@ Rh nanoparticle hybrid material. Using TEM analysis it

was found that initial galvanic reaction for the synthesis of the RhPt

dendritic NWs occurs rapidly, followed by the gradual increase in the

thickness in the dendritic NWs. This was similarly observed in the syn-

thesis of the AuAg NW@Rh hybrid, with deposition of Rh occurring

rapidly on the NWs followed by the gradual increase in Rh coverage

over the course of the reaction until a complete shell is formed. In ad-

dition we further demonstrated that in the absence of the templates no

1D nanomaterials are produced, thus confirming that the AuAg NWs

are necessary in this synthesis. We further showed that the coverage

of Rh on the NWs in our hybrid material can be tuned from a shell

to being sparsely decorated by simply varying the reaction time.

Finally, we demonstrated that the Pt and RhPt dendritic NWs ex-

hibit considerable catalytic performances for the electro oxidation of
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methanol and formic acid. In both cases the RhPt dendritic NWs out

performed the Pt dendritic NWs producing higher current densities

at lower potentials.

For our future work we to plan investigate the effect of using different

templates such as our AuAg nano-necklaces (chapter 3 section 3.11)

and thinner AuAg NWs (chapter 3, section 3.10) on the resulting

morphology of the Pt and RhPt dendritic NWs. We also aim to extend

this to the synthesis of additional AuAg@Rh hybrid nanomaterials. In

addition we also plan to further tune the morphology of the dendritic

NWs by exploring the use of different capping agents. Finally, we

aim to investigate the electro-catalytic activity of the AuAg NW@ Rh

hybrid nanomaterial for the electro oxidation of ethylene glycol. The

focus of this work will be to study the effect of different Rh coverages

on the catalytic performance of the material.
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(29) Garćıa, S.; Anderson, R. M.; Celio, H.; Dahal, N.; Dolocan, A.;

Zhou, J.; Humphrey, S. M. Chemical Communications 2013,

49, 4241–4243.

(30) Jiao, J.; Liu, X.; He, H. Materials Letters 2014, 131, 336–339.
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Chapter 6

Chiral anisotropic nanostructures

6.1 Introduction

Self-assemblies of chiral nanomaterials have deserved particular at-

tention over last years opening new approaches to hierarchical chiral

structures.1–4 For example, Kotov and co-workers have recently re-

ported assembly of D- and L-cysteine-stabilized cadmium telluride

nanoparticles (CdTe NPs) in mesoscale helices with near-unity enan-

tiomeric excess.5 The same group has previously published papers on

the formation CdTe/CdS twisted ribbons formed under illumination

by circularly polarized light,6 biomimetic assembly of chiral nanoparti-

cles into helical supraparticles3 and self-organization of plasmonic and

excitonic nanoparticles into resonant chiral supraparticle assemblies.4

In particular, there was a significant progress in the investigation of

self-assemblies of chiral plasmonic nanostructures.2,7–11 There are also
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reports of different groups on various helical structured semiconduct-

ing nanomaterials forming racemic mixtures including CdS,12,13 ZnO,14

ZnS,15 InP16 and InGaAs/GaAs.17

The use of stirring or mechanical vortex flow is another promising ap-

proach of achieving symmetry breaking in achiral species and this is

an area gaining increasing interest.18–20 In fluid dynamics, vortex is a

region within a fluid where the flow mostly spins around an imaginary

axis either straight or curved.21,22 Vortex and stirring induced chirality

has been established and reported for several organic achiral molecular

and supramolecular systems such as ionic oligomers,23 polymers,24 pro-

teins,25,26 liquid crystals,27,28 and for the self-assemblies of supramolec-

ular aggregates.23,28–36 However, the use of stirring and vortexing for

the preparation of chiral inorganic nanomaterials has not yet been ex-

plored in detail and there are only a couple of literature reports in this

field. For example, chiral nanofibers from graphene oxide, MoS 2, TiS2,

TaS2, TaSe2, WSe2, Pt-MoS2, Pt-rGO have been produced by vigorous

stirring of solution of the corresponding ultrathin 2D Nanomaterials in

the presence of carbon nanotubes or AuAg nanowires using an achiral

triblock copolymer (PEO20PPO70PEO20)-assisted self-assembly pro-

cess.37 It was also shown that the produced chiral nanofibers can be

further transformed to same-handed chiral nanorings. Clockwise and

counter-clockwise vortexing has also been used to tune the chirality of
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graphene oxide and transfer a handedness to achiral hosts molecules

(tetrakis(4-N-methyl pyridyl)porphyrins).38 Finally, using directional

solvent evaporation from Mn-Doped ZnSe Nanorods vortex patterning

of semiconducting nanorods was realised.22 It has also been demon-

strated that rotating vortex flows can be used to achieve chiral sepa-

ration at the micro- and nanoscales.19,39

Anisotropic plasmonic-excitonic hybrid nanomaterials which are com-

posed of metal and semiconductor nanocomponents present particular

interest due to their unique properties and range of their potential ap-

plications.40,41 However, the preparation of anisotropic chiral hybrid

nanomaterials is particularly challenging. One of the current advanced

approaches for the preparation of chiral hybrid nanostructures is low-

temperature shadow deposition with nanoscale patterning developed

by P. Fischer and co-workers.42,43 Nevertheless, this technique is highly

technically demanding and hard to scale up.

The main aim of this part of the project was to investigate the effects

of vortex induced optical activity on ultra-long Ag nanowires (NWs).

Ultra-long NWs were chosen for this study as preliminary work done

in our research group, demonstrated that large aspect ratio Ag NWs

exhibited chiroptical activity when stirred. Here we report SEM and

various spectroscopy used to try understand this phenomenon. This
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work was further used to explore the use of vortexing for the con-

trolled synthesis of chiral structures, from which novel chiral Ag NW

@quantum dot hybrid structures were produced.

6.2 Synthesis and characterisation of ultra-long

Ag Nanowires

The Ag NWs used for this work were synthesised using the polyol

method developed by Jui et al.44 Briefly, AgNO3 was reduced in ethy-

lene glycol at 130 °C for 5 hours in the presence of FeCl3 and PVP.

The NWs were characterised by SEM and UV-Vis spectroscopy as de-

tailed in Figure 6.1 below.
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Figure 6.1: SEM image (A), UV-vis spectrum (B) with photograph of solution in-set
and size distribution (C) of Ag NWs.

SEM analysis shows Ag NWs with an average diameter of 83.4 nm and

ranging up to several microns in length. The UV-Vis spectrum shows

a typical absorbance profile for Ag NWs with a peak at 400 and 350

nm, which correspond to the transverse surface plasmon and bulk Ag

peak respectively.45–47 The longitudinal plasmon peak which occurs at

500 nm is absent due to the large aspect ratio of these NWs.48
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6.2.1 Effect of stirring orientation on induced chirality

As mentioned earlier the stirring direction has a major role in defining

the resulting chirality expressed by the NWs. For the purpose of our

studies all analysis was done using 20 mm diameter sample tubes as

vessels, 141 mm magnetic stirring bar,a stirring speed of 960 rpm and

the same stirring mantle (a sigma Aldrich S46). In the case of CW

stirred Ag NWs a modified magnetic stirring mantle was used under

the same conditions. CD analysis of CW and ACW stirred Ag NWs

are shown in Figure 6.2 .
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Figure 6.2: CD spectra of CW and ACW stirred Ag NWs (top). Time monitored
CD spectra of Ag NWs (bottom) showing the change in chiroptical activity following
10 mins of ACW stirring.

The CD analysis above (Figure 6.2, top) shows enantiomeric signals

of equal and opposite sign for the CW and ACW stirred NWs in
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the plasmonic region of the NWs. The ACW stirred NWs showed

a trend to produce (-) CD signals while CW stirred NWs tended to

show (+) signals. This stirring induced optical activity compliments

the extensive work carried out by Ribo et al.23,36,49,50 with J aggre-

gates. However the exact origin of this optical activity remains in

question, with many reports in the field stating that this observed CD

signal is an artifact arising from the partial alignment, in our case of

the NWs, with the vortex which is intrinsically chiral, resulting in a

macroscopic chiral arrangement.51–54 Our time monitored CD study

(Figure 6.2, bottom) of a solution of Ag NWs following 10 minutes of

ACW stirring, further highlights how the observed CD signal for these

NWs fluctuates and changes orientation over time when the system is

no longer stirring. This further indicates that the observed chiroptical

activity may be due to alignment artefacts. It must be noted that

the change in sign of the CD signal was commonly observed in this

study. Nevertheless hydrodynamic forces have been shown to induce

chiral deformation.37,55–57 In our case however, SEM analysis showed

no physical change or chiral deformation such as helices in the NWs

(Figure 6.3).
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Figure 6.3: SEM image of ACW stirred Ag NWs.

We explored this further by drying a concentrated aliqout of the Ag

NWs while continuously stirring them on a glass slide. SEM analy-

sis (Figure 6.4) again showed no chiral deformations however in this

case the NWs showed a very distinct alignment (ie. NWs orientated in

same direction) due to the stirring. In light of this we propose that the

observed chiroptical activity is most likely due to the specific orienta-

tion and alignment of the NWs with the vortex.51,54 Nevertheless we

demonstrated for the first time, vortex induced optical activity with

metallic NWs.
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Figure 6.4: Experimental set up (A), photograph of the dried sample (B) and SEM
image (C) of Ag NWs dried on a glass slide while continuously stirring ACW.
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6.2.2 CD analysis of aligned Ag nanowires

In order to investigate the origin of the chiroptical activity further

alignment studies were performed. These studies were carried out in

collaboration with Dr. John Gough (School of Physics TCD). The Ag

NWs in solution were aligned on a quartz substrate using a three-phase

interface method. The method allows for the spontaneous alignment

of aqueous Ag NWs in an oil-water-air interface. Aligned and un-

aligned NWs are presented in Figure 6.5.
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Figure 6.5: Unaligned (A) and aligned (B) Ag NWs on a quartz substrate viewed
through a X50 microscope.

The chrioptical activity of the aligned NWs was then assessed by using

a linear polariser in combination with a quarter-wave plate to convert

the light incident on the sample to circularly polarised light. Measure-

ments of the CD response to both right and left circularly polarised
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light were recorded (Figure 6.6).

Figure 6.6: CD response of the aligned Ag NWs on a quartz substrate to left and
right circularly polarised light.

As shown in Figure 6.6 there is no difference in the absorption of left

and right circularly polarised light for the aligned Ag NWs. Since

there is no chirality associated with these structures, and the region

measured was perfectly aligned, it was expected that there would be

no optical activity. This result confirms that the chiroptical activity

observed for these NWs is due to the orientation and motion in the

intrinsically chiral vortex rather than chiral deformation of the Ag

NWs.
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6.3 Vortex assisted synthesis of Ag NW @ quan-

tum dot hybrid structures

Plasmonic-excitonic hybrid structures made of Ag NWs ( 83.4 nm

in diameter and several µm in length) and semiconducting CdSe/CdS

quantum dots were produced by taking advantage of the self-assembly

of nanoparticles.3,58,59 For our studies CdSe/CdS quantum dots with;

nano nail and dot in rod structures, capped with cysteine (Cys) or thi-

ogylcolic acid (TGA) were investigated. Solvent influences on these

capping agents bearing carboxylic acids and/or amino groups have

been demonstrated to enhance interparticle attractive forces and are

rapidly been employed as a effective method to achieve complex heirar-

chical assemblies.60–62 Herein we present the synthesis of Ag NW@

nano-nail and Ag NW@ Dot n rods hybrid structures.

6.3.1 Synthesis and chracterisation of Ag NW @ nano-nail

hybrid structure

Nano-nail QDs were chosen for this study due to their luminescent

properties and unique anisotropic structure.63 These QD were syn-

thesised and characterised by Dr. Finn Purcell-Milton in our group.

Figure 6.7 shows TEM images, size distribution analysis and emission
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spectrum for the nano-nail QDs. The full length, base length and base

width of these nano-nails are 65.9, 11.9 and 5.4 nm respectively and

they emit at 612 nm.

Figure 6.7: TEM images (A and B), size distributions (C-E)) and emission spectrum
(F) of CdSe/CdS nano-nails.
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Since the nano-nails are made in an organic phase a phase transfer

was required to make them miscible in water/ethanol. This phase

transfer process was performed in collaboration with Vera Kuznetsova

( Ph.D candidate) in our group, using either Cys or TGA as the phase

transfer agent. Figure 6.8 details the chiroptical activity induced in

the nano-nails following phase transfer using Cys ligand.

Figure 6.8: CD spectra of L- and D- capped CdSe/CdS nano-nails.

Using a simple method, Ag NWs were mixed with a racemic solu-

tion (made by mixing L- and D- Cys capped nano-nails) of QDs (in

excess), in ethanol under strong magnetic stirring ( 960 rpm) for 10

mins and allowed to age over an 8 day period at 4 ℃. SEM (Figure

6.9) of the resulting structure revealed that the nano-nails form a he-

lical self-assembly along the length of the Ag NWs.
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Figure 6.9: SEM image of hybrid structure after 8 days of aging using a racemic
solution of cys capped nano-nails.

Interestingly all of the Ag NWs showed an appreciable coverage of

helices. The pitch of the helices varied from NW to NW and along the

length of the NWs. A survey of these structures further revealed that

helices are a racemic mixture (Figure 6.10), ie. No preferential left or

right handedness. This stands in good agreement with the work which

was recently reported by Kotov et al.3,5.
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Figure 6.10: SEM images showing left (top) and right (bottom) handed helices after
8 days of aging using a racemic solution of Cys capped nano-nails.

Scanning transmission electron microscopy (STEM) analysis, Figure

6.11 further shows that the nano-nails densely packed side-by-side par-

ticularly when close to the NW surface. This is a common packing

arrangement adopted by similar shaped 1D nanostructures, and is an

energetically efficient confirmation.64 EDX analysis (Figure 6.11) fur-
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ther confirms that the composition of the hybrid structure contains

Cd, S and Ag. The Se component of the nano-nails was not detected

mostly like due to the very small amount of this element present in

the nano-nails.
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Figure 6.11: STEM image (top) and EDX spectrum (bottom) of self assembled
nano-nails after 8 days of aging using a racemic solution of Cys capped nano-nails.

A control study performed in the absence of the Ag NWs shows that

a racemic mixture of L- and D-Cys capped nano-nails do not conform
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to any specific shape and only undergo random aggregation (Figure

6.12). This confirms that the NWs are necessary for the helical self-

assembly of the nano-nails to occur.

Figure 6.12: SEM image of a racemic mixture of L- and D-Cys capped nano-nails
aged in the absence of Ag nanowires after 8 days.

6.3.2 Investigating the growth mechanism of Ag NW @

nano-nail hybrid structure

In order to understand the formation of these hybrid structures, we

monitored their growth over 8 days using CD, UV-Vis absorbance
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spectroscopy and SEM analysis (Figure 6.13).

Figure 6.13: SEM images (left), CD and UV-Vis (right) spectra monitoring the
formation of hybrid structure over several days. A racemic mixture of L- and D-Cys
capped nano-nails were used in this case.

A distinct change in the absorbance spectra was observed in which

the absorbance profile showing peaks at 354 and 398 nm typical of Ag
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NWs seen on day 1, gradually becomes a single broader peak ( λmax=

400 nm) by day 4. This observation is reflected in our SEM analysis in

which that there is little interaction between the NWs and the nano-

nails on day 1, hence the dominant Ag NW absorbance profile. SEM

analysis further shows the distinct formation of the helical assembly

by day 4 which becomes notably thicker by day 8. The formation of

the helical assembly on the surface of the NWs results in a change in

surface plasmon resonance of the NWs and hence the change in the

absorbance profile. These changes observed in the absorbance spectra

are also mirrored in the CD analysis.

6.3.3 Investigating the effect of stirring on helice chirality

One of the biggest questions in this work, was to what extent does the

stirring play on the handedness of the hybrid structures. To answer

this we investigated the influence of stirring orientation on the result-

ing CD signal. Parallel experiments were performed with clockwise

(CW) and anticlockwise (ACW) stirring (both cases the samples were

stirred for 10 mins), using a racemic solution of nano-nails (made by

mixing L- and D-Cys capped nano-nails) with the Ag NWs and aging

the solution for 8 days (Figure 6.14).
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Figure 6.14: SEM images (left) and CD (right) analysis monitoring the formation
of Ag nanowire- nano-nail hybrid structure over various days for CW and ACW
stirring using a racemic mixture of Cys capped nano-nails.

The CD spectra shows mirror image signals for CW and ACW stirring
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after day 1 with CW stirring in this case showing a trend for a ( + )

signal while ACW stirring shows a trend for a ( - ) signal. This is an

expected result as there is minimal interaction between the NWs and

nano-nails at this point in the formation process. As demonstrated

above (section 6.1) these high aspect ratio Ag NWs alone can exhibit

optical activity when stirred. Interestingly on day 4, both independent

solutions exhibit a very similar bisignate signal with both ( + ) and ( -

) character. On day 4 the helices become more defined however upon

analysis a racemic mixture was noted for both the CW and ACW

stirred solutions. Finally, by day 8 both systems show mirror image

signals with CW stirring showing a tendency for a ( + ) signal while

ACW stirring shows a tendency for a ( - ) signal. Again only a racemic

mixture of helices was observed when analysed by SEM. In summary,

while the stirring orientation does not induce a particular handedness

in the helices it does influence the overall chirality observed due to the

motion of the NW backbone of the hybrid.51 The change observed in

the CD signal after day 4 indicates that the assembly may influence

the motion of the NWs as would be expected due to a change in the

fluid dynamics of the NWs.65,66
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6.3.4 Investigating the effect of the capping agent on the

helice chiralty

To explore the effect of the capping agent on the handedness of the self

assembled nano-nails we studied the use of D- and L- Cys and achiral

TGA capped nano-nails. All solutions were stirred ACW for 10 mins

and allowed to age for 8 days. SEM and CD analysis monitoring the

changes in the structure over time are detailed in Figure 6.15.
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Figure 6.15: SEM image (top) and CD analysis (bottom) of Ag NW @nano-nail
hybrid structure after 8 days of aging using D- and L-cysteine capped nano-nails.
The SEM image is of L-Cys capped nano-nails respectively.

CD analysis shows equal and opposite CD signals after 8 days of aging.

We have found that the L-Cys capped nano-nails produced predomi-
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nantly left handed helices while the D-Cys capped produced predomi-

nantly right handed helices when assessed by SEM. The achiral TGA

capped nano-nails under the same conditions also produced a helical

self-assembly along the NWs (Figure 6.16). This may be explained

by the “winding mode” detailed by Wang et al.67 in which the wind-

ing of the assembly is the most energy efficient configuration. These

helices were found to form a racemic mixture as would be expected

since the there is no chirality expressed by TGA to bias the resulting

handedness of the self-assembly.
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Figure 6.16: SEM image (top), CD and UV-Vis spectra (bottom) of Ag NW @nano-
nail hybrid capped with TGA after 8 days of aging

6.3.5 Ag nanowire@ Dot‘n‘rod hybrid structures

We further extended our study to the use of Dot‘n‘rod (DnR) QDs,

as they are recognised for their strong luminescent properties making
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them interesting candidates for the preparation of plasmonic-excitonic

hybrid nanomaterials.68–70 These QD were synthesised and charac-

terised by Dr. Finn Purcell-Milton in our group (Figure 6.17).The

length and width of these DnR are 6.6 and 27.1 nm respectively and

they emitted at 625 nm.
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Figure 6.17: TEM images (top), size distributions (middle) and emission spectrum
(bottom) of CdSe/CdS DnRs.

Since the DnR are also made in an organic phase a phase transfer

was performed to make them miscible in water/ethanol. This phase

transfer process was performed in collaboration with Vera Kuznetsova
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( Ph.D candidate) in our group, using either Cys or TGA as the phase

transfer agent. Figure 6.18 details the chiroptical activity induced in

the DnRs following phase transfer using Cys.

Figure 6.18: CD spectra of L- and D- capped CdSe/CdS DnRs.

Using our method, Ag NWs were mixed with a racemic solution (made

by mixing L- and D- Cys capped DnRs) of QDs (in excess), in ethanol

under strong magnetic stirring ( 960 rpm) for 10 mins and allowed to

age over an 8 day period at 4 ℃. SEM (Figure 6.19) of the result-

ing structure revealed that the DnRs also form a helical self-assembly

along the length of the Ag NWs
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Figure 6.19: SEM image of Ag NWs@ DnR hybrid structure after 8 days of aging
using a racemic solution of D- and L-Cys capped DnRs.

The DnR helical self assembly is similar to that seen for the nano-

nails. The pitch of these helices varied between NWs and along the

length of the NWs. It was also noted that extending the aging pe-

riod longer (typically 16 days see appendix Figure A18) can result

in complete coverage and even dissociation of the NWs. A survey of

these structures further revealed that helices have no preferential left

or right handedness. This was similarly seen in the case of the nano-

nails These result are in good agreement with the work on the self

assembly of quantum dots previously reported by Kotov et al.3,5 Our

hybrid structure expresses chiroptical activity at 400 nm with ACW

stirring solution showing a tendency to produce (-). We propose that

is chiroptical activity is again due to the motion of the Ag NWs back-

bone of the hybrid nanostructure and not from the helical assemblies
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of DnRs around the Ag NWs .

6.3.6 Investigation of the growth mechanism of Ag NW @

Dot n rod hybrid structure

Our next focus was to further investigate the effects of stirring on

the formation of the DnR (QDs) self assembly. While our previous

stirring study with nano-nails (section 6.3.3), revealed that the stir-

ring orientation (CW or ACW) did not influence the handedness of

the resulting helice, this may have been due to the short stirring time

used (10 mins). We thus performed this study with continuous ACW

stirring at 960 rpm at room temperature for 8 days. In addition only

achiral TGA capped DnRs were used, to ensure that any specific hand-

edness induced in the self assembly was mainly caused from stirring

rather than from chiral ligands. Furthermore in attempt to shorten

the reaction time we also increased the concentration of the QDs from

0.6 a.u (at ab 500 nm) to 0.75 a.u. Finally, we also performed a con-

trol with no stirring in parallel with the stirred sample. Figure 6.20

details the SEM, CD and UV-Vis analysis of the continuously stirred

sample over 8 days.
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Figure 6.20: SEM images (left), CD and UV-Vis analysis (right) monitoring the
formation of the Ag@ DnR hybrid structure over 8 days of aging with continuous
stirring using TGA capped DnRs.

Our SEM analysis shows that after 1 day of aging the TGA capped

DnRs form a helical assembly on the NWs. This is a striking improve-

ment on our previous protocol which required up to 4 days for the

helical self assembly to occur. A survey of these assemblies showed
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that helices did not have a preferential left or right handedness. SEM

further showed that no significant change occurred in the structure

by day 4 however by day 8 the NWs show notable signs of dissocia-

tion. This may be due to the sulfurization of the Ag NW surfaces as

highlighted by Elechiguerra and co workers.71 Regarding the UV-Vis

analysis, a broad absorbance profile centred at 420 nm was noted in

all cases, which is indicative of a changes in the AG NWs surface.

Interestingly there was notable change observed in the CD spectra in

all cases. On day 1 a (+) signal was noted while on day 4 a (-) signal.

This is inversion of the CD signal is possibly due to the change in

NW motion upon transfer to the cuvette for CD analysis. On day 8

the CD signal is (+) however it is significantly diminished due to the

dissociation of the NWs.

Regarding the non stirred control, this sample was probed after day 4

and 8 so as to minimize any perturbation on the solution. The SEM,

Figure 6.21 shows a marked difference compared to the stirred sample

as very little interaction was observed between the QDs and the NWs.

By day 8 we observed very few helices for the non stirred sample with

no specific handedness. The UV-Vis spectra in both cases showed a

broad absorbance profile centred at 400 nm as expected. In addition

the sample exhibited weak CD signals after both days 4 and 8.
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Figure 6.21: SEM images (left), CD and UV-Vis spectra (right) of hybrid structure
after 4 and 8 days of aging using a racemic solution of Cys capped DnRs.

While continuously stirring the solution did not influence the result-

ing handedness of the helical self assembly, we did however improve

our synthetic protocol by shortening the aging period from typically

4 days to 1 day.
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6.4 Photoluminescent analysis of Ag NWs @DnR

hybrid structure

Plasmonic-excitonic hybrid nanomaterials are an interesting class of

material which may demonstrate unique photoluminescent proper-

ties.72–75 For this investigation we have chosen only the DnR QD con-

taining hybrid as these QDs are highly recognized for their strong lumi-

nescence.68–70 Photoluminescent analysis of our plasmonic-excitonic,

Ag NWs@DnR hybrid structure was performed using fluorescent life-

time imaging (FLIM) in collaboration with Dr.John Gough (School of

physics, Trinity College Dublin). Since photoluminescence will only

occur for a sample that can be excited by a photon to produce an

exciton and subsequently emit a photon following the recombination

of this exciton, only the DnRs QDs will provide a signal in this analy-

sis. A FLIM analysis and photoluminescence spectrum of the hybrid

structure is shown in Figure 6.22. The photoluminescence spectrum

showed a peak at 625 nm which corresponds to the wavelength at

which the photon is emitted due to the recombination of the QD ex-

citon.

290



Chapter 6 Chiral anisotropic nanostructures

Figure 6.22: FLIM image (left) and corresponding photoluminsecence spectrum
(right) of Ag NW@ DnR hybrid structure.

From a sample set of 10 FLIM imaged hybrid structures it was found

that the shortest lifetime was 13.3 ± 1.8 ns and the longest was 15.3 ±

0.3 ns, these were taken using a bi-exponential decay. The average of

these lifetimes was 14.5± 0.6 ns. As the lifetime over the span of the

NWs does not vary, it can be seen that there is a uniformity with re-

gards to the QDs that are on the NW and the time it will take for the

exciton to recombine once it is in an excited state. That is to say that

the QDs are spaced over the entire length of the NW and are relaxing

from the excited state to the ground state at a relatively constant rate.

In order to further understand the correlation between the FLIM im-

ages and the structure of this hybrid material, we compared the FLIM

and SEM images of the same wire. Figure 6.23 shows an SEM image
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overlaid on the corresponding FLIM image.

Figure 6.23: SEM image of Ag NW@ DnR hybrid structure overlaid on its corre-
sponding FLIM image.

It can be seen in the magnified image that the helices of the QDs on

the NWs match up exactly with the periodicity of the fringes in FLIM

image. From this we can deduce that there is a correlation between

the pitch of the helices formed by the QDs on the NW and the peri-

odicity of the fluorescence intensity of these same QDs imaged in the

FLIM. In the particular NW shown in Figure the pitch of the QDs

varies across the length of the wire. The upper half of the NW, corre-

sponding to the dark lobe on the FLIM image, has an average helical

pitch of 0.3202 ± 0.04 µm. However the lower half, which was magni-
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fied in the second image on the right, has an average helical pitch of

0.3522 ± 0.04 µm. This corresponds to a 9.99 % increase in the length

of the helical pitch of the QDs around the NW. This highlights the

non-uniformity in the pitch of the QDs along a single NW.

Noting that the fluorescence intensity on the FLIM image appears to

match up with the pitch of the helices on the NW in the SEM im-

age, the fluorescence intensity pitch was also analysed and compared

to the SEM pitch. The average fluorescence intensity periodicity of

the top lobe was 0.4515 ± 0.036 µm and the fluorescence intensity

of the bottom, magnified lobe was 0.5069 ± 0.038 µm. This increase

follows that of the pitch of the QDs on the NW. When the lobes were

taken separately and the ratio of SEM pitch to the FLIM periodicity

was taken, the top lobe had a ratio of 0.709 ± 0.148 and the bot-

tom, magnified lobe had a ratio of 0.695 ± 0.136. These similarities

are within experimental error and therefore show that there is a re-

lationship between the arrangement of the QDs on the NW and the

fluorescence intensity shown in the FLIM. As a final remark it was also

noted that hybrid structure exhibited an antenna76,77 like behaviour

as fluorescence emission was predominately noted from the ends of the

NW backbone. As the FLIM measures the excited state lifetimes of

fluorophores, the concentration of the fluorescence at the end of the

NW indicates that this is the prime region where the particles undergo
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emission after being excited.

6.5 Conclusion and future work

In conclusion we showed for the first time, vortex induced chiroptical

activity of large aspect ratio Ag NWs. Through the use of alignment

studies we confirmed that the induced chiroptical activity observed is

a result of the orientation and motion of the Ag NWs with the intrin-

sically chiral vortex rather than chiral deformation of the NWs. By

changing the direction of the vortex (ie. ACW or CW) it is possible

to produce enantiomeric CD signals.

In addition we have developed new chiral plasmonic-excitonic Ag NW@

QD hybrid nanostructures. Both the DnR and nano-nail QDs used

in this study formed helical self-assemblies around the Ag NWs. We

showed that the handedness of these helices depends strongly on the

chirality of the QD capping agent with L-Cys capped QDs forming

preferentially left handed helices while D-Cys capped QDs produces

right handed helices. We further demonstrated that the stirring ori-

entation does not induce a preferential handedness in the resulting

helices. Since hybrids with racemic helices also produced a CD re-

sponse, We propose that the observed chiroptical activity is mainly

294



Chapter 6 Chiral anisotropic nanostructures

due to the motion of the NW backbone of the hybrid moving in solu-

tion. In addition photoluminescent analysis further revealed that our

Ag NW @DnR hybrid structure exhibited an antenna like behaviour

with emission occurring from the ends of the NW backbone in the

hybrid.

For our future work we plan to investigate the influence of the vortex

speed and concentration of the Ag NWs on the resulting CD signal.

Further more we aim explore the interaction of various nanomaterials

with different morphologies with the Ag NWs in an attempt to expand

on our technique to produce a range of new hybrid nanostructures.
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Chapter 7

Conclusions and future work

7.1 Conclusions

In this work, a wide range of new 1D metallic nanostructures were

synthesised, characterised and investigated. These novel nanomate-

rials were prepared using a variety of wet chemical techniques such

as; co-reduction, templating and phase transfer. The following is a

summary of the main conclusions from our work.

Firstly, we developed a facile and tunable synthesis for water solu-

ble non-uniform ultrathin AuAg nanowires (NWs). We demonstrated

that these NWs are produced via a novel 2 step mechanism involv-

ing the formation of NW templates during an aging period and the

subsequent formation of thicker NWs by a solvent driven fusion and

wetting following a dilution step. We further optimised our protocol
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by reducing the poly-dispersity of the products and shortened the reac-

tion time through the use temperature controlled aging of the reaction

mixture. we found that aging the reaction at 35°C resulted in novel

ultrathin AuAg nano necklaces (NNLs) with a complex morphology.

Comparing the catalytic activities of each our AuAg nanomaterials

for ethylene glycol electro oxidation revealed that the NNLs offers the

greatest catalytic performance.

Secondly, we demonstrated for the first time the chiral modification

of our 1D ultrathin AuAg nanomaterials via a facile ligand exchange

method. Our CD and IR analysis confirms that observed chiroptical

activity is ligand induced. We propose that the PKa of the chiral

modifier is crucial for the ligand exchange to occur.

Thirdly, we showed for the first time the use of AuAg NWs (9 nm

diameter) as templates for producing novel 1D nanomaterials. We

synthesised novel Pt and RhPt dendritic NWs via sacrificial templat-

ing of our AuAg NWs, which exhibited striking catalytic performance

particularly for methanol electro oxidation. We further developed a

novel core-shell AuAg NW@Rh nanoparticle hybrid structure with a

tunable coverage using the AuAg NWs as templates.

Finally, using SEM and various optical studies we confirmed that ob-
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served CD signal for stirred, large aspect ratio Ag NWs is due to

the alignment of the NWs with the flow of the vortex. We further

extended this work to the development of novel plasmonic-excitonic

NW-quantum dot (QD) hybrid structures in which the QD form a

helical self assembly around the NWs.

In conclusion we demonstrated the broad versatility of 1D nanomate-

rials. We expect that this research work will contribute to further the

development of new 1D nanomaterials for future sensing and catalytic

applications.

7.2 Future work and preliminary studies

For our future work we plan to investigate if our AuAg nanostruc-

tures are capable of exhibiting plasmon-enhanced catalytic effects for

the EGOR using white light irradiation. We aim to further explore

the use our chiral modified AuAg nanomaterials for glucose sensing in

an attempt to study the influence of chirality on the detection limit of

glucose. In addition we are also interested in studying the influence

of the different capping agents on the resulting morphology of Pt and

RhPt dendritic NWs. Finally regarding our plasmonic-excitonic hy-

brid nanomaterials our focus is to extended this work to various other

nanomaterials of different architectures such as NWs and tetrapods.
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The following sections detail our current preliminary studies.

7.2.1 Investigating the effect of the capping agent on the

morphology of RhPt dendritic nanowires

Following on from our template based synthesis of Pt and RhPt den-

dritic NWs we explored the effect of a different capping agent on the

resulting morphology. To investigate this we chose dodecyltrimethy-

lammonium bromide (DTAB). This is an amphiphilic ionic surfac-

tant composed of a 12 carbon aliphatic chain with a tetra-ammonium

cation head group and bromide counter anion (Figure 7.1). Unlike

PVP which is polymeric and relies a donor-acceptor interaction be-

tween the pyrrolidone ring and the nanomaterial surface, tetra-ammonium

surfactants stabilize surfaces by electro-static interactions. In addi-

tion, tetra-ammonium surfactants particularly cetrimethylammonium

bromide (CTAB), which is the more commonly used smaller analogue

of DTAB, has been widely used to produce noble metals nanomateri-

als with interesting morphologies.1–4 This study was thus performed in

the case of only RhPt using our AuAg NW template protocol (Chap-

ter 5) with DTAB in place of PVP. TEM and UV-Vis analysis of the

products are presented in Figure 7.1.
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Figure 7.1: Structure of DTAB (A), TEM images (B and C) and UV-Vis spectra of
DTAB (D) and DTAB capped RhPt assemblies (E).

TEM analysis showed a pronounced difference in the resulting mor-

phology compared to the use of PVP. Rather than dendritic NWs the

resulting nanoparticle assemblies form knotted and looped like struc-

tures. Since this work is still in its early stages the exact cause of this

structure change remains unclear, however we propose that a combi-
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nation of steric and electro-static effects may be at play. It must also

be noted that the products were highly polydisperse. UV-Vis analysis

further shows a peak at 290 nm for the RhPt assembly, as similarly

seen in the case of PVP. These results confirm that the morphology

of our dendritic NWs can be tuned by changing the capping agent.

7.2.2 Ag nanowire@ quantum tetrapod hybrid structure

As an extension to our earlier work using CdSe/CdS nano-nails and

Dot n rods, which are 1D QDs, we next plan to focus on using Cd-

SeCdS tetrapods (TPs) to investigate if this self assembly process

can be applied more generally to other anisotropic nanomaterials.

These TPs were previously synthesised and characterised by Dr. Finn

Purcell-Milton in our group. The arm length and width of these QDs

are 37.4 and 7.3 nm respectively and they emit at 650 nm (Figure 7.2)
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Figure 7.2: TEM images (top), size distributions (middle) and emission and UV-Vis
spectrum (bottom) of CdSe/CdS TPs.

Since the TPs were made in an organic phase, a phase transfer was

performed to make them miscible in water/ethanol. This phase trans-

fer process was performed by Vera Kuznetsova ( Ph.D candidate) in

311



Chapter 7 Conclusions and future work

our group, using TGA as the phase transfer agent in basic conditions.

Using our method, Ag NWs were mixed with TGA capped TPs (in

excess) in ethanol and allowed to age for 8 days with continuous A

CW magnetic stirring (960 rpm). The self-assembly process was mon-

itored over the 8 days using SEM, CD and UV-Vis analysis. SEM

(Figure 7.3) of the resulting structure revealed that the TPs also form

a helical self-assembly along the length of the Ag NWs.
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Figure 7.3: SEM images (left), CD and UV-Vis analysis (right) monitoring the
formation of the Ag@ TP hybrid structure over 8 days of aging using TGA capped
TPs.

The TP helical self assembly is similar to that seen by both the nano-

nails and DnRs showing a variation in pitch between the NWs and
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even along the length of a given NW. A survey of the these helices

after 8 days of aging , showed no preferential left or right handed-

ness of the helices as expected from our previous studies. The UV-Vis

analysis shows the same trend as the nano-nails and DnRs, in which

the absorbance profile showing peaks at 354 and 398 nm typical of Ag

NWs seen on day 1, gradually becomes a single broader peak by days

4 and 8. Regarding the CD spectra (Figure 7.3), the sample shows a

(+) signal after each day. The second peak noted at 590 nm on day

8 lies well outside of the plasmonic region of the NWs and is most

likely a secondary CD signal due to the motion of the NWs. The re-

sults from this study are exciting, as they indicate that this protocol

may be applied to other nanomaterials, serving as an effective route

to produce novel complex hybrid nanomaterials.

7.2.3 Ag nanowire@ AuAg nanowire hybrid structure

We next investigated the interaction of Ag NWs with ultrathin AuAg

NWs in an attempt to make a NW @ NW hybrid nanomaterial. Ag

and Au are the most common plasmonic noble metals and are widely

used to demonstrate plasmonic coupling.5–8 This non-radiative inter-

action relies on the proximity of the each plasmonic material; the

closer the materials are the greater the coupling of their surface dipole
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moments. This phenomenon typically results in an enhancement of

the plasmonic properties. Thus the synthesis of a plasmon-plasmon

Ag NW@ AuAg NW hybrid nanomaterial could have potentially wide

spread use in sensing and device applications. The ultrathin AuAg

NWs used for this study were synthesised by our temperature con-

trolled method (chapter 3, section 3.9 ) by aging the reaction at 20

°C. These NWs were subsequently made chiral by our ligand exchange

process with L-Cys (Chapter 4).

Using our approach, Ag NWs were mixed with L- Cys capped AuAg

NWs (in excess), in ethanol under strong ACW magnetic stirring ( 960

nm) for 10 mins and allowed to age at 4 ℃. SEM, CD and UV-Vis

analysis was used to monitor the progress of the process (Figure 7.4).
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Figure 7.4: SEM images (left), CD and UV-Vis analysis (right) monitoring the
formation of the Ag@ AuAg hybrid structure over 4 days of aging using L-Cys
capped AuAg NWs.

In this case the AuAg NWs did not form a helical self-assembly around

the Ag NWs, as detailed in the SEM analysis. The only interaction

noted between the 2 NWs appeared to be mainly physical, either due

to the collision of the NWs in solution or from drying effects on the

SEM stub. The UV-Vis analysis also does not shows the same trend

as the nano-nails, DnRs and TPs, as the absorbance profile showing

peaks at 354 and 398 nm typical of Ag NWs remains unchanged after

4 days of aging. These results indicate that there is no modifica-
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tion/alteration to surface of the Ag NWs over the aging period, which

compliments the SEM analysis. In the case of the CD analysis, there

was a marked change in the CD response compared to our previous

studies, with the presence of a strong signal at 300 nm. This signal

lies outside of the plasmonic region of the Ag NWs, and is most likely

attributed the L-Cys capped AuAg NWs. Since the reaction mixture

showed no change after 4 days of aging, which typically marks the

point at which the helices are formed from our previous studies, the

reaction was not aged further.

To investigate the cause of the CD signal at 300 nm, L-Cys capped

AuAg NWs dispersed in ethanol were assessed by TEM, CD and UV-

Vis analysis (Figure 7.5). TEM analysis showed that L-Cys capped

AuAg NWs form complex networks when dispersed in ethanol. This

change in morphology accounts for the changes noted in the UV-Vis

(ie. loss of the peak at 350 nm) and in the CD spectra compared to

when the NWs are dispersed in water. The CD signal in particular,

not only shows a blue shift from 350 to 300 nm but is also amplified

by a factor of 37 when the NWs are dispersed in ethanol. To the best

our knowledge this is the first case of a solvent induced chiral ampli-

fication of 1D nanomaterials.
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Figure 7.5: TEM images (left), CD and UV-Vis analysis (right) for L-cys capped
AuAg NWs dispersed in water (A) and in ethanol (B).

Further studies were performed to investigate the influence of vortex-

ing on the AuAg networks dispersed in ethanol. Interestingly, work by

Tan et al.9 recently showed that P123 capped ultrahin AuAg NWs and

multi-walled carbon nanotubes can self-assemble into chiral nanofibers

under strong vortexing conditions. To investigate this our chiral AuAg

networks were vortexed stirred using a genius 3 vortex mixer for 10

mins. SEM analysis (Figure 7.6) of the L-cys capped NWs pre and

post vortexing showed no change in the morphology of the NWs. This
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is also reflected in the the CD spectra (Figure 7.6) which remains un-

changed after vortexing. Thus this confirms that the origin of the new

CD signal observed when the L-Cys capped AuAg NWs are mixed

with the Ag NWs is purely due to the the formation of the AuAg NW

networks.

Figure 7.6: SEM images of L-cys capped AuAg NWs dispersed in ethanol, pre (A)
and post (B) vortex stirring and associated CD spectra (C).
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Chapter 8

Appendix

Figure A1: TEM images showing the reproducibility of the day aged synthesis of
AuAg NWs following the dilution step.
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Figure A2: Size distribution of ultrathin AuAg NWs produced after 3 days of aging
with average diameter of 3.6 nm.

Figure A3: Size distribution of ultrathin AuAg NWs produced using a dilution
factor of 5 after 1 day of aging with average diameter of 8 nm.
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Figure A4: Size distribution of ultrathin AuAg NWs produced using a dilution
factor of 10 after 1 day of aging with average diameter of 8.8 nm.

Figure A5: Size distribution of ultrathin AuAg NWs produced using 29K PVP after
1 day of aging with average diameter of 4.3 nm.
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Figure A6: Size distribution of ultrathin AuAg NWs produced using 55K PVP after
1 day of aging with average diameter of 7.5 nm.
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Figure A7: Size distribution of ultrathin AuAg NWs produced using 360K PVP
after 1 day of aging with average diameter of 9.2 nm.
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Figure A8: TEM images showing the reproducibility for the temperature controlled
synthesis at 20(A), 25 (B) and 35 °C (C) following the dilution step.
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Figure A9: Size distribution of ultrathin AuAg NWs produced after aging for 18
hours at 25°C with average diameter of 3.6 nm.
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Figure A10: Comparison of IR spectra from PVP and Cys capped AuAg NWs with
ascorbic acid.
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Figure A11: TEM images showing the reproducibility for the synthesis of Pt (Left)
and RhPt (right) dendritic NWs
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Figure A12: Size distribution of RhPt dendritic NWs produced after 2.5 mins with
average diameter of 15.1 nm.

Figure A13: Size distribution of RhPt dendritic NWs produced after 10 mins with
average diameter of 15.5 nm.
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Figure A14: Size distribution of RhPt dendritic NWs produced after 15 mins with
average diameter of 22.4 nm.

Figure A15: Size distribution of RhPt dendritic NWs produced after 25 mins with
average diameter of 24.7 nm
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Figure A16: TEM images showing the reproducibility for the synthesis of AuAg@Rh
hybrid nanostructures.
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Figure A17: CV analysis of H2SO4 at 50 mV s-1 for Pt (top) and RhPt dendritic
(bottom) NWs versus Ag/agCl reference electrode in a 1 M H2SO4 solution.
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The electrochemical active surface areas of both catalysts was deter-

mined by integrating the area within the hydrogen adsorption region

(-0.25 - 0 V) and dividing by the charge density associated with the

deposition of a hydrogen monolayer on planar polycrystalline Pt typ-

ically 0.21 mC cm-2. ESCA normalised CV analysis for Pt and RhPt

dendritic NWs is shown in Figure A18.The current densities were de-

termined to be 1.5 and 3.6 mA cm 2 for the Pt and RhPt dendritic

NWs respectively.
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Figure A18: ESCA noramlised CV analysis of formic acid oxidation at 50 mV s-1

for Pt (top) and RhPt (bottom) dendritic NWs versus Ag/AgCl reference electrode
in a 1 M H2SO4 solution containing 0.5 M Formic acid.
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Figure A19: SEM images of Ag NW@DnR hybrid structure showing complete cov-
erage of the NW after 16 days of aging.
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The texture coefficients (TC) for AuAg NWs, AuAg NNL and Pt

dendritic NWs were calculated from their corresponding XRD patterns

using the following equation:

TC =
I(h, k, l)
I0(h, k, l)

(
1

N

N∑
N=1

I(h, k, l)
I0(h, k, l)

)
-1

Were:

I(h, k, l= the intensity of the h, k and l peaks of the sample

I0(h, k, l)= the intensity of the h, k and l peaks of a randomly order

powdered reference

N = the number of diffraction peaks considered

Using the AuAg NWs produced after day (Chapter 3, section 3.2) as

an example the textured coefficients were calculated as follows:

Table 8.1: Texture coefficient analysis of AuAg ultrathin NWs produced after 1 day
of aging

Facet I0 (counts) I (counts) TC* of sample

111 453.3 510 1.13

200 208.5 143.4 0.67

220 117 133.2 1.07

311 136.6 150.5 1.10

* refer to appendix for TC equation. Reference 05-8482 was used for
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this analysis.

TC111 =
510

453.3

(
1

4
(

510

453.3
+

143.4

208.5
+

133.2

117

150.5

136.6

)
-1 = 1.13

TC200 =
510

453.3

(
1

4
(

510

453.3
+

143.4

208.5
+

133.2

117

150.5

136.6

)
-1 = 0.67

TC220 =
510

453.3

(
1

4
(

510

453.3
+

143.4

208.5
+

133.2

117

150.5

136.6

)
-1 = 1.07

TC311 =
510

453.3

(
1

4
(

510

453.3
+

143.4

208.5
+

133.2

117

150.5

136.6

)
-1 = 1.10
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