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Abstract

In this thesis, we demonstrate a simple low-codvagec reduction with
surfactant-assisted method.to grow urchin-like Agowires (NWs) on electrodes.

First, urchin-like Ag NWs on screen-printed carb(PC) electrodes were
prepared via glavanic reductions of “Aghig)  solutions in the presence of
cetyltrimethylammonium chloride (CTAC) by Cu follhe diameters of the nanowires
are about 80-120 nm, and their lengths are up tqurh0 The Ag NW is single
crystalline and tends to grow along the [110] diet Moreover, we can use
electrochemical deposition to synthesize Ag NW om & Pt seeding layers on
Indium Tin Oxide (ITO) substrates with similar réan condition.

The second subject is surface plamon resonance)(@fRBerty of urchin-like
Ag NWs. The absorption peak at ca. 380 nm washated to the plasmon response
from the transverse mode of the NWs while the broadd extended from 500 nm
was assigned to the longitudinal modes of the NV wifferent aspect ratios.
Furthermore, we used Rhodamine 6G as the probecaoleleand the the excitation

wavelength of 532 nm was applied for the surfadeaened Raman scattering (SERS)

Xl



experiments. The detection limit of Rhodamine 6Ghenurchin-like Ag NWs can be
as low as 18° M while the analytical enhancement factor is abd@t. Raman
mapping images confirm that a single R6G moleculéhe substrate can be detected.
The final subject is hydrogen peroxide sensingiagpbn. Cyclic voltammetric
experiments using the Ag NWs as the working elelershowed electrocatalytic.&,
reduction. For KO, sensing, the electrode exhibited a high sensitigftyl705 pA
mM™*mg*cm? from 50uM to 10.35 mM and a measurable detection limit @f:M
in amperometric detection. This is the first repont A NWs for non-enzymatic

H,0, sensing.
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Chapter 1

I ntroduction

1.1 Introduction

As we know, silver is widely used in our daily lisach as jewelry, currency,
mirrors and optics.In medical usage, silver compounds have been tsgdevent
infection in World War | before the advent of aimiiics? There are a lot of silver
applications such as dentistry, photonics, phoftya catalysis, electronics
nowadays™® In addition, bulk silver exhibits the highest etemal and thermal
conductivities among all metals. Therefore, thelergtion of silver applications is an
important topic in future science.

One-dimensional (1D).nanostructures (nanowire (NWgnorod (NR), and
nanotube (NT)) have been the.focus of many recemties due to their potential
application in both interconnects and functionaltairof fabricating electronic,
photonic, and sensing devices, which also provideideal model system to
experimentally investigate physical phenomena, aglgyuantized conductance and
size effect$:* Consequently, the synthesis and characterizafibts have recently
attracted attention from a great deal of reseascfiér Based on the unusual chemical
and physical properties of 1D nanomaterials astetiaith the size and shafelots
of researchers have demonstrated that single oaerays of 1D nanomaterials used
as a building block in electronic, photonic, andsseg devices, which could attain
miniaturization and enhance the performance. Amahgm, noble metal
nanomaterials displays surface plasmon resonariR®)f8 surface-enhanced Raman

scattering (SERSY, and electrochemical catalytic properties, whicbdmee a popular



E-field Metal

sphere

i

Figure 1.1 Schematic of plasmon oscillation for a sphere, shgwhe displacement

of the conduction electron charge cloud relativeheonuclef®

research subject. Until now, there have been feporte of 1D noble metal
nanomaterials which are direct grown on hard tetepland their potential
applications.

In this dissertation, 1D noble-metal nanomater{aishin-like Ag NWs) were
fabricated by surfactant assisted electrochemiadhous. The intrinsic properties of
urchin-like Ag NWs such as SERS performance andtrelehemical catalysis would
be investigated.

1.2 Propertiesand Applications of Silver Nanomaterials
1.2.1 Surface Plasmon Resonance (SPR) Absor ption

It is interesting to see metal nanoparticles (NR&h different colors. For
examples, Au colloidal NPs are brilliant red and )WBs are typically yellow. In the
middle 1800s, Michael Faraday synthesized collogtdltions of gold exhibiting
colors range from rube red to amettf/sthe various colors resulted from the surface
plasmon band (SPB), which is a phenomenon obsearnvénsmission, due to the
presence of NPs, in solution or in the solid ph&gken a small spherical metallic NP
is irradiated by light, the oscillating electrielfil causes the conduction electrons to

oscillate coherently (show in Figure 1%)When the electron cloud is displaced



relative to the nuclei, a restoring force arisesmfrCoulomb attraction between
electrons and nuclei that results in oscillationtlod electron cloud relative to the
nuclear framework.

%31 that describes the

In 1908, Mie presented a solution to Maxwell’'s €
extinction spectra (extinction = scattering + apsion) of spherical particles of
arbitrary size. Until now, several numerical teciugs based on finite elements have
been demonstrated the limitation in calculationpafticles with arbitrary shape and
muitcompositior’> Among them, the discrete dipole approximation (DDas been
proven to be an effective technique for estimatimg optical properties of metal
NPs* The extinction spectra of metal NPs under varioosditions were mostly
simulated by the DDA calculation and.compared i experimental result§ The
influence of particle shapes on SPR wavelengthsalggsinvestigated.

The patrticle size, shape, and intrinsic dieleagtonstant are an important factor to
the SPR wavelength. A lot.of researches conceniiagsize effect of spherical NPs
have been reportéd. Besides, the. geometry of metal particles also hstveng
influences on the SPR peaks such as nanoprismeaaratubes. The phenomenon is
usually occurred in Ag nanomaterials with differehpes. For example, Schatz and
co-workers have illustrated that the increase ef side length of Ag nanoprisms
could lead their SPR peak to red shift by sevenaldned nanometeré.in the case of
Ag NRs or NWs, there are two SPR peaks which weobhlzshge with the aspect ratio
of the Ag 1D nanomateriafs.This is due to the absorption of visible light lb@long
the length of the nanorod (the longitudinal plasrband) and along the width of the
nanorod (the transverse plasmon band). The larger aspect ratio, the more
red-shifted the longitudinal plasmon band, as thepredictd’ and experiment
38-42

confirms:

This controllable optical property in terms of whareggth is quite exciting and
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Table 1.1 Comparison of the Suitability of Different Metalsorf Plasmonic

Applications®®

cost
Metal plasmonic ability chemical nanostructure formation
(per ounce)?
i very few nanostructures;
aluminum good in UV region stable afters_urface ry . . ' $0.066
(A passivation used in lithographic patterning
copper interband transitions N
(Cu) below 600 nm easy oxidation very few nanostructures $0.25
interband transitions verv stable:
gold (Au) below 500 nm; high very g many nanostructures $1859.6
. biocompatible
quality factor
palladium | low quality factor; not
(Pd) suitable for plasmonics Stable many nanostructures $742
platinum low quality factor; not
® suitable for plasmonics Stable many nanostructures $1837
highest in quality factor oxidation;
silver (Ag) (300 nm~1200 nm) bloc?glﬁ)::bllty many nanostructures $41.48

a: metal cost (2011/9/11) can be found at the Wb kitp://www.kitco.cn/hk/metal-

market/precious-metals/precious-metals-market.htm

interesting, and it enables the particles to bdiegpn biological sensing and drug
delivery**** As a result, silver.is-probably the most importanatterial in plasmonics.
It offers many advantages over Au, Cu, and Al whigk other metals known to
support surface plasmons (SPs) in the visible (@sfl near-infrared regions
(NIR).***®In terms of plasmonics, it is important to choas®etal that can support a
strong SP at the desired resonance waveléhgfhThe SP strength is directly
proportional to the quality factor (@J.Ag has the largest quality factor across most
of the spectrum from 300 to 1200 nm. In contrastsAnly suitable for applications
in the ultraviolet (UV) region. For Au and Cu, th&PR excitation wavelengths are
longer than 500 and 600 nm, respectiV@lfurthermore, the difficulty of fabricating
nanostructures, and their cost, will also deterntiveeusefulness of a metal for SPR
applications, especially for large-scale appliaadioAs shown in Table 1.1, silver is

relatively cheap among the metals that suppornpas and easy to fabricateTo



sum up, Ag compared with the other metals is unifuets excellent qualities in
terms of SPR ability, available nanostructures, material cost.
1.2.2 Surface-Enhanced Raman Scattering (SERYS)

In 1928, Indian scientist Sir C. V. Raman obserttelRaman effect by means of
sunlight and won the Nobel Prize in Physics in 1988man spectroscopy displays
the change in wavelength that is attributed to #xeitation (or relaxation) of
vibrational modes of a molecule when a photon ujuks Raman scattering. Since
vibrational information is specific to the chemitainds and symmetry of molecules.
Therefore, each molecule can be identified and shwnique fingerprint in a Raman
spectrum. In accordance with the Raman selectitey the molecular polarizabilty
changes as the molecular vibrations, displace thestitoent atoms from their
equilibrium positions. The amount of.the polarizépichange will determine the
Raman scattering intensity. Hence, aromatic moésculsually exhibit more intense
Raman scattering than aliphatic molecules.

In general, Raman spectroscopy has lots of advestiyy microscopic analysis.
For examples, specimens do not need to be fixeaiioned; Raman spectra can be
collected from a very small volume (<uin in diameter); water does not generally
interfere with Raman spectral analysis. Howevegrghare some limitations for the
applicability of Raman scattering such as the msiad small intensity of the Raman
signal, the sensitivity limit of available deted@prand the intensity of the excitation
source.

In 1974, SERS from pyridine adsorbed on electrocbalhy roughened silver was
produced by Martin Fleischman and cowork&rsifter that, Jeanmaire and Van
Duyne demonstrated that the magnitude of the Resuoattering signal can be greatly
enhanced when the scattering is placed on or neaoughened noble metal

substraté® This is called electromagnetic effect, which iseonf the SERS
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mechanisms. Strong electromagnetic fields are gégwhen the localized surface
plasmon resonance (LSPR) of nanoscale roughnedardsaon silver or gold
substrates is excited by visible light. When thenBa scatterer is subjected to these
intensified electromagnetic fields, the magnitudeirmluced dipole increases, and
accordingly, the intensity of the inelastic scattgrincreases. This is the main factor
in SERS. The other factor is called chemical effécwhich is contributing
enhancement only on the order of an order or twanefjnitude€® The chemical
enhancement involves changes to the adsorbatecgliecstates due to chemisorption
of the analyte which results in charge transfewben metal and adsorbate. Until now,
the exact mechanism of the enhancement effect BfSSE still a matter of debate in
the literature. These two factors are generally@ygd.

In order to know the performanceof the SERS, defims of SERS enhanced
factor (EF) have been investigated. The most widslyd definition for the average
SERS EF equation is shown beldwv:

EF=(serdNsur)/(Irs/Nvol) (1.1)
whereNyo is the average number of molecules in the scagerolume (V) for the
Raman (non SERS) measurement, &l is the average number of adsorbed
molecules in the scattering volume for the SERS8RrENLS.

The rigorous definition:
Nsur=musAmAett (1.2)
Nyo=CrsV=CreHefAett (1.3)
whereuy is the surface density of the individual nanogtrites with respect to the
main plane forming the substraig,is the surface density of molecules on the metal,
A is the metallic surface area in each nanostruc@uegis the concentration used for
the non-SERS spectrig« is the effective height of the scattering voluraed A is

the effective surface area of the scattering volythe equivalent of a scattering
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volume but for 2D).
As a result of the complicated definition, all tfeetors are not easy to ensured or
estimated in every experimental condition.

The definitions described above have attempted niphasize the intrinsic
characteristics of the substrate and are not alwsgaightforward to relate to
experimental results. For many applications, howewee is mostly concerned with
the simple question of how much more signal canekpected from SERS as
compared to normal Raman under given experimermatitons. To address this
guestion, another definition of SERS EF which islyaintuitive and particularly
relevant for analytical chemistry applicationsngroduced. It is called the analytical
enhancement factor (AEF) which is presented bethation*

AEF=(lserdCserg/(IrICrs) (1.4)
Here, Irsrepresents the Raman intensity of an-analyte witbreentratiorCgrson a
non-SERS substratésrs is obtained from.a - SERS-active substrate with raalyde
concentrationCszrs. In the experiments, all the other parametersludicg laser
wavelength, laser power, microscope magnificatemmj spectrometer are identical.
The AEF in fact ignores the fact that SERS is atgpsurface spectroscopy, which
means that only the adsorbed molecules contriloutieet signal, and that the effect is
distance dependent.

Nowadays, SERS can be exploited for sensitive aelctve molecular
identification. In 1997, Shuming Nie has succes$gfptoved that single rhodamine
6G (R6G) molecule could be probed with Ag NPs byRSE® In recent years, other
single molecule detections have been reported>*t¥oTherefore, SERS has been
used extensively as a signal information in biatagiand chemical sensing such as
protein®® DNA®"® and environmental pollutants’* A miniaturized, inexpensive,

and portable SERS instrument makes the technigaetigal for trace analysis in
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clinics, the field, and urban settings.
1.2.3 Catalytic Properties

Silver is a common heterogeneous catalysis in tiemecal industry. It can
synthesize various chemicals and reduce productieh For example, the selective
oxidation of ethylene to ethylene epoxide (alsowmnoas ethylene oxide) is an
important industrial catalytic reaction. Silvercensidered almost the unique effective
catalyst for ethylene epoxidatiSnand a-Al,O; is the preferred support. Moreover,
Styrene (GHsCH=CH,) and epoxides are industrially important bulk cleais,
which are largely used for synthesis of severafupees, epoxy resins, plasticizers
and drugs. Epoxidation of styrene to styrene oXE@®) by molecular oxygen was
also studied using the silver cataly&ts.

Reduction of 4-aminophenol (4=AP)is also an imaott subject and the
conventional methods for “hydrogenation of 4-NP Ilagoiron/acid as a reducing
agent’® The reason is that-manufacturing.of many analgesit antipyretic drugs,
such as paracetamol, phenacetin;-and so.on, ne&Hsa4 a potent intermediate. It is
also used enormously as a photographic developegsion inhibitor, anticorrosion-
lubricant, and hair-dyeing agefit®® As we know, reduction of aromatic nitro
compounds is inert to sodium borohydride (NaBlfeaction if it is used alone.
Catalytic reduction of aromatic nitro compoundsdmynage metal nanoparticles has
been reported Here, Ag nanomaterials have also shown their wésthcatalytic
reduction of 4-AP by using NaBHas an alternative effective and eco-friendly
method??%3
1.2.4 Electrochemical Property and Sensing

Electrochemical reactions taking place at the fater between flat electrodes and
electrolyte solutions are often impeded by diffaspwocess. In order to overcome this

problem, fabrication of nanostructured electrodéth the high roughness (ratio of
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real surface area to geometric area) are developleese electrodes display high
electrochemical active surface areas and acceléhateslectrochemical reactions.
Therefore, there are many NP-modified electrodbedated such as silver, gold, and
platinum NP electrodes which are used as a excellentron transfer mediat8t2°

The size dependent electrocatalytic behaviors nbmeterials of silver, platinum
and gold has been demonstrated previot/slyMoreover, electrocatalytic behaviors
on various morphology of nanomaterial electrodegehaeen investigated in recent
years?? ! n general it is accepted that catalytic activisyrelated to the surface
energy of exposed crystal faces. The structureowfihdex planes are regarded as
surface defects play a significant role in elecitatysis %%

Silver is a highly active electrocatalyst in alk&isolutions for the oxidation of
small organic molecules, due to the formation @ictive adsorbed OH species that
influence the kinetics of the reactiof!%*°>*°Ajsa,. it has been demonstrated that
nanosized Ag can act as an effective sensing rakferithe detection of pesticide$
and toxic substances such as féhds well as important species such as hydrogen
peroxide'®®?nitratest****°and hydraziné'®
1.3 Various Synthetic Srategiesof 1D M etal Nanomaterials
1.3.1 Direct Hard Template Method

In general, channels in porous membranes provigipieal template for use in the
synthesis of 1D nanostructure (Fig 1*2)Yhis method was demonstrated by Martin
and several others!” ™ Until now, anodic aluminum oxide (AAO) is the most
widely used hard templaté&® Figure 1.2 shows that NWs and NTs can be formed by
full and part filled channels with desire materjatspectively?****For example, Wu
et al. and Choi et al. have employed AAO-assistiedt®chemical deposition to
fabricate Ag NWs with adjustable diameter and hégipect ratid?****Other hard

templates such as step-edge surfa&NA molecule$?*?® have also reported.
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Figure 1.2 Scheme of NWs and NTs formation by filling andtafilling the pores

within a porous membrane with the desired materigirecursor to this materi&.

L1
& ol

Figure 1.3 (A) self-assembled reverse micelle and (B) cappgagent mechanism of

surfactantg?®

1.3.2 Micelleand Reversed Micelle M ethods

This method is also called soft template methodctvis the early procedure for
fabricating NPs. Surfactants have both hydrophdicd hydrophobic tails and
self-assemble into reversed micelles with varidhegss in aqueous solution, as show
in Figure 1.3A'° Nanocrystals are formed by reducing metal ions tlifs
microreactor and stably dispersive in solutidh**Hong et al. used the pores of
self-assembled calix[4]hydroquinone nanotubes asofé template to synthesize

ultrathin single crystalline Ag NWs arrays by etegphotochemical redox reaction in
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an ambient aqueous phdse.
1.3.3 Seed-Mediated Growth

Murphy and coworkers have developed seed-mediatedtly to fabricate and
contol 1D metal nanomateri#3The procedure begins with the synthesis of metalli
nanospheres by chemical reduction of a metal s#it avstrong reducing agent such
as NaBH. Citrate is present as a capping agent to prgvanicle growth. The gold
or silver spheres thus generated are 3+5 nm inet@mand serve as seeds on which
to grow more anisotropic nanostructures. When afdieeds into the reaction
solution contained metal salts, weak reducing agentl surfactants, the reaction
would be activated and metal atoms could deposcteely on the seeds to form
anisotropic growth. NRs and NWs with.an uniformndéer and controllable aspect
ratio were fabricated in the presence-of 4 nm AgglseAgNQ/ ascorbic acid growth
solution and cetyltrimethylammonium bromide (CTABY-or Au NRs, the synthesis
is similar, too* Figure 1.3B displays that bilayer structures affatants (CTAB)
self-assemble adsorbed selectively on _specific taryfacets and confine their

growth?°

The relative growth rate between capped and umchpjtes results in the
formation of NRs or NWs. CTAB, called capping reaigelay an important role for
controlling anisotropic crystal growth.

1.3.4 Polyol Process

Xia and coworkers recently demonstrated a poloyethad that generated Ag NWs
by reducing AgN@ with ethylene glycol in the presence of poly(vimpyrrolidone)
(PVP) 33134 Ethylene glyol served as both solvent and redueigent. The key to
formation of wire-like nanostructures is the intnotion of exotic seeds (Pt NPs) to
the reaction mixture and the using of PVP as ametic capping reagent which
adsorbed on Ag nanocrystal surfaces by O atomdsrowed by X-ray photoelectron
spectra (XPSI*®

11



n+
M.+ M, (aq)

o Wi

® = CH,(CH,),sN(CH,),*Cl- (CTAC)
Case1: M;=Al, m=3M,=Cun=2
Case2: M,;,=Cu, m=2;M,=Ag,n=1

Figure 1.4 Scheme of growth mechanism of Cu Nanobelt and Adt-IBe

materialst>®

1.3.5 Galvanic Displacement.Reduction

Most of methods described above are homogeneousasoteaction. In 2007, we
evolved heterogeneous galvanic displacement remudty fabricate Cu and Ag
nanobelts (NBs)*° Sacrificial metals oxidized itself and reduced tieer metal ions
at the interface of metal and solution as showhigure 1.4. We used cetyltrimethyl-
ammonium chloride (CTAC) as a capping reagent tocessfully grow and
immobilize the diverse nanostructures on electratdgte same time. Moreover, we
also fabricate Cu NB&' and Au NW$*1*0n electrodes in similar reaction condition
by electrochemical deposition.
1.3.6 Vapor-Solid Reaction Growth (VSRG)

Our group develop a route of vapor solid reactiomwgh to synthesize cable-like
Cu and Ag NWs# cuCl encapsulated in poly(dimethylsiloxane) (PDMid
tetrakis(trimethylsilyl) silane (TTMS, Si(SiMg) as a reducing agent were sealed in a

Pyrex tube under low pressure and reacted in teaée under 473 K for 6 h. After
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Figure 1.5 Scheme of cable-like NWs growth mechanism (A) AGIESNWSs (B)

Cu/PDMS Nwst40141

the reaction, cable-like Cu/PDMS NWs were produd@d.the other hand, AgNO
and (MeSi),Si were reacted in a sealed tube under low presgu480 K in 10 min
and held at the temperature for 2 h and cableAgéSiO, NWs were generated.
Figure 1.5 display the mechanisms of growth cailileCu and Ag Nw$014
1.3.7 Arc Discharge M ethod

An electric arc is an electrical breakdown of a gdsch produces an ongoing
plasma discharge, resulting from.a current-flomhgpugh normally nonconductive
media such as air. Arc discharge process is tee dimd now widespread method of
carbon NTs production. Wang et al. reported thah hdensity and high purify
Ag-core/C-shell nanocables could be synthesized aviaydrogen arc discharged
method*? The cathode waa solidrandomlyoriented graphite (ROG) rod, and the
anode is a cup-like ROG rod filled with carbon lBland Ag powderThe diameter of
the Ag-core is dependent on the percentage of Agegnt in the anode.
1.3.8 Solid-Liquid Phase Arc Discharge (SL PAD) Method

Zhou and coworkers report a novel method for prapar of silver nanowires via
a so-called solid liquid phase arc discharge mei{®dPAD)*® High-purity silver
filaments were used as two electrodes and NaM3 used as electrolyte. It formed

the instantaneous circulation between the two mldes and arc discharge sparks

13



while a certain voltage was used. It is well-knavat the arc discharge released great
exothermic heat, leading to the occurrence of theticuous dissolution of silver
electrodes in a form of silver clusters. Thesetelssentered into NaNGolution in a
possible shape of the tadpole-like or column-likerpmology and the cooling water
will restrain the contraction of these shaped elisstand prevented them from
becoming spherically shaped. These factors mapw@dble for the formation of the

Ag NWs.

1.4 Aim of ThisThesis

In recent years, there are great deals of repobtsutasynthesizing Ag
nanomaterials due to their interesting. morphologhated chemical and physical
properties. Among them, many researchers are stegtdn sensing applications of
Ag nanomaterials such as' SERS and electrocatalysimsil now, most of Ag
nanomaterials synthetic methods require. multippst strict conditions, and cost
much. Especially, there are: few_reports regardingect growth of 1D Ag
nanomaterials on electrodes for sensing applicafiothe past years.

In this thesis, we demonstrate a simple low-costastant-assisted galvanic
reduction process to direct grow urchin-like Ag NWa carbon screen printed
electrodes. According to the intrinsic propertidsAg, SERS and electrocatalysis
sensing applications of urchin-like Ag NWs are istvgated. The detail studies would

be presented in the following chapters.
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Chapter 2

Growth of Urchin-like Silver Nanowires by Surfactant-Assisted

Galvanic Reductions

2.1 Introduction

In recent years, a lot of researchers are intdest one-dimensional (1D)
nanomaterials of noble metal due to their spedettecal, optical, and chemical
properties, which are different or superior to thek ones.®> Among all the noble
metal, silver is highly attractive because of thighbst electrical and thermal
conductivities. Furthermore, silver has the po#@rdf using as active components in
catalysis, photography, electronics, photonicsormition storage, optoelectronics,
biological labeling, imaging, and sensifif.Therefore, there are a great deal of
researches to synthesize silver. nanowires (Ag NWs}il now, various kinds of
techniques have been developed such ‘as arc-dis¢hamplate assisted by anoidic
aluminum oxide (AAOJ or polymer membrané$ polyol procesd’*? seed-mediated
growths™*** etc. Here, we report a surfactant assisted syistigsurchin-like Ag
NWs on screen-printed carbon (SPC) electrodes laagic reductions of AgN&q)
solutions in the presence of cetyltrimethylammonihioride (CTAC) by Cu foil. We
expect the urchin-like Ag NW may find applicatioims surface-enhanced Raman

scattering (SERS) spectroscdpy? electrochemical sensor for nitrité® or hydrogen

peroxide'®?° and antibacterigf->
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2.2 Experimental
2.2.1 Preparation of Growth Substrates

A Cu foil (5 x 5 mnf) was pre-cleaned with HE&d) (Tedia, 0.1 N) for 3 min and
rinsed by deionized water. Then, the foil was adtiéo a commercial SPC electrode
(Zensor R&D SE100, 0.196 é&nwith conductive silver (Ted Pella). The whole
assembly was baked at 353 K in an oven for 30 min.
2.2.2 Preparation of Urchin-likeAg NWs

AgNO; (Mallinckrodt, 0.064 g, 0.375 mmol) was added tgtiaring aqueous
solution of CTAC (Taiwan Surfactant, 5.4 x 381, 50 mL) and HN@ (Showa, 5 x
10° M) in a glass beaker. Inmediately, the mixtureéar white and opaque. After the
colloidal suspension was stirred for 15 min, it vadlewed to stand for 15 min more.
Then, the assembled growth substrate.was immengathie mixture at 303 K for 6 h.
After the Cu foil was detached from the electrottee substrate was rinsed by
deionized water. To avoid oxidation, the as-preghakg NWs electrodes were stored
in a N, filled glove box to prevent surface oxidation.
2.2.3 Characterization

The scanning electron microscopic (SEM) and eneliggersive spectroscopic
(EDS) data were taken from a Hitachi S-4000 (25)kevd a JEOL JSM-7401F (15
keV). Transmission electron microscope (TEM) andaed area electron diffraction
(SAED) images were captured by a JEOL JEM-201®atkx. The X-ray diffraction
(XRD) patterns were acquired by using a Bruker ADX&Advance.
2.3 Results and Discussion
2.3.1 SEM and EDS Char acterization

After AgNOsaq) Was added to a stirring solution containing CTACand
HNOgzq the mixture turned white and opaque immediatélyis indicated the

formation of suspended AgCI colloids. To this mnetuan SPC electrode with a piece
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Figure 2.1 Optical images of the commercial SPC electrodeb@fpre and (B) after

the Ag NW growth.

of Cu foil attached to its contact was immersede €kposed electrode surface turned
gray gradually (Figure 2.1). To avoid.oxidatione ths-prepared Ag NWs electrodes
were stored in a Nfilled glove-box to prevent surface oxidation.Higure 2.2A, a
SEM image shows that the electrode surface is edvey a lot of urchin-like NWs.
Based on the EDS measurement displayed.in Fig@re (thset), we conclude that the
NWs are composed of Ag only. The C signal is assigio the SPC substrate. From
the high magnification image displayed in Figur2B.some branching of the NWs
can be observed. The diameters of the NWs are &stilrio be about 100 nm while
the lengths are found to be in the range 3 {rh0 With different growth conditions,
the diameters can vary from 80 to 120 nm whilelémgths can differ from 1 to 10
pm. An individual cluster of NWs formed initially & h (Figure 2.3) show that many
NWs protruded from a surface on the substrate tm fine urchin-like morphology.
The side-view image is shown in Figure 2.2C. We ratice that whole urchin-like
Ag NWs arise from the electrode surface. The indigplays that in each urchin-like
structure, the NWs radiate from an apparent commanleus. Other growth
conditions of different Ag samples are shown ineaygpx.
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magnification surface image (inset, EDS- of-an ane@)), (B) high magnification

image, and (C) high magnification side-view image.

Figure 2.3 A cluster of urchin-like Ag NWs formed initially oa SPC electrode at 2

h.
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Figure 2.4 XRD pattern of Ag NWs on a SPC electrode.

2.3.2 XRD Analysis

The XRD patterns are shown-in Figure 2.4. The pe&al®B=38.1°, 44.3°, 64.5°,
77.4° are assigned to Ag-(111), (200), (220), aBtil) reflections, respectively
(JCPDS file 04-07833® The broad band around 54° comes from the SPCrettect
From the patterns, the lattice parametexas estimated to be 0.409 nm, consistent
with the value reported for AT.
2.3.3TEM Characterization

TEM studies of a group of urchin-like NWs are shawrkigure 2.5. The image
in Figure 2.5Areveals an overall morphology closely related & dahes presented in
Figure 2.2C and Figure 2.3. Extension of the NWsnfran apparent initial growth
point and branching of some NWs are observed. RteCspatterns of the tip and the
root of a NW, which branches from another NW stane, shown in Figure 2.5B and
2.5C, respectively. Interestingly, they display #amne set of dot patterns revealing
their single crystalline nature. They both corregpdo the [001] crystallographic

zone axis of an fcc structure with the lattice peetera calculated to be 0.41 nff.
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Figure 2.5 (A) TEM image of ‘urchin-like Ag NWs. SAED patterfiom (B) the

white-dashed and (C) the yellow-dashed- circleg\ (

— 3in S

Figure 2.6 Effect of lengths of growth time. SEM images othin-like Ag NWs

grown for (A) 1 h, (B) 3 h, and (C) 6 h.

The NW growth direction is determined to be alohg {-1-10] direction. The data
suggest that the overall branched Ag NW structsiigesingle crystal.
2.3.4 Reaction Time Influence

SEM images of urchin-like Ag NWs grown from diffetdengths of time were

shown in Figure 2.6. At 1 h, there were few urclite-NWs with lengths less than 1
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Figure 2.7 Proposed mechanism of urchin-like Ag nanowire.

pm on the SPC electrode (Figure 2.6A). At 3 h, mohin-like clusters with longer
NWs were observed, as shown'in Figure 2.6B. Whergtbwth was extended to 6 h,
more coverage of longer NWs on the electrode senfeas found in Figure 2.6C.
2.3.5 Proposed Growth Mechanism

We suggest that our previously proposed growthveays for one-dimensional
Cu, Ag, and Au nanostructures are applicable ferutthin-like Ag NWs tod>242°
The preparation of Ag NW is dependent on the presef CTAC and HN@ All the
growth process is presented in Figure 2fthe beginning, there are 7.5 mM &g,
ions in this reaction solution. Some g, ions (2.1 mM) would reduce by Gyito
form Agg)clusters through the galvanic reduction, 2&g+ Cus) — 2Ags) + CU g
E° = 0.46 V' The clusters enlarged as more Ag(s) reduced torbearchin nucleus

on the electrode. At the same time, the otheffgons (5.4 mM) combined with
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Cl'(ag) anions (5.4 mM) from CTAC molecules to form Ag{tolloids which covered
by a shell of CTAC molecules. Since the reactiog@h) + Cys — 2Ags) + CU )
+ 2Cl(aq E° = -0.12 V*' is not thermodynamically favored, the source of damnot
obtained via this route. The growth cannot justped via the reaction 2Agq) + Cus)
— 2Ags) + CU(aq) Without CTAC either because this reaction alorerait produce
the urchin-like NWs structure. As the literaturpads, it is known that Ag) can be
reduced to Ag, by light”® The Ags clusters reduced by light could be seeds
randomly adsorbed on the urchin nucleus and iedi#the growth of Ag NWs assisted
by CTAC as the surface capping reagent, which melgctvely adsorbed on
low-index facets to form a bilayer interface stauef®*° The presence of NQygions
in the growth solution is another determinant fontcolling the crystal shape in the
system. The function of the ions may-oxidizesigto Ag'gions. During the crystal
growth, the less stable facets'might be oxidized\Nk) o) easily, leaving the more
stable facets exposed for further developmentsa Aesult, all these factors function
cooperatively in the reaction todirect the crystal grow into urchin-like Ag NWs.
2.3.6 Extensive Application on Electrochemical Deposition

In our reaction, reduction of Agqions were contributed by galvanic reductions.
However, we discovered that Ag NWs could be groweal on Au or Pt seeding
layers on Indium Tin Oxide (ITO) substrate via ampgle two-electrode
electrochemical deposition method in the same i@asblution at 293 K. The results
are shown in Figure 2.8. Figure 2.8A to 2.8D digpleat there are some Ag NWs on
the ITO substrates. The diameters are about 60aimich are smaller than the ones
react by galvanic reductions. The lengths are fdorak in the range 1 —Bn. Based

on the EDS measurement displayed in Figure 2.8%ef)jrand 2.8C (inset), we
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Figure 2.8 SEM images of Ag NWs on ITO substrates with différkinds seeding
laeyer. On Au seeding layer (A) Low magnificatianface image (inset, EDS of an
area in (A)), (B) high magnification surface imagen Pt seeding layer (C) Low
magnification surface image (inset, EDS of an anreéC)), (D) high magnification
surface image. (E) TEM image of Ag'NWs in (C) (ing601] zone SAED of the Ag

NW) (F) HRTEM image of the red marked circle regioE).

conclude that the NWs are composed of Ag only. Tdkdracterizations are displayed
in Figure 2.8E and 2.8F. The SAED pattern in FiguBE (inset) shows a spot pattern,
which can be indexed to be [001] zone axis of Ageads that the Ag NW is single
crystalline. From the pattern, the growth directimhAg NW is determined to be
along [110] direction, which is identical to theeoneacted by galvanic reduction.
Figure 2.8F presents an HRTEM image from the redkethcircle region in Figure
2.8E. The dihedral angle between [220] and [200]134.8°, which is close to the

theoretical value of an fcc structure. The [22Q] §00] d-spacing are measured to be
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0.14 nm and 0.20 nm, respectively. Both the vaheectose to the previous report of
Ag, 0.144 nm and 0.204 nff.
2.4 Conclusion

In summary, we have developed a simple low-codastant-assisted galvanic
reduction process to grow urchin-like Ag NWs on S@l€ctrodes. Both CTAC and
HNO3 molecules are essential ingredients to shaperttrendlike Ag NW. Moreover,
we can use electrochemical deposition to syntheAgeNW on Au or Pt seeding

layers on ITO substrates with similar reaction ¢toud.
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Chapter 3

Surface Enhanced Raman Scattering I maging of a Single Molecule

on Urchin-like Silver Nanowires

3.1 Introduction

Since surface enhanced Raman scattering (SERS) fings observed by
Fleischman et al. in 1974fundamental research and practical applicaticsethan
this powerful technique for detecting a minute ditgrof molecules are intensively
studied in recent years. Two mechanisms are oftentioned in the literature to
explain the SERS phenomenaon. The primary one igldwtromagnetic effect and the
second one is the charge-transfer efféciSince" silver shows superior SERS
performance, various silvér nanostructures, suctharmoparticle (NP, nanowire
(NW),>® nanorod (NRY, nanoplaté and nanodendrité*® have been investigated as
highly sensitive substrates. A lot of methods totlsgsize these nanostructures have
been developed. These include photochemical presEsS seed-mediated
growths®*” hard template assisted growtfignd galvanic displacement reactidis.
Due to their overall morphology, lots of SERS hpbts, created from gaps, slits,
vacancies, and crossovers, are providéd.In general, the SERS performance
correlates highly to the amount of hot spots. Sit@@7, detecting single molecules of
Rhodamine 6G (R6G), DNA, and pathogens adsorbedAgnNPs and metal
nanostructures with designed nanogaps by SERS e reporte®>° Recently,
we have reported the growths of one-dimensional) (A9,*%>% Cu?® and AU®*°
nanostructures via several heterogeneous reactMies.discover that surfactant

assisted galvanic reductions provide low cost, ste@, and near room temperature
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growth routes to these nanosized 1D metals. Bygusims strategy, here, we
demonstrate the growth of urchin-like Ag NWs onestr-printed carbon (SPC)
electrodes. We discover that the Ag NW substratevstsuperior SERS performance
and is able to detect a single R6G molecule by Ramage mapping. Our findings
are discussed below.
3.2 Experimental
3.2.1 Preparation of Urchin-likeAg NWs

An SPC electrode with a pre-cleaned Cu foil attdches immersed into a
reaction solution (50 mL), which contained AgN(®.064 g, 0.375 mmol), CTAC
(0.89 M, 0.3 mL) and HN©(0.312 M, 0.8 mL) in a glass beaker for 6 h. Thibe,
SPC electrode was rinsed by deionized,water anédsio a N filled glove box to
avoid oxidation. More detail sinformation-for synffing urchin-like Ag NWs was
described in chapter 2.2.
3.2. Characterizations and Spectroscopic Measur ements

The scanning electron microscopic (SEM) and eneliggersive spectroscopic
(EDS) data were taken from a Hitachi S-4000 (25)kevd a JEOL JSM-7401F (15
keV). The UV-Vis absorption spectra of the Ag NWeamoved from the electrodes
and dispersed in ethanol by sonication, were téilan a spectrophotometer (Hitachi
3010 double-beam UV-visible spectrometer). The Raspectra were acquired using
a high resolution confocal Raman spectrometer (HEFRLabRAM HRS800,
excitation wavelength 532 nm) and a potable RanmdmiRam™ Il Raman
Spectrometer System, excitation wavelength 785 nRHG (Sigma-Aldrich)
dissolved in pure ethanol (Sigma-Aldrich, purity99.5 %) were chosen to be the
probe molecule in the analytes in the experimeRBG (10 uL) with various
concentrations were dropped on the Ag NWs SPC maibstfor the measurements.

The spectra measured sequentially using the samsteumental settings were

37



3 pm 3 um

Figure 3.1 SEM studies of urchin-like-Ag NWs on a SPC eleotrod) Low
magnification surface image (inset, high magnifwat of a single cluster of
urchin-like Ag NWs) (B) EDS of-.an area in (A). SEMages of urchin-like Ag NWs

grown for (C) 1 h, (D) 3 h, and (E) 6 h.

compared. Raman mapping studies (excitation wag#ie®32 nm) were carried out
for the samples on an XY-stage. For each Raman imgsfudy of an area 36Q0m?
(60 x 60pum?), 441 points (21 x 21 points) were collected.
3.3 Results and Discussion
3.3.1 SEM and EDS Char acterizations

Figure 3.1A displays that there are lots of urdike- Ag NWs on an SPC
electrode. Inset of Figure 3.1A shows a single inrtike structure of Ag. Based on
the EDS measurement, we suppose that the NWs ampased of Ag only.

Urchin-like Ag NWs grown at different time are iirated in Figure 3.1 C to Figure
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Figure 3.2 UV-visible absorption spectrum of urchin-like Ag MW

3.1E. We discover that both the amount of urchie-kluster and the length of NW
are increasing with the reaction. time.
3.3.2 UV-visibleAnalysis

Figure 3.2 shows a typical UV-visible absorptioecpum of the urchin-like Ag
NWs suspended in ethanol. The absorption peak.&88&nm was attributed to the
plasmon response from the transverse mode of thes MMle the broad band
extended from 500 nm was assigned to the longitidimodes of the NWs with
different aspect ratios. The shoulder at 350 nm was commonly observedfuy Ag
NWs.
3.3.2 SERSAnalysis

Correlations between SERS and surface plasmomaase (SPR) have been
studied and connected both theoretically and ewpnially*>** It has been proved

that optimizing the correlation between the SPRhef substrate and the excitation
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Figure 3.3 SERS (Excitation: 532 nm, power:. .5 mW, data coidect5 s) of R6G (10

| |
600 800
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wavelength provides an efficient way to increas®Sperformancé Since R6G has
large Raman scattering cross section at 53Z°nwhich is near the longitudinal
modes of the NWs. The excitation wavelength of BB2was applied for the SERS
experiments discussed below. In Figure 3.3, theatiitn signals from R6G (1 -

10" M) on a urchin-like Ag NW on SPC substrate (witigrawth time 6 h) can be
observed clearly by Raman. Assignments to speudifiational modes were listed in
Table 3.1*"*8 As the concentration decreases, the SERS sigteisities decrease

accordingly. Yet, the signals are still visible & the concentration as low as*#0
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Table 3.1 Assignments of Raman frequencies of R6G in thetspec

Frequency (cm™) Assignments
614 ip XRD, op XRD
776 op C-H bend, ip XRD
1127 ip C-H bend
1184 ip XRD, C-H bend, N-H bend
1309 ip XRB, N-H bend, CH2 wag
1366 XRS, ip C-H bend
1509 XRS, C-N str, C-H bend, N-H bend
1650 XRS, ip C-H bend

ip: in plane, op: out of plane, XRD: xanthene raeformations, XRB: xanthene ring

breath, XRS: xanthene ring stretch;-str: stretch.
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T | | T
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Raman shift (cm™)
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Figure 3.4 Raman spectra of R6G (@M, 10 pL, in ethanol) on urchin-like silver
NWs with different growth time periods. (Excitatids32 nm, power: 0.05 mW, data

collection: 1 s)
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Table 3.2 Reported detection limits and Analytical Enhancetrfeactors (AEF) of

R6G on different substrates.

Analytical
Detection Limit
Substrate Enhancement Ref
of R6G (M)
Factor
Ag nanocrystals on Si 10° 10’ 49
Ag NPs on glassy carbon 10° . 50
Au-coated ZnO NRs 10° 10° 51
Au flowerlike nanoarchitectures 10'12 a 52
Ag NR arrays on Si 10" . 53
. -14
Ag NPs-coated Si NWs 10 23x10 o4
Roughened Ag substrate 2. X 1(515 a 55
Ag nanodesert roses on Si 10'15 2 X 101 0 56
Ag and Au NPs containing substrates 10'16 . 57
Ag urchin-like NWs on SPC 107 10° This study

a NP: nanoparticle, NR: nanorod, NW: nanowire, SR€ean-printed carbon.

b Not reported.

M. To our knowledge, this is one of the lowest d&tble R6G concentration reported

so far (See Table 3.2 for other exampf&S).When the growth time was shortened,
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Figure 3.5 Images of randomly selected areas (B0 x 60 um) of urchin-like Ag

NWs on a SPC electrode. Series (A) - (F), opticelges and corresponding Raman
mappings of the R6G signals at 614 %76 cnt, 1366 cnt, 1509 cnt, and 1650

cm™.
short and thin Ag NWs were obtained on the subetrgFigure 3.1CDE). The
enhancement capability diminished drastically tdeéigre 3.4). This can be
rationalized by the following reasons. As we knaWwe SERS effect correlates
extensively to the electric magnetic field enhaneenby the so-called “hot-spots”. In
the urchin-like Ag NWs fabricated in this study, B hot-spots may originate from

metal gaps, slits, vacancies and crosso¥&rs® Short and sparse Ag NWs would
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create few gaps, slits, and vacancies. Consequéh#dge substrates showed much
inferior enhancement performance.

To demonstrate the capability of the urchin-like /s in sensing R6G further,
the following SERS mapping studies was carried Wg. estimate that about 6000
R6G molecules exist on the urchin-like Ag NW onS#C substrate when R6G (1,fM
10 pL) is applied. Since the substrate has a surfaze @196 crf) we can determine
that there are only thirty R6G molecules on an d@apm?® Thus, we anticipate
locating only a single R6G molecule in a mappe@&&00um? (60 x 60um?). By
using the Ag NWs, the Raman mappings of R6G petléd4 cni, 776 cm', 1309
cm?, 1366 cnt, 1509 crit, 1650 cnt are displayed iffigure 3.5. From six randomly
selected areas (60 x §@m”each) on the substrate, six sets of R6G signas ar
observed in four areas. Among them; one area ¢gegla the series B in Figure 3.5,
a cluster of three sets of R6G signals is showsehies C, E, F, each image displays
only a single signal at the same point within.thegped-area 3600m°. On the other
hand, two areas (A and D) are totally silent fromy &6G response. This means that
no R6G molecules exist in these two areas. SinedrG molecules were randomly
adsorbed on the substrate, the observation agrigteshe estimated R6G density on
the surface. That is on average, one molecule wssrlaed on each of the mapped
areas. We conclude that each set of SERS mapptagwdae generated by a single
R6G molecule. The Raman spectra of the single R&&gcule signals in Figure 3.5
are displayed in Figure 3.6. Further investigatioh§me-resolved surface-enhanced
Raman spectrare shown in Figure 3.7. As the table in Figure @dsplayed, Raman
peaks at 1658 c 1516 crit, 1314 cn, 1368 cnit, and 1098 ciare changed in
both wavelength and intensity. In literature, it fisund that the orientation of
molecules on the surface affects the Raman inteasif specific vibrational modes

strongly®® This is because certain modes, such as in-plath@uatrof-plane vibrations,

44



Intensity (counts) Intensity (counts)

Intensity (counts)

Raman shift (cm)

Raman shift (cm™)

500
A counts B
@ | ] (B)
counts .
n
2
=
>
Q
L
2
7]
<
£ W
£
T T T T T T T T T T T T T T T T T T T T T T
600 800 1000 1200 14010 1600 1800 600 800 1000 1200 1400 1600 1800
Raman shift (cm’) Raman shift (cm)
50 200
I counts (C) I counts (D)
8
c
=
0
2
=
[7/]
c
@
]
£
! T T T T T T T T T T T T T T T T T T T T T T T T
600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800
. -1 o
Raman shift (cm’) Raman shift (cm™)
50 T
I counts (E) 200 (F)
counts
w
]
[=
35
0
)
=
@
c
[J)
L
Mﬂ )
1 N 1 N 1 N 1 M 1 N 1 N T T T T T T T T T T T N
600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800

Figure 3.6 Raman spectra of the R6G signals in Figure 3.%.(B) (C) spectra are

the signals in Figure 3.5(B) from left to right. (OE), (F) spectra are the signals

come from Figure3.5 (C), (E), (F), respectively.

are highly influenced by the local electrical figidrallel or perpendicular to the

molucles>®*°Another possible reason is that when moleculesrapped in the hot
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Figure 3.7 Time-resolved surface-enhanced Raman spectra of @R8GEL, 1 fM)
molecule recorded at 3-s intervals. Over 100 spegére recorded before the signals
disappeared. Ten spectra were selected to highfigitien spectral changes. The
table displayed five main Raman signals.in thesetsp. The Raman signals abruptly

changed in both frequency and intensity. The lageitation wavelength was 532 nm

and the power was about 5.mW.

spots, some physical stress may be generated tsthéhadsorbed molecules undergo
certain structural transformatidfior photochemical decompositiéh.In previous
reports, most single molecule detections were edmut in special environment (i.e.
on nanocrystal aggregates) or required multiplgp steodifications of sensing
surfaces®>® Our Ag NW substrate clearly shows the advantaggetécting a single
molecule easily over the entire treated surface.

Intrinsic SERS enhancement factor (EF) is difficddtestimate because many
variables, such as adsorbed molecules and last@ersog volume, are difficult to
obtain® Thus, we use the analytical enhancement factorFjABefined by the
following equation AEF = (Iserd/Ceere)/(IrdCrs),™* to estimate the SERS performance
of the urchin-like Ag NWs. Herdgsrepresents the Raman intensity of an analyte with
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Figure 3.8 SERS of R6G on urchin-like-Ag NWs (10 fM, red) amwl a glass slide

(0.1 M, black). (Excitation: 532 nm, power: 5 mVédtal collection: 5 s).

a concentratiorCgson a non-SERS substraigzrs is obtained from a SERS-active
substrate with an analyte concentratidggs In the studies, all the other parameters,
including laser wavelength, laser power, microscmagnification, and spectrometer,
are identical. In our experiment, a glass plate wsed as the non-SERS substrate
while the urchin-like Ag NWs was employed as theRSEactive one. The Raman
responses of R6G on these substrates are compaFegure 3.8. Usindrs andlsrs

of the peaks at 614 ¢m776 cm', 1366 cnl, 1509 cnT, and 1650 cm of R6G, the
averagedAEF of the urchin-like Ag NWs substrate is estimatedé about 1. The
value is superiior to most of the literature daséed in Table 3.2. In addition, on a
commercial SERS-active substrate Kldftethe signals from R6G (1 nM) almost
vanished” At higher R6G concentration such as 1 pM, fifteandomly selected

spots on urchin-like Ag NWs substrate ususally ldigpd similar SERS performance.
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Figure 3.9 Raman spectrum of R6G (M, 10 pL, in ethanol) on urchin-like silver
NWs (Detected by MiniRam™ II-Raman Spectrometert&ys excitation: 785 nm,

power: 5 mW, data collection: 5 s).

Different urchin-like Ag NWs substrates showed $amresults. We also employed a
low-cost portable Raman instrument with an exatativavelength 785 nm to study
potential SERS application of our Ag NWs. As shawirigure 3.9, the R6G ({IM,

10 pL in ethanol) signals were observed clearly. Treiltesuggests that by coupling
our Ag NW substrate with a low-cost portable appaait is possible to find

economical and real-life sensing applicatiéh®
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3.4 Conclusion

In this study, we have developed a simple low-sosfactant-assisted galvanic
reduction process to grow urchin-like Ag NWs onbcar screen printed electrodes.
The urchin-like Ag NW substrate shows a high SER8gpmance. Using R6G as the
probe molecule, the test needs only a minute qyasftsample solution (1QL) with
a short sensing time (5 s). The AEF is high®{L0The detection limit for R6G is
below femto molar concentration. This means theaisgns at single molecular level
for R6G. Consequently, we anticipate that by cmgplhe urchin-like Ag NWs with
a low-cost portable instrument, the setup can Ipdiexpfor rapid biological, medicine,

and environmental pollutant sensing applicatiog ihvestigation is in progress.
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Chapter 4

Urchin-like Ag Nanowir es as a Non-enzymatic Hydrogen Peroxide

Sensor

4.1 Introduction

H,0 is not only widely used in paper, cleaning progdaad food industriesput
also generated as a by-product in several enzymaéyzed reactions® A lot of
analytic techniques have been developed to deteuttenquantities of kD, such as
titrimetry,® spectrophotometr{? chemiluminescence!* and electrochemisty**
Among them, electrochemical analysis has been derei as a low-cost and
effective method due to its‘simplicity and high s@wity. Until now, a great deal of
H,O, sensors have been developed based on electoatatyshO, reduction by
immobilized enzyme& ' However, these electrodes showed many disadvantage
related to their stability and activity degradatioof immobilized enzyme$:*
Therefore, there are more and more attempts tolaguweon-enzymatic sensors
constructed from nanostructured materials. For gtamn recent years, electrodes
modified with metal nanoparticles (NPs) such aslP$?°?* Au NPs?* Pd NP$® and
Ag NPs?* have been extensively used for non-enzymasio.téensors. They usually
showed large specific surface areas, excellent wxndties, and outstanding
electrocatalytic activities. Because Ag is a rekdy inexpensive noble metal of all,
several kinds of Ag nanostructures have been fatatc for non-enzymatic J@,
sensing applicatiorfS:?” Previously, we have reported the non-enzymatic aglec
sensors such as Cu nanoBetind Au nanocoral on screen-printed carbon (SPC)

electrodes via several heterogeneous reactionslisevered that surfactant-assisted
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galvanic reductions provide low cost, one step, aedr room temperature growth
routes. By using this strategy, recently, we dernrated the growth of urchin-like Ag
NWSs on screen-printed carbon (SPC) electrd8éssing the new electrode, we wish
to report the first case of using Ag NWs for norgnatic HO, sensing. Our
discoveries are discussed below.
4.2 Experimantal
4.2.1 Reagents

Silver nitrate (Mallinckrodt), cetyltrimethylammamn chloride (CTAC, Taiwan
Surfactant), hydrogen chloride (TEDIA), nitric ac{®howa), sodium phosphate
dibasic dihydrate (Aldrich), sodium phosphate masib monohydrate (JT-Baker),
D-(+)-glucose (Aldrich), L-ascorbic .acid (AA, Ala), uric acid (UA, Aldrich),
sodium chloride (Aldrich), sodium bicarbonate (Add), and hydrogen peroxide
(Aldrich) were used without further purification.
4.2.2 Preparation of Urchin-like AgNWs

Urchin-like Ag NWs were synthesized-on-an SPC ebelet with a Cu foil and
stored in a M filled glove box to prevent excessive surface atwh. More detail
procedures were represented in chapter 2.2.
4.2.3 Preparation of Ag Microparticles

A glass vial containing AgN©electrolyte (10 mL, 10 mM) was placed in a
water bath controlled at 303 K. A two-electrodecelechemical cell composed of a
DC power supply and two carbon electrodes (Figuflg. 4Ag microparticles were
grown on the cathode, which was an SPC electrodehpsed from Zensor R&D with
a geometric area of 0.196 &nThe anode was fabricated by painting carbon paste
uniformly on a transparent projection slide follaMey drying it on a hotplate at 353

K for 3 h under air. After the cathode and the anagre immersed in the electrolyte
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DC power supply

Carbon electrode SPC electrode

Reaction
solution

Temperature controlled
Water bath

Figure 4.1 Two-electrode electrodeposition system.

for 2 min, a fixed DC voltage of 1.0V was suppligctoss the electrodes. At 303 K
without stirring, the cathode.surface turned intaygcolor gradually. After 1 h, a total
charge of ca. 0.24 C (corresponding to Ag 0.a63was supplied. The cathode was
removed and rinsed with deionized water. To avoidiation, the as-prepared Ag
microparticles were stored in a;Nilled glove box to prevent excessive surface
oxidation.
4.2.4 Characterizations and Electrochemical M easurements

The scanning electron microscopic (SEM) and eneliggersive spectroscopic
(EDS) data were taken from a Hitachi S-4000 (25)kevd a JEOL JSM-7401F (15
keV). Cyclic voltammetric (CV) and amperometric eiments were carried out on a
CHI 6081C (CH Instruments) electrochemical analy2ethree electrode system was
employed for the measurements. It contained a wgrlalectrode, which is a Ag
electrode fabricated in this study, a counter ebelet composed of a Pt wire, and an
Ag/AgCI (in KCI 3.00M) reference electrode, withpatential of 0.200 V vs. standard

hydrogen electrodes (SHE). Amperometric curves wdrbgen peroxide were
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Figure 4.2 (A) SEM image of Ag urchin-like NWs om &PC electrode (inset:
enlarged view of a single cluster of urchin-like AgVs). (B) EDS of an area in part
A. (C) SEM image of Ag microparticles on an SPCcetmde. (D) EDS of an area in

part C.

recorded at -0.28 V and -0.4 V for Ag NW and Ag roparticle electrodes,
respectively. Before carrying out the electrocheéxperiments, all of the solution
were de-oxygenated by, Various amounts of hydrogen peroxide were added
every 100 s into a stirring 0.01 M PBS (pH 7.4)usioh in air.
4.3 Results and Discussion
4.3.1 SEM and EDS Char acterizations

Figure 4.2 shows the SEM data of the as-preparedNAgs and Ag
micro-particles. As displayed in Figure 4.2A, lofsAg urchin-like NWs grow on the
electrode surface. Based on the EDS (Figure 1B)careclude that the NWs are
composed of Ag only. The inset in Figure 4.2A shaavs enlarged view of the

urchin-like morphology. The diameters of the NWs astimated to be about 100 nm
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Figure 4.3 CVs of different-HO, concentrations in deaerated PBS (pH 7.4, 0.01 M)

using an Ag NW electrode as the working electrdde HO, concentrations are 0
mM (dot), 2 mM (dash), 4 mM {(dash dot), and 6 mMli(§. The scan rate is 50

mV/s.

while the lengths are found to be in the range B-fm. Figure 4.2C displays the
image of the micropatrticles. They are abouiu®®in diameters and composed of Ag
(Figure 4.2D).
4.3.2 Cyclic Voltammetric Sudies

Figure 4.3 shows the CV responses of differes®Hconcentrations on an Ag
NW electrode. It indicats that the reduction cutrét -0.28 V) gradually increases
with the increasing of D, concentration. Figure 4.4 displays the CVs inghsence

(solid line) and presence (dashed line) eDKH(6 mM) in deaerated PBS (pH 7.4,
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Figure 4.4 Comparison of CV scans before (solid) and aftestidd) addition of

H,O, (6 mM) in deaerated PBS (pH 7.4, 0.01 M). The wuaglelectrodes are (A) Ag

NWs, (B) Ag microparticles and (C) screen printadbon electrodes. The scan rate is

50 mV/s.
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Figure 4.5 Amperometric current responses to successive additof HO, in
deaerated PBS (pH 7.4, 0.01 M) on.(a).Ag microiglad electrode (black) at -0.4 V

and (b) Ag NW electrode (red) at -0.28 V. Insetwhdhe lowest concentration to be

detected at 1QM.

0.01 M) using Ag NW, Ag micropatrticle, and- SPC &ledes. We notice that the
reduction current response from using the Ag NWlightly larger than using the Ag
microparticle electrode. Furthermore, the reductomtential of using the Ag NW
electrode (-0.28 V) is also smaller than the vatiasing Ag micro particle electrode
(-0.4 V). These results indicate that the Ag NWcelede possesses a relatively
notable catalytic ability towards B, reduction. It is known that the electrocatalytic
properties of Ag nanoparticles depend on their dsmen, density and amount
deposited on electrode surfaééd?Since the Ag NWs on a SPC electrode had
smaller size and higher density than the Ag miartigdas on the electrode did, the
reduction potential of using the Ag NW electrodspiiayed better electrocatalytic
property and lower reduction potential fop®4 reduction than the other electrode

showed.
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Figure 4.6 (A) Calibration curves of amperometric tests inUfg5. (B) Calibration

curves (current density normalized by mass) of aompetric tests in Figure 5. The
working electrodes are Ag NWs (black triangle) &gdmicroparticles (black square).

The error bars indicated the standard deviatidhmefe successive measurements.

4.3.3 Amperometric Studies of Hydrogen Peroxide Sensing

Figure 4.5 illustrates amperometric measurementsia, in PBS (0.01 M)
using the Ag NW electrode (-0.28 V) and Ag micrdjzde electrode (-0.4 V). The
former electrode provides higher reduction curresponse than the second one does.
The inset in Figure 4.5 shows that the detectionit lof H,O, is 10uM. A sensitivity
of 257 pA mM™ cm? with a linear dependence {Ralue, 0.998) of the reduction
current to the BD, concentration (5QuM - 10.35 mM) is observed for the Ag NW
electrode, which is slightly higher than the datsserved for Ag microparticle
electrode (138uA cm? mM™). The calibration curves are derived from the
amperometric tests in Figure 4.5 and showed inrEigu6A. When we take the Ag
masses into account, normalized calibration cureésthe amperometric
measurements are obtained and shown in Figure 4lBB.mass of Ag NWs is
determined by using stripping voltammétrgFigure 4.7). It can be seen clearly that

the sensitivity of the Ag NW electrode (4708 mM™ mg* cm®) is much superior to
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Figure 4.7 Stripping voltammetry of Ag NWs in a 0.1 M NaGl®olution at a scan

ratev = 20 mV/s.

the Ag microparticle one (54pA-mM™ mg* cm?). Based on this evidence, we
conclude that the Ag NWs have batter electrocatalproperty than the Ag
microparticles do. Performances® of various nanosired non-enzymatic Ag
electrodes reported previously are summarized el 1%22"32344%n general, our
NW electrode performed equally or better than #y@orted cases did. Although the
amount of Ag micro-spheres (25.6) on glass carbon (GC) electrédes less than
the Ag NWs (54.6ug) we made, the linear range of our electrode (A@35 mM) is
much higher than the other one (0.25-2 mM). Theiegpotential of our Ag NW
electrode is also lower than the Ag micro-spherectedde (-0.5 V). For other
electrodes, most of them did not show the amounfAgfon the electrodes. This
makes quantitative comparisons difficult. The elmd¢ with equal amount of Ag
deposited showed similar performance feOH We anticipate that the performance
of our NW electrode could be enhanced further bjsishg the amount of Ag

deposited and the geometric area employed. OtHae moetal based non-enzymatic
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H,O, sensors such as Kuand P& are usually expensive and require multiple
synthetic steps. To our knowledge, our study is fir& report on Ag NWs for
non-enzymatic kD, sensor application.

Table 4.1 Comparison of various non-enzymatie(®4 sensors

electrode Applied Mass Sensitivity Linear range Detection limit Ref.
potential | (ug) | (AmMM Lcmid) (mM) (uMm)
Ag NPs/typeTl -0.300 \ - - 0.005-40.6 0 32
collagen/GC
Ag-DNA hybrid NPs/GC -0.45Y - 773 0.002-2.5 0% 24
Ag NPs/DNA network/GC| -0.400 \* - - 0.004-16 1Yy 34
MWNTs/Ag nanohybids | -0.2\f - 1.472 0.05-17 08 35

on Au electrode

Ag micro-spheres/GC -0.5%v 25.6 - 0.25-2 12 25
Roughened Ag -0.30V - - 0.01-22.5 B 36

Ag NPs-NFs/GC -0.30V - - 0.1-80 62 37
Ag nano-sieve/GC -0.44% 2 1 0.04-908 10° 27
AgNP-decorated PMPD | -0.300 V¥ b - 0.1-30 4% 38

micro-particle/GC

AgNPs/ZnO NRs/FTO -0.55%V - 152:1 0.008-0.983 @9 39
AgNPs/PVA/Pt -0.500 ¥ - 4090 0.04-6 i 40
Ag dendrite/GC 0.2V - 104.53 0.005-12 0’5 26
Pd/CNF-CPE -0.2\V - 4,18 0.2-20 0.2 23
Au NPs/OMC/GC -0.15 V¥ - - 0.002-3.92 0.49 22
Ag Urchin-like NWs/SPC | -0.28 \f 54.6 256.9 0.05-10.35 10 This work
Ag micro particles/SPC -0.40 V¥ 268 124.1 0.05-14.20 50 This work

a: referred to a saturated calomel electrode (RCEN2 V versus SHE)

b: theoratical detection limit (estimated from #temes of the standard deviation of
the blank signal)

c: referred to an Ag/AgCI (in KCI 3.00 M) electro@@®200 V versus SHE)

d: the unit isuA mM™

e: acidic media

f: smallest addition
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Figure 4.8 Interference analysis by amperometry at -0.28 \é ifjection sequences
are UA (saturated), AA (2 mM), glucose (6 mM), NdCI15 M), NaHCQ (27 mM),

followed by HO, (1 mM) additions in deaerated PBS (pH 7.4, 0.01 M)

4.3.4 Interference Studies

For interference test, we choose five common spdgciascorbic acid (AA), uric
acid (UA), glucose, chloride ion (¢l and hydrogen carbonate ion (H&Ofound
commonly in real physiological sampl&sWe used concentrations comparable to the
ones reported for our experiments. Amperometriporases of the Ag NW electrode
towards the additions of these species (AA: 2 mM; &taturated, glucose: 6 mM, Cl
150 mM, HCQ": 27 mM) followed by HO, (1 mM successively) were examined. As
shown in Figure 4.8, AA, UA, and glucose do notduee significant responses.

Moreover, the anions of Chnd HCQ have no obvious interference in the reduction
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of H.O,. The observations reveal the application potemtiahg NWs electrode for
sensing HO; in real samples.
4.4 Conclusion

In conclusion, we have demonstrated a simple lost-galvanic displacement
process to grow urchin-like Ag NWs on SPC electsofiie H,O, sensing. Our results
indicate that the Ag NW electrode shows higher tebeatalytic ability of HO,
reduction than the Ag microparticle electrode ddde Ag NW electrode shows that
its sensitivity for HO, reduction at an applied potential -0.28 V in PBSITO5pA
mM™*mg*cm? The detection limit is observed at AM. This is the first report on
using Ag NWs for non-enzymatic,B, sensing application. The electrode can detect
H,O, easily and resists many _.interfering species comynoidund in real

physiological samples.
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Chapter 5

Conclusions and Per spectives

5.1 Conclusions and Per spectives

In this study, we demonstrated the fabrication ofhin-like Ag NWs on a
screen-printed-carbon electrode via galvanic redaatear room temperature. In this
reaction, CTAC plays a role of capping reagentaufine and stabilize crystal growth
to form the nanowires. On the other hand,;Nfay provide a selective etching
ability on less stable facets during the crystalwgh. Moreover, we reveal that Ag
NWs are also synthesized successfully by ‘using séu@me reaction solution via
electrochemical deposition ‘'on ITO substrates withoh Pt seeding layers. This may
extend the fabrication of Ag NWs with Au or Pt seedlayers on other solid
substrates by electrochemical .deposition. We caleclthat Ag NWs could be
fabricated by either galvanic reduction or eledteical deposition by surfactant
assisted growth method.

Furthermore, we have explored the SERS propertth@furchin-like Ag NWs.
R6G was employed as a probe molecule. We discovtkatdhe presence of 0.1 fM of
R6G on the Ag NWs can be clearly observed, whickhés lowest detection limit
reported previously. SERS hot-spots of urchin-MgNWs may originate from short
and sparse Ag NWs which would create few gaps, @itd vacancies. The detection
limit indicated that the sensing is at single maledevel. Single molecule detection
was confirmed by the SERS mapping images. The ABEReoAg NWs was estimated
to be 16°

In addition, Ag NWs also display high electro-cgtial ability of H,O, reduction.
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Figure 5.1 Successive UV-vis absorption spectra of the rednadf 4-NP by NaBhl

in the presence of Ag NWs (=22 ‘min). The righteinshows the logarithm of the
absorbance at 400 nm vs reduction time. The ls&tishows the photographs of the

reduction of 4-NP by NaBHn the absence (a) and presence (b) of Ag NWs.

The sensitivity for HO, reduction at an-applied potential -0.28 V in PB3T05pA
mM™*mg*cm? The detection limit is observed at AM. This is the first report on
using Ag NWs for non-enzymatic,B, sensing application.

More applications such as catalytic reduction afn@atic nitro compounds and
antibacterial property are under investigationlifiinary data are shown below.
Catalytic reduction of aromatic nitro compoundsdmynage metal nanoparticles has
been reported Figure 5.1 shows the time evolution of UV spedtrathe conversion
of 4-nitrophenol (4-NP) into 4-aminophenol (4-AFhe absorption of 4-NP is at 400
nm and 4-AP is at 300 nm. We observe that the p&dk0 nm is getting lower and
the one of 300 nm is getting stronger. The pseudbtdrder rate constant determined

from this plot is 8.69x16s™. Besides, the original color of the solution iglsi
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Sample | Blank | (A) ®) | (C
OD |0.4486|0.45705]0.47895 | 0.2327
(600 nm)

Figure 5.2 Optical Density at 600 nm in tubes with differemngples. (A) SPC

electrode (B) Ag microparticles/SPC electrode (Q)MWs/SPC electrode.

yellow and become limpid after the reaction.

On the other hand, nanosilver has,emerged as otteeainost commercialized
nanomaterials, particularly ‘as-antimicrobial agenmith interesting applications such
as wound dressingstextiles® and‘water and-air purificatichA simple antibacterial
test is shown below. We put different samples @tigrinted carbon (SPC) electrode,
Ag microparticles/SPC electrode, Ag NWSs/SPC eledjo into tubes with
Luria—Bertani (LB) medium and equal amount of Esicinga coli (E. coli) solution at
310 K. After 18 hours, the bacterial concentratiorese determined by measuring
optical density (OD) at 600 nm, which were dispthye Figure 5.2. We can find that
all the ODs at 600 nm are high except the Ag NWes. dinreveals that the Ag NWs
has superior antibacterial property than the others

To sum up, we provide a surfactant assisted elgodrmical method to grow Ag
NWs on hard substrates effectively. ApplicationsSEERS and kD, sensing have
been developed. Reduction of aromatic nitro comgeuand antibacterial properties
have also been investigated. We expect the Ag N&sat only used in molecule

sensing but also in industry and environmentalffpation.
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Appendix

Table. Summary of growth conditions of different Ag sangpie 50 mL rection

solution at 303 K.

Sample| [AgNO,] | [CTAC] | [HNO;]| Reaction time
A 7.5 mM X X 15 min
B 7.5 mM X 5 mM 30 min
C 7.5 mM | 3.6 mM X 3 hr
D 75mM | 3.6mM | 5mM 2 hr
E 75mM | 54mM | 5mM 6 hr

Figure. SEM images of Ag samples with different growth datiods in Table.

When the reaction solution contained Agh{g only, we may found Ag
microparticles reduced by Cu foil on the SPC etmtegs (Figure A). These structures
may transform into nanodendrite and nanocoral ifagdded 5 mM HN@a,q and 3.6
MM CTACq) in the solution, respectively (Figure B and C).tlB&NGO;q) and
CTACq displayed the ability about anisotropic growthr Festance, the less stable

facets of Ag nanostructures may oxidizeQpmto Ag'ag)ions by NQ gions easily
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and CTAC has been proposed as a surface cappiggnted herefore, we combined
these reagents in the reaction solution. We digeaveome nanoparticles aggregated
and short rodlike nanostructures on SPC electr@éiggire D) while the AgNQaq)
reaction solution consisted of 3.6 mM CTA&and 5 mM HNQgg). Finally, we
slightly increased the CTAC concentration in sample We obtained lots of

urchin-like Ag nanowires on SPC electrodes (Fidtixe
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