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ABSTRACT

This dissertation presents surface enhanced photocatalytic characteristics of
heterogeneous catalysts (elgFe,0sand CdS) for solar water splitting. The enhancement can
be obtained by either incorporating plasmonic metallic nanostructures, such asokods
(NRs), or cathodic reduction of catalytic materials. This dissertation also presents various
electrochemical methods for largeale synthesis of plasmonic structures (e.qg., vertically aligned
NRs) for surface enhanced photoelectrochemistry. Fajomaspects of the dissertation are
described briefly.

First, sifaceenhanced light absorption and photoelectrocheroluatacteristice f- U
Fe O3 thin film modifiedwith Au NRs in a top configuration astudied The
phobelectrochemical reaction tife plasmon active substratior water oxidation is performed
and compar e-BeOathicknesseaslhephatocutterincreasen thesurface plasmon
regoni s attributed to the en-RepicteedresencafAb| e | i ght
NRs.

Second, a templatieee technique is invented for a facile fabrication of vertically
standingmetal NRs and nanowireNWs). The growth mechanism of NRs and NWs is explored
through investigating their morphological changes as the electrodeposition prideeaisse of
their large specific surface area, one direction alignment, stability, anduialeility over the
diameter, length, and coverage, these NRs and NWs will have broad applicesoriace

enhanced photoelectrochemical reaction and optieaitsyscopy.



Third, cathodic reduction methods are introduced and they are capable of improving the
photoelectrochemical performancel&Fe,0; photoanode. fiemorphology and
photoelectrochemicaksponses f -FelDs thin-film photoanode are presented before and after
the cathodic reduction. The photocurrent of ~20WRe,0s thin film is enhanced by about 7
times after the cathodic reduction. The enhancement is attributed to the conductivity
improvement.

Finally, vertical-alignedAg nan@lates and NWs are presented at the outlet of this
dissertation. These nanostructures are electrochemically depositetion Tin Oxide (ITO)

substratewith the assistance of sacrificial templates sucanaslic aluminum oxid€AAO)

templatesAg nanostructures obtained using this method have minimum contamination because
no surfactant is adopted for the synthesis; therefore they are suitable for surface modifications for
applications in surfacenhanced Raman scattering, surfadeanced photocatalyst, and metal

enhanced fluorescence.
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CHAPTER 1
INTRODUCTION

1.1Solar Energy Potential for Solar Water Splitting and a Brief History of
Photoelectrochemistry of Hematite Photoanode

In recent decadethe global energy consumption is soaring because of the rising living
standards anl is predicted to at least be doubled from the cumatetof 12.8 TWo 287 35
TW in 2050(TW = 10” watt9.' To meet the increasing demand of energy while nullifying the
detrimental environmental impact from the g§@neated by the consumption of fossil fuels,
exploring and developing green energy sources is never overemph¥giiedno single source
is able to suffice the needs currentlyy targest green energy source the Somld easily supply
theadequate energyit is efficiently harvesteddowever, the direct use of solar cell, such as
solar thermal power or pheimltaic cells, is still quite limited, only accounting for 0.22% of
total primary energy consumption of US in 2313.

Photoelectrochemicalystems hold the promise of providing electric power and clean
renewable energy sources using solar enérgyexamplesolar cells based on
photoelectrochemical reaction have been bigexl to capture solar energy for the direct
production of electricity:*>® It is worthnoting that solar cells only produce electricity under
sunlight, which means no energgne produced in the evening and desires a solution to store
the energy they generate under the sunlight for the utilization without sunlight. So far, the most
practial and efficient way to store the energy is through a chemical c&tyrogen is one of

the bestandidates as an energy carrier armbcomesvateraftercombustion without producing



any wasteDirect water splitting using sunlight for hydrogen praitut with photocatalysts

have been intensively exploresince the original experiment demonstrating the use of T©
splitting water undeWV light.® The watersplitting processhrough a n-type semiconductor is
shown in Figure 1.1. W4n the semiconductor is illuminated by the photons with energy larger
than the bandgap of the semiconductor, the electrons malgreceband will be excited to the
conduction band and these excited electrons could reduce the protons to hydrogen if the
conductiorband edge of the semiconductor is higher the reduction potenkidltef (E°=0.0V
vs. NHE. NHE represents Normal HydrogeiteEirode The holes left on the valence band are
able to oxidize water to generate oxygen if the valdrared edge of the seannductor is lower
than the oxidatiopotential ofH,0/O; (E°=1.23V vs. NHE). Although TiQ is a low cost
material and remains ormé the most studied photocatalysts for photoelectrochemical
applications, its bandgap of near 3.0 eV linthsoperation wavelengths of light to be less than
400 nm, thereby yielding low power efficiencies for hydrogen production using visible solar
radigion. Attempts to search for semiconductors other than Ai#gWe continued and many
possible alternatives have been discovered. For example, new types of oxynitrideS4e.g., (
Zny) (N1x0,)% and doped Ti@have shown visible light sensitivity for direct water splitting
under sun light®***2*3 Continued catalyst improvements are required for real technological
applications which require lower costs and improved efficiencies and the ability to meet the

following criteria>**

(1) A minimumbandgap of about 1.6 eV is needed, which is the
equilibrium potential difference between the redox pairs ‘@fiH(E°=0.0V vs. NHE) and

H,0/0, (E°=1.23V vs. NHE) at 25°C in addition to the energy losses in the semiconductor for
charge carrier transport. Such a band gap allows a photocatalyst to absorb light in most of the

visible light spectrumConsideringhe overpotential losse2.0 eV is an ideal bandgégr the



semiconductor, corresponding to an absorption ong20atm (2) The valence band edge
energy level for an4type semiconductor should be lower thanki®/O, oxidationpotential,
and theconduction band edgghould be higher than the M, reduction potential to obtain a
highincidentphotonto-current efficiencyIPCE). (3) The photocatalyst must be stable in
agueous solution without changing its composition and electronic structure byoxiatdton
and/or corrosion caused by changes in lpgaburing the course of photoelectrochemical
reaction. (4) The material used should be low cost. (5) The material should minimize over

potential losses



0
+1.0
+2.0
+3.0

Conduction bar_ld

H"/H, -
B Band gap
H,00, | |
h

Valence band

V (vs. NHE), pH=0

Figure 1.1 Watersplitting processeghroughan ntype semiconductor in aqueous solution
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No single semiconducting material has yet been found which meets all five criteria.
He ma t #FeQg) meets at least three of the above criteria as it has a band gap arounds2.0 eV,
good chemical stability in aqueous environments, anddost as iron is one of the most
abundant materials on earth. A theoretical water splitting efficiency of 16.8% has been predicted
for hematite’> A number of research groups have studied the use of hematite agan o
evolving photoanode but only obtained poor efficiency because of several intrinsic limitations of
this oxide materiat®!’"Hematite possesses a conductioncbetige at an energy level below the
H*/H, reduction potentiahs shown in Figure 1.Zhus, one needs to either apply an external
electrical bias or couple the hematite electrode with a solar cell in order to collected the excited
electrons from it€onduction band and deliver the electrons to a noble metal electrode such as Pt
for water reduction reaction. For example, unassisted solar hydrogen production can be achieved
by incorporating hematite in a tandem cell configuratfddWhile hematite has a light
penetration dept h 2dthash e smathhole diffusioa lergh42 n m) ,
nm?**20r 20 nn?). This means that a majority of the photons absorbed by a relatively thick
hematite layer are not used to oxidize water at the-tiglidd interface which is displayed in
Figure 1.3 This problem can be partially addressed by using a doping agent to improve the
conductivity of the thin film electrode made of hematite. For example, sitloped hematite
thin films and nanostructures, peged by atmospheric pressure chemical vapor deposition
(APCVD),** have a variety of nanostructured morphologies and exhibit atsetedrogen
conversion efficiency of more than 3% in a tandem configuration. Tiseety is still far
below the theoretical prediction largely due to the thick hematite nanostructure, which increases
the number of photons absorbed to generate electron and hole carriers but hole transport is

limited to a distance of-2 nmor 20 nm WGQO; has recently been utilized as a scaffold for a few



nanomet eReOstlafer to ikcrefke the hetmllection efficiency*? but at the expense of
sacrificing the light absorption. A different methodologyieh would enable efficient visible

light absorption while retaining efficient hole transport through the thin film, is needed in order
to improve the overall photoelectrochemical performance of a ikgbleactive photocatalyst

such as hematite.
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1.2 Surface Plasmon Resonance and Brief Introductioof Plasmon Enhanced Solar Water
Splitting

One solution to increase the photoelectrochemical performarecphadtocatalyswould
be to enhancis light absorption using the surface plasmon of metallic nanoparéisiseown
in thereview article?® Surface plasmon resonasaeferto the collective oscillating motion of
conductive electrons near a metal surface, such as gold and silver, when an external
electromagnetic field is applied. Surface plasmons can be excitedHeosurfaces of metallic
nanoparticle$®?"?8 The extinction spectra of metallic nanoparticles are usually dominated by
one or moreavell-resolved peaks, which are caused by strong light scattering and absorption. The
surface plasmon frequency is determined not only by the dispersion relation of the metal but also
by a number of other parameters, such as particle size and shape, swdiftcation of the
particle, and changes in dielectric constant of the surrounding medium. Coupling between
individual particles and particle geometry can also dramatically influence the position of the
plasmon resonanéSurface plasmons of silver nanoparticles can cause significant
enhancement in the local electromagnetic field due to the intense surface plasmon resonance
crosssection of silvef’ Coupling between two or me metallic nanoparticles can localize their
excited states between the particles to produgehstronger local field intensity than individual
nanoparticlesSurface plasmons near an organic or inorganic semiconductor material have been
found to enhanctheir light absorption by amplifying the electromagnetic field intensity sensed
by the system without significant quenching their fluorescéhce.

Numerous recent studies show that a visible light photoelectrachlersponse can be
observed for thin film electrodes made of Ti@y doping with silver and gold

§2,33,34,35,

nanoparticle 3" More recently, Thimsen et & studied the effects of bare spherical

gold particles on the photocatalytic performancé-&e,0; electrodes with the gold



nanoparticleembedded in the hematite layer and on its surfetoe.embedded gold
nanoparticles were found to have no effect ondtémperformance, whereas the surface coating
configuration on hematite nanoplatelets allowed gold nanoparticles to have a spectroscopic effect
on the photocurrent response of the electrode due to their surface plasmon. However, the overall
power efficierty was decreased upon the gold nanoparticle modification. More recently,
Thomann et al® reported thabare spherical gold nanoparticles would decrease the
photocatalytic behavior d#Fe,Os in both embedded artdp configurations because gold can
serve as a charge recombination center. In contrast, silica shell coated gold nanoparticles can
enhance photocatalytic efficiency by the surfplesmonof gold particles because the charge
recombination is blocked by¢ silica®® In addition, different enhancement action spectra were
observed for embedded and top configurations due to the changes in electronic structure and
morphology of hematite at the scliduid interface inhe presence of silica coated gold
nanoparticles. Gao et al. showed an enhanced photocurrent idfitnthinon oxide photoanode
coated on gold nanopillafsHowever, their enhancement factor was measured from 506 nm
700 nm where the IPCE is close to zero. This means that a substantial amount of noise was
introduced when the relative enhancement from the plasmon is calculated by dividing the spectra
of the gold nanopillaenhanced hematite by that of a pristine agta film to show the
spectroscopic response of the current to the plasmon.

In addition to the controversies in literature on plasmon effects on the
photolectrochemical performance of hematftadditional experimental evidersareneeded to
fully understand the enhancement effect in the presense plasmonic antenna in a
photoelectrochemical system. (1) How will the plasmon effect on the photoelectrochemical

reaction depend on the thicknegshe hematite layer and what is the optimal thickness of the



film needed for surface enhancement? (2) How will the enhancement effect depend on the shape
of the gold nanoparticle? (3) How is the photoelectrochemical performance determined by the
electroek potential and affected by the background current?

Besides enhancing the absorbance of hematite by using surface plmsprowing the
conductivityof hematite is an effective way to improve the photoelectrochemical performance of
hematite as well. Fa@@xample, enhanced PEC effect has been obtainddpgigg hematite with
transition metaf§**** to increase the charge carrier spart and collection efficiencies.

However, very few electrochemical methods, which are facile, low cost, and efficient, have been
developed to improve the photoelectrochemical performance of hematite
1.3Introduction of Template Based Methodsfor Preparing Nanostructures

AAO templateas exhibited in Figure 1i8 widely utilized for preparing NWs because of
its highly ordered structure and low cost. By convent@ooonductive layer like Au or Ag is
required to beleposited ommneside of theAAO template to serve as a cathaileceAAO
template is an insulatdf*"*® A drawback of this method is that the prepared NWs easily
collap after removing AAO template because the thin conductive layer is not a rigid stipport.

It has been reported that AAO template was prepared directly on Si substrate for the
electrodeposition of NWZ. However, for most optoelectronic applications, substrates are
required to be transparent to let the majority of incident or emitted light pass through, which
limits the application of opaque Si substrates. Therefore, a method of fiaigricanowires on

conductive, transparerdand rigid substrate likendium Tin Oxide(ITO) is in demand.

10
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Some groups prepared AAO template on I3@strate by directly anodizing the Al film
on ITO substrate for preparing NWW? The Al layer was deposited on ITO substrate through
sputtering or electrebeam evaporation, wth are energy consuming and costly. Additionally,
to obtain an appropriate Al film for anodi zat
necessary, which ifficult to obtain such a thick layer by sputtering and eleetream
evaporation. Furthermey because the adhesion between Al and ITO substrate is poor and ITO
substrate is easily destroyed under high anodizing voltggerally, a thin interlayer of Ti or W
(between Al layer and ITO substrate) in nanometers or even less than one nanometer is
introduced®**Such thin film is difficult to obtain and the oxide of Ti and W formed dutireg
anodization will create a barrier between AAO template and ITO sulysivhich is not
beneficial forthe electrodeposition. Therefore, a simpledcosteffectivemethodis desirable
for alarge scaldabrication ofNRs and NW®n conductive and transparent substrates.

Recently, Byun et & and Gu et &f reported electrodeposition of nanowires on ITO
substrate by grafting AAO template on the substrate. The adhesion between AAO template and
ITO substrate is poor because AAO template is hydrophilic whedubstrate has poor
hydrophilicity. Therefore, to improve the adhesion between AAO template and ITO substrate, a
layer ofdihydroxy-terminated polystyren@SdOH)* or polyvinyl alcohol(PVA)*® was spun
coated on ITO substrate before grafting AAO template. However, these two polymers are
nonconductive, which may block the electrodeposition. Additionally, ozone treatment is desired
to improve the hydrophilicity of RBOH and the hot war is required to remove the ungrafted
PVA polymer. Meanwhile, either Hg&f or SNC}>®, both highly toxic and corrosive, were used

to dissolve Al substrate to obtain AAO templateeidiore, an environmeifiiendly method

12



which employsa conductive polymeto graftAAO templatefor preparing NWs on transparent
substrate is desirable.

Besides using AAO for preparing NWs, sparse research has been carried out on using
AAO template to pepare twedimensional nanoplat&swhich areattractive®®> Current
methods for fabricating nanoplates majorly utilize surfactants, such as polyvinylpyrrolidone
(PVPY? andCetyltrimethylammonium bromideéCTAB)®, or halide ion&? to direct the
anisotropic growth of Ag nanostructures and protect them from aggregations, which may
introduce heterogeneous impurities @nd adversdor the surface modificatio.o avoid the
usage obkurfactarg, a galvanic fabricatioomethodhas been developed for the fabrication of Ag
nanoplate§® However,in this methodhighly hazardous HF was used to refresh the oxide layer
before the galvanic reaction, not to mentioa Ehin the HF residue couldasily bind with Ag
and isa possible reason for the growth of Agnoplats. Therefore, a simple, low cost, and
environmentafriendly method for the fabrication of Ag nanoplates is in dem@oasidering
the parallel channels of AAO template could control the migrating direction of ions, Ag
nanoplates could be achievable through carrying out electrodeposition under AAO template if we
control the distance between AAO template and conductiv&rsi very well.

1.4Introduction of Template Free Method for Formation of Three Dimensional
Nanostructures

The traditional way to prepare vertically aligned NRs and NWs on rigid substrates is
through electrodeposition in AAO templatas conductive subisdtes which direct the growth of
NRs and NWs and will be etched away using a basic solution after the electrodeposition, leaving
NRs and NWs on the substrate. There are several limitations of using AAO template, such as
nortflexible, timeconsuming terepare and also limited in size when a uniform and tthma

template is needeileanwhile, mounting AAO template on the substrate is labor intensive and

13



costly. Therefore, a templateee and low cost technique for the fabrication of vertically
standing NR&ind NWs in a large scale for practical application isigh demand.

Recently, a procedsrmed filamentary ondimensional nanocrystal growth in an ultra
dilute electrolytenvas reported for preparinggrtically stanthg metal NRs and NWsn
conductive gbstrates without using template. A locally enhanced electric filed similar to the
lightning-rod effect was proposed as the growth mechafff§A threeelectrode system with a
Pt wire working as counter electrode and a Ag/AgCl electrode serving as reference electrode was
adopted in this method.

Using a Pt wire as the counter electrode would limit the sqalef the fabrication of
vertically standing NRs and NWeecause the ufiorm distribution of the electric field is difficult
to maintain for a wire counter electrode. In additiothraeelectrode system is complicated and
expensive for rass productionTherefore, a lowcost and template free technicussed on a
two-electrale systenshould be developed for magsduction of vertically standing NRs and
NWs.

Chapter 2of this dissertatios dedicatedo experimental methods and instruments used
in all experiments described in this dissertation. More specific experimental conditions are
described in each of the following chapters. Chapter 3 illustrategptioal propertyand
photoelectrochemical permancechange of}Fe0s after the modificationvith Au NRs in a
top configuration|t was found that the Au NRs attachedRe,O; surface are not very stable
and the background current is seriously enlarged by the Au NRs because of the enhanced charge
recombination. Meanwhile, the contact area between the Au NR3-Ba@s is relativdy small.

In chapter 4, a new method is presented to form vertically standing Ag NRs and NWs with a

three dimensiongBD) structure. This method deals with the electraubel deposition of
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vertically standing NR and NWs on conductive substrates and these nanostructures have good
contact with the conductive substrates. The influences of the surface plasmon of Ag NRs and
NWs on the optical properties apdotoelectrochemit¢gerformance of photocatalyst were
investigated. Besides using the surface plasmon of noble metal to increase the absorbance of
photocatalyst and hence improve thghiotoelectrochemical performanagecreasinghe
conductivity of the photocatalyst coub@ another option to enhance the performance of
photocatalyst. In chapter 5, cathodic reduction metiadedeveloped to improve the
performance of hematite thin film and the enhancement of the photocurrent density was found to
be phenomenal.

It is also #tractiveto apply surface plasmaresonancén Raman spectroscopy which is
nondestructive and fast, but limited by its reldtweeak signal. Surface plasmogsonance
could magnify the Raman signal upl@ i 10% time<® through enhancing the local
electromagnetic field or/and initiating a charge transétween the chemisorbed species and
metal surfaceHowever, the surface plasomon of metal nanostructures largely depends on their
shape, size, and coverage. Thereforehapter 6 and 7, vertically aligned Ag nanostructures
with a control over the shape, size, and coverage of nanostructures were successfully prepared
based on AAO templates. They were found to be sensitive and reproducible substrates for
Surface Enharedd Raman SpectroscofyERS. Challenging issues and possible solutions to

address these issues and future work are discussed in chapter 8.
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CHAPTER 2
EXPERIMENTAL TECHNIQUES

2.1 Cyclic Voltammetry (CV)

CV is a measurement for studying electrochemical properties of an anadgietion
with a threeelectrode system which is composed of a working electrode, a reference electrode,
and a counter electrod€he potentiahpplied on the stationawyorking electrode is linearly
scanned back and forth and the current flowing betwlee working electrode and counter
electrode is recordedhe potential starts from a point where no electrode reaction happens
towards a position where the oxidation or reduction reactions oeeitback and forth scanning
of potential can be proceedf many times as desired. The current is plotted as a function of
the potential applied on the working electrode to proeidetrochemicaihformationabout
redox reactions
2.2 Motti Schottky Plot

Mott-Schottky plot is a plot whicls used to obtain fundamental properties of
semiconductadrelectrolyte system. It is based on Mett-Schottkyrelationship

1 ¢ EE kT
Csc €d d oN FB e

where Gcis the capacitance of the space charge regitmthe unit of F-nf, U dielectrit h e
constanbf thesemiconductowith the unit ofF/m, o idthepermittivity of free space
8.854x10 2 F/m, N is the donor density with the unitirE is the pplied potentialvith a unit of

V, Erg is flatband potentialith the unitof V,ki s Bo |l t z ma &61xs0CevV-KhBis an't
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the temperature with unit of K, and e is glectronic chargé.6x10"° C. From the above
equation1/ C?scis linear with the applied potentiBlwith a slope which coulbdeused to
calculate the donor densii. The donor densitgenerally is proportional to the conductivity of
the semiconductor. Thatersection orthe potential axisletermining the flatband potential.
Flatband potentialk an applied potential at which the Feremergy of the semiconductstaysat
the same argylevel astheredox potentiabf the solutionwhich meanshere is no netharge
transferand hencehere is no band bendingermi energy is the energy state that at which the
possibility of being occupied by electrons is.(8b the flatbangotential provides information
about the position of the band edge of a semiconductor.
2.3 Photoelectrochemistry Test

A typical photocurrent test system for hematite thin film is exhibited in Figure 2.1. The
testing system igsingtwo electrodes or three electrodes depending odeheand For a two
electrodesystem, a Pt wire is generally adopted as the counter electrode and the voltage and
current is supervised bykaeithley Sourceneter When using a threelectrode system, the
referenceelectrode is saturated calomel electrode (B@EAg/AgCI, the counter electrode is
usually a Pt wire, and the potential and current are managed by an electrochemical workstation.
The lightsourcean Oriel AM 1.5 filtered Xenon Arc lamgluminates from back for the test of
hematite thin film since thEluorine-doped Tin Oxid€FTO) substrate is transparent and the
hematite film is very thinFor measuring the photocurrent from Ag NRs and NWs, the light is
chosen to come from the front in caseytlare prepared arpaquesubstratesThe wavelength of
the incident light could be chosen bynanochromatowhichis an optical device that selectively
transmitsphotons with a narrow band of wavelengfiteen the input light by using either the

optical dispersion in a prism or a diffraction gratiige photocurrent or photocurrent density
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(photocurrent divided by the active surface area of the sample) is plotted versus the wavelength
of the incident lighto generate action spectra for studying the wavelength dependent
photoelectrochemical properties.

The action spectraac be used tmbtainthe IPCE which is defined as the ratio of the rate
of photogenerated electrongersus the rate of incident photoas a function of wavelength.
IPCE provides information about how efficientlavicecan be in convertinghe incident light
into the electrical energy at a given wavelengthis generally calculated by the following
equation:

el ecfk e nligll 12 401 nm

! PCE:ph@m/Sﬁ”ls_ Pmo d &

wherejpn is the photocurrent densigbtained from the chronoramperometry experinvatit a
unit of mA/cnf at a given wavelength,Bhois the lightintensityat a given wavelengtith a
unit of mW/cnf whichis measured by ealibrated silicon photodioda this dissertation, anet

is the wavelength of the incident light with a unit of nm.
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Figure 2.1Photocurrent testing system
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2.4 Raman Spectroscopy

RamanSpectroscopynamed dér the Indian physicist C. V. Raman, is spectrosctyamt
based on th&amanEffect which provides informatioabout molecular vibrationsotations,
andotherlow-frequency modest is complementary tinfraredSpectroscopy Raman Effect
describes laser light interactingith a specimennvolving inelasticscattering othelight and
resulting in the energy of the laser photons being shiftddnipStokes)r down(Stokes.
Energylevel statesssociatedvith Ramanscatteringare shown in Fige 2.2.The shift in
energyshows6 f i nger printd infor mat i ohtheadmplandcanlee vi b
used for sample identification and quantitatibar a Ramasactive transition, there must be a
change in the polarizability of the moléewuring the vibratiomnd rotationwhich means that
the electron cloud of the molecule must undexgositional changegCompared withthe
fluorescene measurement, Raman spectroscopy is capable of providing highly resolved
vibrational information and d&s not suffer frontherapid photobleachindRaman Effect is a
very weak phenomenon which produces very small relative energy changes. Raman
Spectroscopy is not practical until the advent of lasers vdrebery intense sourcef

monochromatidight.
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25 SEM

SEM is a technique for imaging a sample through scanning the surface of the sample
with afocused beam of higanergy electronghich are generated from a cathode filament and
accelerated towards the specimen through applying a voltageti#dterceleration, lectrons
possessa significant amount of kinetic energynd then collide anishteract with atom#n the
specimenprodugng a mixture ofsignalssuch as secondary electspibackscattered electrons
and characteristics-¥ay thatcontaintheinformation about the surface topography and
compositionof the specimen_ow-energy secondary electrons (<50 eV) ejected from-ieek
of the specimen atoms by inelastic scattering interacticethe mostcommon andraluable
ones for the imaginghodewhich produce a resolutidretter than 1 nanometefigh-energy
backscattered electroaseelectrons originag in the electron mnthat are reflected or bkc
scattered out of the specimen throwggistic scattering interactions with atoinghe sample.
Theheavier elemenwhosebackscattered electrangnalis stronger than that fromlighter
element an@ppeas brighter in the imagehusthe contrast between arepsovides information
about thechemical compositionis the specimen. Characteristier&ys are released subsequent
to theinelastic collisiondetweerthe incident electranand the electrons in théscrete orltals
of atoms in the sampléifter the collision, an inner shell electron of the atoms is removed and
then a higher energy electron from the outer dhislithe vacang, giving off theenergy
differencein the form of Xrays which are used tanalyze the sample composition as well as the
guantities of each element inside.
2.6 Transmission electron microscopy(TEM)

TEM is an analyticaltechniqueconventiondly producingtwo-dimensional, black and

white imagedy usinga focused beam of high energy electratiich partially passthroughand
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interact withan ultrathin specimernn a high vacuum chamber. It achievesgnificantly higher
resolution than light microscopasd could provide information abaiie positions batoms
within the specimeibecause othe small de Broglie wavelength of electravisich is directly
related to the speed of the electrons. The faster the electrons travel, the shorter the wavelength of
the electrons and the higher the quality and motaildd of the imagedn a sample, the thin
areaswvhere more electrortsansmitthroughdisplay brighter than the dense area and the
brightness differences provide information on the shsipe structure, angiextureof the
sample
2.7 Ultra-Violet Visible (UV-Vis) Absorbance Spectra

Whenawhite lightcomposed of a broad range of radiation @amgths in the ultraviolet
visible and infrared argaasses through a matenwth color, characteristic wavelengtlase
partially absorbedThe absorption is aroused by the interaction between photons and the
molecules composed of this material which usually coatagectrons or noitbonding
electronsthatcanbe excited tdigherenergyantibonding molecular orbitakhroughabsoriing
the erergyof photons irultraviolet or visible lightarea. The longer the wavelength of light they
absorbthe easier the electroase excited, indicating a smaller eneggp between the ground
state and the excited statdneTperceived color of th materialwill bethe complemstary color
to the wavelengthabsorbedUV-Vis Absorbance Spectraeasure the absorption madiationas
a functionof wavelengthn the ultravioletvisible spectral regiarit obeys thdBeerL a mber t 6 s
law:

A=Ubc

where A istheobtaineda bs or bance, U i soreéxtinetionmoeffi@gent, iraubits o r pt i \

of Mt.cm™, b isthelight-pathlength through the sampile cm,and c is the sample
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concentrabnin M. It allowsthedetermination othe concentration of a solution without
titration.
2.8 X-Ray Diffraction (XRD)

X-ray crystallography is a neshestructive technique for analyzing the structure of
crystalline materiasinceeach crystalline solid exhibits a unique characteristic pattkem\the
incident Xrays are diffracted by the solid-ray isan electromagnetic radiation with an energy
ranging from 120 eV to 120 kewhichis generated from bombarding a metal target with a
focused bearof high energyelectron The wavelength of Xayis close to the distance between
thecrystallatticewhich extend in all direction since its componerase organized in a periodic
way. Thereforepncethe ciystal is illuminated with Xray, thediffraction happea As shown in
Figure 2.2, he constructive interference will occur and genedéteaction peak at specific
incidentangleswhich satisfy Bragg's Law

ne=2dsind
where n is the order of t hraywithiatinit of angctisthen, o i s

space between thatticesnnm, and d i s the position of peak.
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Figure23Schemati c drawing of Braggbds | aw.
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CHAPTER 3

GOLD NANOROD-ENHANCED LIGHT ABSORPTION AND
PHOTOELECTROCHEMICAL PERFORMANCE OF HEMATITE

3.1 Introduction

Here wepresent a study of the plasmon effects of¥Rs, which are coated witbTAB
bilayer to help prevent electrdrole recombination at gold surfaten the light absorption and
photoelectrochemical performance diematite thin film with various film thicknesses at two
different electrode potential biases. In comparison to spherical nanoparticles, Au NRs have
transverse plasmon bands and longitudinal plasmon bands at a longer wavelength, depending on
their aspect it#. Light scattering and absorption enhancement by Au NRs can be extended from
the visible to the near infrared region by adjusting the aspect ratio NRhe
3.2 Experimental
3.2.1Preparation ofhematitephotoanode

FTO glass substrates (15 myh5 mm Pilkington) were washed in a sequence of
deionized (DI) water, acetone, DI water, isopropanol, DI water, and then cleaneddrob®/
(BioForce Nanosciences) for 15 minutes in each step. The FTO side of the glass substrate was
then treated with a 2% aihium(1V) i-propoxide(Fisher Scientificsolution in isopropandb
increase the adhesion B e,0; to the glass substrate.64 M, 0.82 M, 0.33 M and 0.16 ivbn
(1) nitrate (ACROS) aqueowslutions were spheoated onto FTO at two fixed rotation speeds,

400 rpm for9 s and 4000 rpm for 30 s, respectively. The substrates were then dried on a hot plate
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at80°C. The prepared samples were hdad:aygroat 600
FTO.2 The concentrationf Fe(NOywas vari ed t o adFfeOdayer.t he t hi ck
3.2.2Preparation ofgold NRs

120 ¢l of 10 mM-cdldNaBHh(Fisher Bcrerdifclasoldiah was@dded
tothe mi xed sol uti on ziolfHCl&0 1.%ml 100 rhM ATABOMM A u C|
ACROS) to obtain a light brown gold seed solution. The seed solution was stored up to 2 hours
prior to be used for Au NR growth. TO0omMpr epare
AgNO3z( Fi sher Scientific) and 270 I 100 mM asco
added to a mixed solution of 40 mL CTAB (100 mM) and 1.7 mL 0.1 M AunCHCI
successively, then 0.42 mL of the gold seed solution was added to the growth solution. The
growth solution with seed wahakerfor 15 sand then kept at 28 for 16 h CTAB serves as a
capping agent and halgirect the formation of Au NRs. Exce €TAB was removed by
centrifuging the Au NRs solution for four times and the final Au NR product was stored in DI
water.
3.2.3 Modificationof hematitethin film electrodesusinggold NRs

150 ¢l 2 0 -stynéviesplfoniatg) (PS9, Aldrich Chemical Camy average MW
ca. 70,000) solutionwas spino at ed ont o -Feel soctfade anhdUt hen
Au NRs sol uti on wa sFe@:sidepithe dlecwode imnegiatety for Auh e U
NRs to seHassemble onto the surface throughetestrt at i ¢ i nt eracti-ons. Af
Fe0O; electrodes were washed with DI water for four times and dried with nitrogen.
3.2.4 Spectroscopicharacterization

Acti on s p eFed;electrodds wearehcarrietlout in 1.0 M NaOH using a

programmedeithley 2400 multimeter and a monochromator (IGO0, Optical Building
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Blocks Corp.) with an Oriel AM 1.5 filtered Xenon Arc lamp (Newport) as light source. A 400
nm longpass filter was used for action spectra collection, and the full lamp inten&i® of
mW/cnfwas used for photocurrepbtential measurement without using the monochromator.
CV was obtained with Electrochemical Station (CH Instruments, Inc., Austin, TX). Absorbance
spectra of solutions and films were obtained using a Varian Cary 5@i&)$pectrophotometer.
A JOEL 7000 FE SEMind AFEI Tecnai F20 TEM wereused to characterize samples.
3.3Resultsand Discussiors
3.3.1Surface enhancement experimental geometry and absorption spectra

To couple local field enhancement of the surface plasmon resonance of gold to a
hematite layer, we used a configuration (denoted as top) as shown inJFigurke capping
ligand CTAB for the Au NR synthesis is not only naturally attached to the Au NRadke
them well dispersed in aqueous solution, but also provides positive charge on their surface to
allow Au NRs to selassemble onto the surface of a hematite electrode electrostatically should

its surface be negatively charged in the presence oflpoty@yte such aBSS?
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GoldNR

Glass

Figure 3.1Schematic of Au NRs modified hematite thin film electrode on top of FTO glass in a
top coating configuration through electrostatic interaction between CTAB modified Au NRs and
negatively charged hematite surfadeaptedwith permission from ref4].
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Figure3.2 illustrates the absorbance spectra of Au NRs in solution. There are two major
peaks in the spectra. The peak near 500 nm is due to the transverse mode of plasmae resonan
and the peak near 750 nm is referred to as the longitudinal mode of plasmon resonance. Figure
3.2 also showshatthe Au NRs have very strong light absorbance with the wavelelagger
than 600 nm in comparison tiee absorption othe hematite film.When coupling Au NRs to a
t hin f il m-FeDindthe topcdndiguration (Elgurl), one would expect the surface
pl asmon enhanc e d-Fé&Q0stg betin the hesrdnfrared ranga. Hovevkee)
surface plasmon is very sensitive to coupling between Au NRs abé¢beyne aseto each
other when selbssembled ontahematie surface with high coverage. The plasmon peak

position and intensity are expected to be differemnfthe one shown in Figei3.2.
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Figure 3.2 Absorbance spectra of Au NRs solution prior to being coated onto hematite electrode in comparison to the absorption of
hematite film.Inset is a typical TEM image of Au NRA&daptedwith permission from ref. [4].
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Thesynthesis of Au NRs usingseeding method has been well explorethe
literature® Their size and aspect ratio can be easily tuned to change the light absorption
wavelength and intensity. This provides a great opportunity for plasmon tunable
photoelectrochemical systems in a wide wavelength range. The surface capping ligand CTAB for
growing Au NRs serves three purposes. (1) It helps to prevent Au NRs from agglomeration. (2)
The CTAB bilayer on gold surface provide positive charges that can anchor gold nanords onto a
negatively charge hematite surface. (3) CTAB serves as a dielectri¢Fayare3.1) to prevent
charge recombination for charge carriers in hematite which decreases photoelectrochemical
efficiency for the water oxidation reaction. Au NRs obtained using our synthesis agsoach
haveanaverage diameter of 12 nm aakeragdength of 45 nmas shown irthe inset oFigure

3.2
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Figure 3.3 Characterization of sample surface morphology (A): SEM image of hematite electrode surface. (B): Au NRs modified
hematite electrode with different magnification. (C) and (D) arereimoimages of panel BAdaptedwith permission from ref. [4].
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3.3.2 Characterization of sample surface morphology &kee,Osfilm thickness control
Figure3.3 showsatypical SEM image o& bare hematite surface and images of Au NRs
spontaneously adsorbed onto the hematite electrdties}Fe,0; electrode made from the
decomposition of Fe(N£); forms an amorphous phase of hydrous iron oxide via hydrolysis
reactions which can then form anhgds aFe,Os at 600°C. TheU-Fe,0; layer shows a densely
packed nanostructuresth longitudinaldomains ofabout 100 nm imengthand 50 nm in width.
Figures33B, C and D ar e -FRbjledtrodamodifed with AuaNRs. All
samples show similar quality of coatingNRs with narrow size and aspect ratio distribution
wereobtained by centrifuging the Au NRstimeir growth solution four times before self
assembling them onto the surface of hematite to prevent the presence of spherical gold
nnopartiFesfeisl mn Alu NRs ar e weQs;fiimduetsthestiofgut ed o
interaction betweethe positively chargd surfacs of Au NRs andhenegatively charge
surfaces ohematite. Some Au NRs occupy the sites of the interstitidgtse nanostructured
d o mai nFe0;pdrticlés as shown by the high resolution SEM image (Fig3i®)3
Aggregations of Au NRs also appear on the surface due to the destruction of the surface charge
by PSS and high coveragae.of Au NRs on hematit
To understand how Au NR sedssembling affectihelight absorption and
photoelectrochemical performance of hematite thin film electrodé¢hittianess othe
underlying hematite layer needsiiecontroled. This is becauskeld-enhancement of Au NRs
is a distance dependent procédse absorption of thedmatite layer within the local field of the
Au NRs can be enhanced; swlocal field enhancement distance is usually less than 10 nm
Therefore only a small plasmon enlbament effect is expected for very thick hematite layer,

and significant plasmon enhancement is expected for a thin hematite electrode with a thickness
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less than 10 nm. The absorbance spectra bffe@Os film on an FTO substrate prepared by
different concentrations of Fe(N@yeremeasuredThe thicknes®f the hematite layas
controlledby adjusting the concentration of Fe(NO)hethickness of a relative thick hematite
film preparedoy spin coating 1.64 Mron (Ill) nitratewas measured by SEM. According to
Lambert Beer law, the absorption coefficient of hematite films calculated to b20032 nrit

at 500 nmclose to the literature value 0.005 hfiBecausehere isalayer 0f300 nm FTO
substrate with a rough surfadeis impracticalto measurehe thicknesssof thinner films either
by SEM or profilometer, their thicknesses are calculated by usirgptagmedabsorption
coefficient (0.0032 nnit) from therelative thick flm. Thecalculate optical thickness of the
resultingU-Fe,0;3 film and corresponding concentration of Fe(y@k listed in Tabl81 . Al | U
Fe O3 films show an absorbance onset around 60@sishown in Figurd.2, corresponding to a
band gap of 2.08 eVThere is a strong peak around 390 nm attributabl€t¥ ® & charge

transfer from @, nonbonding orbitals to lowest emptyetal dorbitals’
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Sample Aat 500 nm Thickness (nm) Idark (LA) Iphoto(LA) liphoto-1dard (LA)

1 0.38524 120.4 2.567 -84.950 87.517
2 (Au NR) 0.31667 99.0 -8.78 -109.50 100.72
3 0.20623 64.4 1.25 -54.37 55.62
4 (Au NR) 0.18917 59.1 -11.47 -76.30 64.83
5 0.07140 22.3 -8.04 -35.05 27.01
6 (Au NR) 0.07023 22.0 -30.52 -46.18 15.66
7 0.02920 9.1 -18.53 -29.59 11.06
8 (Au NR) 0.02677 8.4 -37.90 -49.76 11.86

Table 3.1 Estimatedthicknesses ofFFe,0; thin films, optical absorbance A at 500 nm, and tteerespondinglark- andphoto-
current at 0.5 V vs. Ag/AgCl in tharesence andbsence of Au NRs in @p configuration.Adaptedwith permission from ref. [4].
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Figure34 A il 1l ustrat es t h-lEeOginmswith diflerant thickreegse c t r a

before and after coating with Au NRs. Hematite films with Au NRswv absorptiorpeaks

around 775 nmwhich are attributed to theurface plasmoof Au NRs. This plasmon peak
position and shape is different from the one in Fig2¢ebecause of strong plasmon coupling of
Au NRs inthe solid state ora hematite surface, and changesheir surrounding environment in
comparison to Au NRs in aqueous sol ut-i on.
FeOsfilmswith different thicknesses, the absorbance spectra are normalapdak value

around400 nm and the resultis shown inFigdté B. Th e a b$®Q0;ibla@oadered o f

To

U

by Au NRs from 400 nm to 600 nm. Relative plasmon absorbance increases as the hematite film

thickness decreases. We expect to observe a significant plasmon enhandectdot eltra
thin hematite layers because the plasmon effect will play a major rolea¥tegnatite layer can

sufficiently experience the local field enhancement in the presence df gold.
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3.33 Surface enhanced photocurrent dependence on excitation wavelength and electrode
potential

Figure3.5 presents the effects of Au NRs on the C\J¢fe,0s thin film electrodes in
the dark and the CV of electrodes illuminated vaigimulatedl.5 AM white light(100
mw/cnf). The onset potential of water oxidation in the dark and widile irradiationis lower
in the presence of Au NRs than for pristit€e,0; film, suggesting favorable charge transfer
rate for water oxidation &u NRsthank prinstine hematite layérhis result is consistent with
other studies on Au NRs=or anU-Fe,O; film with optical thickness less tha2b nm, an
oxidation peak appeared around 0.55 V (vs. Ag/AgCI). This is due to the oxidation of OH
directly on the FTO substrate where is not completely covered by hematite layer3.Table
summarizes the dark current and photo curretitfeé,Os thin film electrodes with and without
Au NRs at 0.5 V. The bias 0¥5 (vs. Ag/AgCI) is important to withdraw electrons from hematite
to FTO to prevent recombination of holes and electrons at the surface of Au NRs. Photocurrent
enhancement is sigigint for hematite electrodes with thicknesseS%®inm and99 nm, and
the dark current of these thick films are low in comparison to those of thin hematite electrodes.
The dark current density is high for thinner hematite layers due to pinholes imtfigrte and
the background is enhanced by MRs because of their good conductivity. The CTAB bilayer
on Au NRs is not particularly stable in high pH solution as it is susceptible to being oxidized or
desorbed from the Au NR surface. Therefore it wouldseove as a good insulating layer to
prevent charge recombination. Such an enhanced background current would cause efficient
electron hole recombinatidhwhen the hematite electrodes are illuminated with Jigieiding
no photocurrent enhancement. This indicates that thethitrdayer of theJFe,0s film has to
be pinhole free to minimize the background dark current in order to obtain a significant

photocurrent enhancemead compared tthe thick hematitéayer.
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Figure 35 (A): Comparison of dark current and light current respon&éFeb0s5 thin film
electrodes with thickness @20.4nm withoutAu NRs and99.0nm with Au NRs; (B):
Comparison of dark current and light current responggFe0; thin film electrodes with
thickness 08.1nm withoutAu NRs and8.4nm with Au NRs. Active surface area is 0.18 ém
Adaptedwith permission from ref. [4].
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To observe the influence of Au NR=®=0O0n the
the wavelength dependence of the photocurrent at two different electrode potentials was
investigatedThe action spectra shown kigure3.6 show the effect of coating of Au NRs on the
photocurrent of}FeOs film with various thicknesses. This experimeras done in 1 M NaOH
with theelectrodepotential of 0.2 V (vs. Ag/AgCI, Figurg6A) and 0.5 V (vs. Ag/AgCl, Figure
3.6 C) on the photoelectrode and using platinum wire as the counterelectrode. The electrode
potential at 0.5 V is used to prevent the mbmation of holes and electrons as described
previously. The action spectra results show that all photocurrent responses track the absorption
of hematite (cf. Figur8.4A). At a bias potential of 0.2 V, the photocurrentife,0s with Au
NRs is lower tha that of theJ-Fe,Os electrodevithout Au NRs. This is due to the increased
recombination of holes and electrons because electrons will be injected to the gold in the absence
of an external bias high enough to help separate the{pithioed charge pairMeanhwhile, it
should be noted that thackgroundturrent in the action spectra is increased because of the
improved conductivity of having Au NRs on the surface, yielding a high double layer charging
current density and faradiac current from direct G¥idation To observe the surface plasmons
effects, all action spectra are normalized at the peak value around 410 nm irBEBuiEhe
action spectra of all hematite films are greatly broadened in the region from 400 nm to 600 nm in
the presence of AuRk. The action spectra broadening effect is greatly enhanced for thinner
hematite film due to the strong plasmon coupling between gold and hematite layer when the
thickness is close to 10 nm. From 600 nr8@ nm, the samples with have a higher background
current and the background current increases as the thickness of the hematite decreases. This is
caused by increased defects in the hematite layer for thin hematite layers, and these defects

expose the surface of the FTO substrate to increase its daybtecharging current and faradic
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current from oxidation of OH To further show that the trend of wavelength dependence of
photocurrent on plasmon of Au NR are not affected by the double layer charging current, we
scanned the excitation wavelength baaidvaom 800 nm to 400 nm and obtained the same
results as that received by scanning from 400 nm to 800 nm.

Figure3.6C shows the action spectra under a bias of 0.5 V where one would expect a
dramatic increase in background current and a procerliphotoelectrochemical effect as shown
in Figure3.5. Clearly the current density of gold modified hematite electrode at this potential is
higher than that of pristine hematite film. The enhancement iddidoFirst, the presence of Au
NRs increasesie background current as shown in FigBiebecause gold is a better conductor
than hematite and the Au NRs bridge the gap of hematite and solution to pass double layer
charging at the FT@u NRs surface. Second, the normalized action spectra indicateeha
plasmonic effect broadens the photocurrent response near the resonance wavelength because the
light absorption cross section of the hematite electrode is increased. For ultrathin hematite layers
the plasmonic broadening effect is more significant thethe thick film because of the close
distance of hematite layer to the plasmonic field. However, the background current increased as
well because of increased defect sites in the thin hematite layer to conduct current directly when
FTO is not coveredybthe hematite layer. More current response is expected in the presence of
Au NRs because the gold is a better conductor and improves double layer charging effect.
Improved results can be obtained by decreasing the density of pin holes and defect sites in
hematite layer to receive low background current for significant photocurrent enhancement

observation.
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Figure 3.6 (A): Effect of Au NRs coating on action spectrqlBFezog thin film electrodes with various thicknesséB): Effect ofAu
NRs coating on normalized action spectra of photocurrebitf0; thin film electrodes with various thickness. Herteaglectrode is
hdd at 0.2 V versus Pt counter electrode. Incident light wavelengths were scanned from 400 nm to @)0Oshimws actiolspectra

of the electrodes biased at 0.5 V versus Pt counter electrode, and (D) is the normalized action spectra. Active Sarfat8 enéa
Adaptedwith permission from ref. [4].
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3.34 Local field calculation for understanding plasmon enhanced photocurrent by Au NRs

To further understand the local field enhancement of light absorption of hematite by Au
NRs, thelocal field produced by a single Au NR due to a strong interaction betiveenitface
pl asmon and incident electromagnetic wave 1is
approxi mat i o n'busifgth®BDSCATWE. UL pragrhthFigure3.7 shows the local
field intensity of a single Au NR when it is attached to the surface of a hematite thin film when
its surface plasmon is excited at 633 nm with the polarization direction aldoggisidinaland
transverse directions. The calculatiag®w that the local field intensity is quite sensitive to the
polarization angle of the incident light, and not all polarization angles can cause a constructive
contribution to the local field intensity. It also suggests that the highest local fieldtyisns
found in a range of less than 10 nm. This distance is very close to the surface of Au NRs when
the polarization angle is along the longitudinal axis of the nanorod. Such a short enhancement
distance does not change much when the nanorod is on ttop ledmatite layer, or buried inside
the hematite layer. AAu NR in hematite has a much smaller enhancement cross section due to
the plasmon damping in the presence of the high dielectric constant hematit®layer.
simulation results also suggest that incident light polarization dependence of the photocurrent

enhancement upon plasmonic antenna modification should be addressed in future studies.
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Figure 3.7 Calculated local field intensity aroundda NR with size of 45 nm in length and 12 nm in its diameter on top of a 50 nm
thick hematite film. The gold nanoparticle and the hematite substrate are meshed to 1 x3leubinras one dipole and the local
field intensity is calculated using discrete dipole approximation methApand(B) arethelocal field intensity map ithex-z plane
around a nanorod with incident light polarization direction alondaihgitudinalandtransverse directions of the siagnanorod,
respectively.(C) and(D) arethecalculated local field intensity distribution fhex-z plane of &Au NR buried 12 nm in depth inside

a hematite thin film when the polarization direction of the incident lightosg thdongitudinalandtransverse directions of the
single nanorod, respectivelxdaptedwith permission from ref. [4].
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3.4 Conclusions

Surface enhanced photoelectrochemical response of hematite electrode by Au NRs
depends on hematite layer thickness. The plasmon enhangaoesgs yields action spectra
broadening and increases in the plasmon resonance wavelength regioasgectha
broadening increasevhen the hematite electrode thickness decreases. No plasmon enhancement
on photocurrent efficiency is observed at lowctlede bia®f 0.2 V (vs. Ag/AgCl), which is
near the rest potential of the photoanatiee to thencreased recombination of holes and
electronsA large amplitute of the electrotd&asof 0.5 V (vs. Ag/AgCl)helps surface enhanced
photocurrent collectiarOur study suggests thatrface plasmon effect can be obtained by
insulating the Au NRs and preparing deféree ultrathin layer ofU-Fe,Os with thickness
around 10 nmThis concept can be extended to other photocatalytic electrodes and other metallic
plasmon sources such as silver by enhancing a thin layer of photocatalyst with enhanced plasmon
light absorption crossection, yielding efficient charge collection and transport in a short

distance.
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CHAPTER 4
TEMPLATE-FREE ELECTROCHEMICALDEPOSITION OFVERTICALLY STANDING
METALLIC PLASMONIC STRUCTURES FOR SURFACE ENHANCED CATALYTIC
APLLICATIONS
4.1Introduction
To avoid the problemsf top configuration of surface enhancement using Au NRs as
mentionedn Chapter 3, vertically standimgasmonic structures (e.dAg NRs and NWkare
needed as describadthis chapter. Thegre supposed toe ingoodcontact with the substrate
and the highly conductive plasmonic nanostructuretwitisporthe electrons from
photocatalytic top layer padly to decrease the charge recombination events for improved
photoelectrochemicaderformance
Ag NRs and NWsawveresuccessfully prepared usingnawly inventedemplatefree

method in a tweelectrode systenPlaner athode and anoddectrodegarallelto each other
wereused tacreate a uniform electric field between the two electréaielsomogeneougrowth
of NRs and NWs over thentirecathodesurface. This method is not constrained bysilze of
the cathodesubstrate as long as the anode is lattggn the cathodehereforescaleup of the
production of vertically standing NRs and NWs using this techniquecaovibecasilyachieved
in single batche of electrodeposition without using any sacrificial templaketype ofcathode
substrate can beflexible to allow fordesiredcustomization of nanomateriats be fabricated
Herein fabrication ofvertically standing Ag NRs and NWsse presented with substrates such as
FTO glass, ITO glass, andtype Si. Fe NRsan also belectrodeposited on ITQubstrate.

Based on the experiment results, a growth mechaisipnoposed.
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In addition, Ag NRs and NWs typicalBxhibit bothtransversend longitudinaplasmon
resonancenodes, whichwould enhance the absorbance of photocatatyatbroad wavelength
range These Ag NRs and NWs could be attractivedpplication inphotocatalysis and SERS.
Theeffectof the surface plasmon of Ag NRs aNiVs on the photocatalyand SERSre
presentedhn this chapter withemphasis ofthe effect of longitudinal mode ofigace plasmon
using a polarized light.

4.2 Experimental
4.2.1Fabrication of vertically standing metal NRs and NWs

The conductive substrategeresonicatedsequentiallyn DI water, acetone, isopropanol,
and Dlwater for 5 minutes. Samples were dried usagtrogen stream and then kept under
UV ozone for 15 minutes. 56L 2% (v/v)titanium (V) isgpropoxidein isopropanoivas spin
coatedon FTO substrateand then thesamplesvere annealeah air at 500 € for 30 minuteso
converttitanium (V) i-propoxideto TiO; in order to smooth the rough FTO surface. The pre
coating ofTiO, was not applied for ITO glass andype Si substrates. Theectrodepositioof
Ag was artied outin a10* M AgNOj; aqueoussolutionwith a twoelectrode systemnder a 5 V
direct current DC) voltagefor various hours (H)7.0 Vand10* M Fe(NQ;); were adoptedor
Fe deposition. The cleaubstrates served as working electrodes and a large piece of ITO glass
worked as an anode. The two electrodes arpagatlelto each other with a distance optimized
to 3 cm. The size of the anode and cathode could be altered upon the needs as lapds the
is larger than the cathode that an even electric field could be maintained between the two
electrodes. When reachedhe designated time, the power source was turned off and samples
were washed with DI water and dried in air.

4.2.2Chemical Bath Bposition (CBD) of Cds on Ag NRs and NWs
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0.25 mL 0.1 M cadmium acetatal{fa Aesa) was added to 3.75 mL 0.2 M
triethanolamindAlfa Aesal. Then 0.025 mL 30% (wt) ammonia aqueous solution (ACROS)
and 0.2 mL 0.2 M thioured(fa Aesal) were added to the wture sequentially and stirred for 5
minutes to blend them well at room temperature. InsefiRg and\NWs on ITO substratand
bare ITO substrate into the abeventioned mixture and let it stay for 3 minutes. The above
mixture was heated 70°C in a wabath fordepositingCdS onto Ag nanostructured substrates.
4.2.3Characterization

Ag NRs and NWs were characterized usthgOEL 7000 field emission scanning
electron microscopyAbsorbance spectra oblsitions and films were acquireing a Varian
Cay 50 UV-Vis spectrophotometeRamanmeasurements were carried out usirsp@ctrometer
(JobinYvon,HR80 UV) wi t h a 6 83 mWnwithdeollebtientineds. e r
4.2 .4Electrochemical measurements

Action spectra were carried out@l M sodiumcitrateat the open circuit potentiaking
an Electrochemical Station (CH Instruments, Inc., Austin, €ipled witha monochromator
(MD-1000, Optical Building Blocks Corp A threeelectrale system was employed, with-as
prepared Ag NRs and NWs as wimidx electrode, a Pt wire as the counter electrode, and SCE as
the reference electrodenfOriel AM 1.5 filtered Xenon Arc lamp (Newpom)ith afull lamp
intensity of 100 mW/crhwas thdight sourceCV was obtainedrom the samelectrochemical
stationin 0.1 M NaOH using the same counter and reference electrodes as the action spectra
measurement§ hescanning ratevas0.05 V/s
4.3 Resultsand Discussions

4.3.1 Experimentajeometry morphology and growth mechanism of metallic NRs and NWs
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Figure4.1l describes thexperiment setup which adopts a telectrode system for the
electrodeposition of Ag NRs and NWs ortanductivesubstratesuch as FT@lass ITO glass
or ntype Si. An optimized distance of 3 cm was maintained between thespastliode and
anodeThe two parallel electrodes providemaiform electric fieldbetweerthem A voltage large
enough to reduce Agvas applied on the electrodes. A highly diluted electrolyte was chosen for
the electrodeposition to ensuhatthe electic field is able tocontrol ion migrationA thin layer
of TiO, was precoated on FTO substrates to reducé thefaceroughness. The influence of
TiO, coating on the morphology of Ag NRs and NWs is displayed in Figy&avhich clearly
shows the TiQcoating improves the uniformity and yields mavell-defined Ag NRs and NWs.
The above electordepositiomethodcan be extended to other conductive substrates sutkas
and Si substrates, which is demonstrated in the Fg8rd@hese NRs and NWs on IT€hbstrate
are confirmed to be Ag by tl&V in Figure4.4 where typical peaks corresponding to the
oxidation Ag to Ag and the reduction of Ago Ag. As shown inh Figure 4.5, vertically
aligned Fe NRs with small aspect ratio can be successfully prepaté® substrate using this
techniqueOverall this technique is proved to be versatile in preparing diverse metal NRs and

NWs on various conductive substrates.
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Figure 4.1 Schematic of a twelectrode system without strong electrode for formatioredically standing nanostructures in the
presence of low concentration of metal precursor.

59



294

SEI 150kY  ¥10,000 WD 10.1mm UnfAlL SEI 150k  X10,000 WD 10.0mm 1pm

15.0kv  X10,000 WD 10.0mm 1am UofAL SEI 15.0kV  X10,000 WD 10.0mm 1um

Figure 4.2 (A) top-view and (B) crossection view of 24 H Ag NRs and NWs grown on FTO
substrates without Tigxoating; (C) topview and (D) crossection view of 24 H Ag NRs and
NWs grown on FTO substrates with LiCoating.
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15.0kV  X10,000 WD 10.0mm 1um z 15.0kv  X10,000 WD 10.0mm Tum

UofAl SE 15.0kV  X10,000 ‘WD 10.0mm 1um

Figure 4.3 (A) top-view and (B) crossection view of 24 H Ag NRs and NWs grown on ITO
substrates; (C) tepiew and (D) crossection view of 6 H Ag NRs and NWs grown ottiype Si
substrates.
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Figure 4.4 CV of 24 H Ag NRs and NVs on ITO substrate usirtgl M Na(H as the electrolyte
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UofAL SEl 150Ky X10,000 WD 10.0mm Tum

Figure 4.5(A) top-view and (B) crossection view of 6 H Fe NRs and NWs on ITO substrates.
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To study the growth mechanism of NRs and NWs in this technique, the morpholog
evolutionof Ag NRs and\\Ws were followedby taking the togview and crossection SEM
images of Ag NRs and NWisith various electrodeposition tinfieom 0.5to 24 H, which are
displayed in Figurd.6 andFigure 4.7 The crosssection SEM images demonstrate that these Ag
NRs and\NWs are in good contact with substrat@kich was further confirmed in a test that
majority of the NRs and NW survived in a 10 minudesication in DI water. The diameter,
length, and average aspect ratio (the average length divided by the averagerfeadésted in
Table4.1 and plotted against electrodeposition time in Figure 4.8. The average diameter and
length are obtained by measuring Nies and NWsn SEMimagesthrough the software
Nanomeasure. The length of 0.5 and 1 HNRs and\NWs is notavailable because the particles
are too small to be distinguished from the F@0ated FTO substrate the SEM images. In
Figure 48, overall speaking, the diameter, length, and average aspect ratidcNBRA\gnd\NWs
increase along with the electrodepiosittime, excepting H Ag NRs andNWs whose diameter
decreases a little compared to 0.5 H sample because a large amount of small Ag seeds were
generated during this period. The diameter, length, and aspect ratio increase rapidly before 6 H,
and therthe growing rate slows dowrkEspecially the diametencreass extremely slowlysince
the enlargement of NRs and NWs is limited by the competition betagjanentNRs and NWs.
When we focus on the bottom of the N&s andNWSs, it is noticed that they gw right from
the substratand becme longer and longer in the direction perpendicular to the substrate with
time goes onkFrom Figure4.6Ato 4.6F, it is obvious that@me huge Ag particles with a
diameter close to 1 win 0.5 H sample graduallyisappeaovertime. This is due to the reaction
of Ag with the dilute nitric acidvhich etches away the large Ag particles. The dilute nitric acid

is generatedbecause bO is oxidized by the positive potentegbpliedon the anode through the
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reaction 2HO - 4€Y  ©r 4H" and the resultant Htombines with N@ in the solution which is
original from AgNQ. Ag reacts withadilute nitric acidfollowing the reactiorBAg + 4 HNQ

(cold and diluted) 3 AgNGOs + 2 H,O + NQ, explainingwhy the hugeAg particles with avery
largesurface is progressively etched away. In the inset picture of MglifeAg seeds are
observed right on the Ag NRs and NWat it is rare to see the formation of branch structure on
the Ag NRs and NWs. There are two readonshis phenomenarOneis that the solution
becomes more and more acidiith the time lastsince moreH,0 is oxidized and more Hs
generated, which promotes the etching of Ag nanopatrticles and inhibits the growth of Ag seeds.
On the other hand, the electric field is perpealdir to the substrate, which prevents the
migration of Ad horizontally. These two facts act in an error correction ntogether When

the seeds on NRs and NWs begin to grow horizontally to form braritbkdsanchewiill be

etched away by the acid alpthedirection of electric field.
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UofAL 15.0kV 0,000 W B 15.0kV X WD 10.0mm 1pm UofAL

UafAL S| X10,000 WD 10.0mm 1ptm UafAL < )V UofAL 10,000 WD 10.0mm 1pm

Figure 4.6 Top-view SEM images of Ag NRs and NWs with various electrodeposition time (A) 0.5 H; (B) 1 H; (C) 2H; (D) 3 H; (E)
6 H; (F) 12 H, and (G) 24 H.
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SEI 150KV X10,000 WD 10.0mm um SE 150KV X10,000 WD 10.0mm 1um SEl 150KV X10,000 WD 10.0mm am S 150kV  X10,000 WD 10.0mm 1um

150KV X10,000 W SEI 150KV X10000 WD 10.1imm S| 15.0kV  X10,000 WD 100

Figure 4.7 Crosssection SEM images of Ag NRs and NWs with various electrodeposition time (A): 0.5 H; (B): 1 H; (C): 2H; (D): 3
H; (E): 6 H;(F) 12 H, and (G) 24 H.
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Electrodeposition time Diameter of AQNRs and  Height of Ag NRsandNWs Average aspect ratio

(Hour) NWs /nm /nm
0.5 34+9 N/A N/A
1 27+16 N/A N/A
2 89123 134+41 15
3 97+15 191445 2.0
6 170442 436+145 2.6
12 221+44 587+213 2.7
24 247445 7994451 3.1

Table 4.1The average diameter, length, aspect ratiof Ag NRs and NWs witlvariouselectrodeposition time
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Figure 4.8 Thedevelopment of the average diameter, length,capect rati@f Ag NRs and NWsgainsthe electrodeposition time
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According to above results, the growth mechanism oNRg and\NWs is proposed as
shown inFigure 4.9. At the beginning, Ag nuclere formed on the surface of the cathode when
a potential more negative th#re nucleation potential is applied. Then theskgls begin to
grow in a direction guided by the electric filed since the positive chargéchiygates to the
cathode along the direction of the electric field. During the growth of Ag seeds, new Ag seeds
are still generated on the substrate because the potential on the cathode is maintained more
negative than the nucleation potential, and thetswl is not acidic enough to destroy the seeds,
yielding an increase of coverage of Ag nanostructure on the substrate. The Ag NRs and NWs
continue to grow in their diameter and aspect ratio. The increases of the coverage of Ag
nanostructures, diameter,calength slow down when the coverage reaches a certain level
because of the space limitation, growth competition, and the preference of reductidroaf Ag
the formed Ag\NRs and\Ws, and more and more severe etching in a more acidic solution. With
the eletrodeposition process proceeding, vertically standing Ag NRs and NWs are constructed

on the substrate.
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Figure 4.9 Proposed growth mechanism of Ag NRs and NWSs.

71



4.32 Absorbance spectra and photoelectrochemical performah@g NRs and NWs

The absorbance spectra of NiRs and\NWs on TiQ coated FTQylass with various
electrodepositiotime are displayed in Figure 4.10. A blank Fflasswas used as the reference.
The absorbance of 0.5 H AfRs and\Ws is very srall because of the low density Af
nanostructures on the substrate. With electrodeposition proceeds, the color of the samples turns
from transparent to semitransparent, and then becomes opaque. When the electrodeposition time
reaches 2 H, an absorban&ak around 370 nm aroused by the Ag surface plasmon becomes

predominant while it is vgrweak for 0.5 and 1 H samples.
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Figure 4.10 Absorbance spectra of Ag NRs and NWs with various electrodeposition time.
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To study the influence @&furface plasmon on the performance of photocatalyst, action
spectra of 6 H Ag NRs and NWs on TGifbated FTO substrate and 24 H Ag NRs and NWs on
ITO substrate were measured and compared with the lamp profile and absorbance spectra, which
are shown in Fige 4.11A and 4.11B, respectively. The action spaeéecarried outin 0.1 M
sodium citratausinga threeelectrode system, with a Pt wire as counter electrode and SCE as
reference electrode. The photocurrent comes from the oxidation of sodium cittiageAryO
formed on the surface of AgRs andNWs in air. A peak around 370 nm attributedAtp
surface plasmon appears on both action spectra, which is consistent with the absorbance
spectrum. When the A§Rs and NWs werdgluminatedat 370 nm the surfa@ plasmon
resonancevas excited anthe electromagnetic field around the Ag NRs and NWs is
considerablyenhancedgiving rise an enhancemeoitthe absorbance of A@ and therefore
improving itsphotoelectrochemical performance.. Tgeak around 460 nm fsom thelight
source as the lamp profile exhibits a peak exactly at the same pasitioro absorbance peak of

Ag NRs and NWs exists there
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Figure 4.11 Action spectra ofA) 6 H Ag NRs and NWs on TigZroated FTO substrate a(i8))
24 H Ag NRs and NWs on ITO substratecomparisorwith the lampprofile and absorbance
spectra.

75



Ag NRs and NWs typically exhibit two modes of surface plasmon, transverse mode and
longitudinal mode. The peak position of the transverse mode ysesiltles around 370 nm as
mentioned above while the longitudinal mode depends on the aspect ratio of the Ag NRs and
NWs which typically varies from 450 nm to 1000 nm or even lohgier Figure 4.10, becae
the light comes from the top of Ag NRs and NWs and only the transverse mode could be excited,
only one peak from the transverse mode show3 agtudy the longitudinainode surface
plasmon of Ag NRs and NWs, absorbance spectra witpagsized lightveremeasured. The
setup is shown in Figure 4.12. First, the light goes througpaasizer to be polarized in the
horizontal direction. Then the light reaches the Ag NRs and NWs wahéaiigned
perpendiculato the polarization direction and paraltelthe light path. A second horizontal
polarizer is set after the specimerpteventmon-polarized light from arriving at the detector.

The Ag NRs and NWs samples were rotated 10°, 20°, 30°, 40°, and 50° in a horizontal plane in
the clockwise direction &im top view and then were returned to the original position which was
designated as Oft is toassure the position of specimen and the light peghot changed

during the rotation process. In theory, the Ag NRs and NWs are parallel to the polarized
direction when they are rotated 90° and the longitudinal mode of surface plastoampistely
excited. It means from 10° to 50°, the larger angle the specimen is rotated, Ag NRs and NWs are
more parallel to the polarization direction, and the larger extehedongitudinal mode of Ag
surface plasmon is excited by the polarized light. Because bitief the substrate holder, the
sample cannot be rotated more than 50°, or the light path will be obstructed.4-ig4rand

Figure 4.18 display the absorbance spectra of 0.5 H and 6 MRg and\\Ws with various

rotation angle under a polarized light, respectively. The samples with a growth time of 1 H, 2 H,

3 H, and 12 H are displayed in Figyrd.4 In Figure4.13A for the 0.5 H sampleyhen the
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sample is rotated, the intensity of the transverse mode of Ag surface plasmon enhances swiftly
while the absorbance above 400 nm doatexhibit much change. The reason is that there are
only nanosphereaxistingfor 0.5 H sample, which means oontribution from the longitudinal
surface plasmon. When the specimen is rotated, more Ag nanospheres are exposed to the light
which naturally absorb more lightor the 6 H samie, the Ag nanostructures wiR and NW

shape dominate. The position of tbagitudinal mode of AQNRs andNWs surface plasmon

would red shiftwith a larger aspect ratio, displayiagnuch longer wavelength than the

transverse mode. So one expects little change to the peak around 370 nm and the absorbance
above 400 should increasvith the rotation angle enlarges because the excited longitudinal

mode surface plasmon of AfRs and\NWs absorbs majority of the photons larger than 400 nm.
Meanwhile, with a larger angle the AtRs and\NWs is rotated, a higher extent of longitudinal

mocde is excited, we expect a peak above 400 nm caused by the longitudinal mode will appear
when the samples are rotated to a large angle. However, no such a peak shows up from 400 to
800 nmin Figure 4.13Bvhenthe samples rotated from 10° to 50°. The reaswhy the peak
doesndt show up i s t haimode sudaceptasmort of AfRs armf t he |
NWs could be far beyond 800 nm, which is out of the range of our spectrometer. To
guantitatively study the influence of longitudinal mode of surfdasmon on the absorbance of

Ag NRs and NWs, the relationship between the rotation angle and the absorbance at 650 nm is
depicted in Figuréd.13C and their normalized profiles are plotiedrigure4.13D. Since the
absorbance at 650 nm is way off the peathetransverse mode 370 nm and very little

contribution to the absorbance at 650 nm comes from the transverse mode, the longitudinal mode
should behe majorfactorfor absorbing lightit 650 nmFrom the samples are rotated from 0° to

50°andthento®h, t he absorbance of 0.5 H sample at 6!
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However, for the 6 H sample, the absorbance at 650 nm steadily increases and then returns to
original value measured at 0°. It confirms the longitudinal mode of surface plasmontis able

enhance the absorbandde results shown in Figure 4.14 are consistent with Figure 4.13.
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Figure 4.12 Experiment design for measuring the absorbaridey NRs and NWsvith a ppolarized light.
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Figure 4.13 The absorbance spectra of (A) 0.5 H and (B) 6 HN/Rs and\NWs with variougncidentangles under a polarized light;
(C) the relationship beteen the rotation angle aatisorbancef Ag NRs and NWst 650nm and (D) the normalized profiles of (C).
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Figure 4.14The absorbance spectra(8) 1 H, (B) 2H, (C) 3 H, and (D) 12 KAg NRs andNWs with variousncidentangles under

a polarized light
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To explore the influence of the longitudinal mode of surface plasmon on the
photoelectrochemical performance, action spectra with a polarized light was carried out. The
setup is similar to the absorbance experiment, only removing the second polarizeg. NRs
andNWs samples were rotated 30°, 45°, 60°, and 75° in a horizontal plane in a clockwise
direction from top view. A 400 nm long pass filter was installed to rule out the photocurrent from
TiO,. Figure 4.15A presents the action spectra of 12 HNRgandNWs on TiQ coated FTO
substrate in 0.1 M sodium citrate. To better observe the plasmonic effect, the action spectra were
normalized to the peak current and exhibited in Figure 4.15B. In Figure 4.15A, a peak around
400 nm emerges because the 400 nmg-|jmass filter cuts off any photos with a wavelength
smaller than 400 nm. Another peak around 460 nm also shqwigh is due to the lamp
profile. After the samples were rotated, no peak other than the 400 and 460 nm peak, because of
the same reason #ee polarized absorbance experiment that the peak of the longitouiolal
surface plasmon of AYRs andNWs could bdar from800 nm which is not detectable in the
device. However, the broadening of the action spectra above 400 nm is obvious in the
normalzed spectrum Figure 4.15B and that is attributed to the longituaiiode surface

plasmon of AGQNRs and\NWs.
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Figure 4.15 (A) Theaction spectra of 12 H AJRs andNWs on TiQ coated FTO substrate
with various incidentaingles and (B) the normalized profiles of (A)
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To further explore thenfluence ofsurface plasmon of ARs and\NWs on the
photoelectrochemical system, CdS was coated oNRg and\NWs through CBD. CdS was
chosen because it could be preparedllatv temperature which will not damage the
nanostructureof Ag NRs and NWsWhen CdS is illuminated, the electrons will be excited to
the conduction band and the holes left on the valence band could oxidize the sodium citrate. The
thickness of CdS is hed through controlling the deposition time, 30 min was chosen for this
experiment for obtaining a continuous thin film. As shown in the action spectra in Figure 4.16,
bareAg NRs and NWslisplayalow photocurrentiensitywhile CdS exhibits a relative Hg
photocurrent density becauseitsthigh quantum yield. After CdS is coated on A&geNRs and
NWs, the photocurrent densiof this structures aroundtwice of the sum of the photocurrent
density from the bare Ag NRs and NWs &@dminCdS The enhanceantof
photoelectrochemical propenty CdSis attributed to three factors. The first on is that the surface
area of the substrate is enlarged because of the 3D structure of NRs and NWs. The second one is
the surface plasmon of AgRs andNWs which enhanaethe electromagnetic field around CdS
and therefore improves the absorbance of CdS. The last one is the excellent conductivity of Ag
NRs and NWs which enhances the separation of excited holes and electrons and herein reduces

their combination.
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Figure 4.16 Action spectraf CdS coated Ag N&and NWscompared with bare AYRs and\NWs and CdS coated ITO glass.
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4.33 Ag NRs and NWs as SERS substrates

RamanSpectroscopya nondestructiveandspeedy techniquier analyzing the
vibrational rotational, and other low frequentgnsitionsof moleculesis restricted in
applicationbecause of its high detection limBurface pasmon of metal (e.g. Ag and Aculd
strengthen th®aman signaby a factor ofL0° i 10° and achievanextremely low detection
limit. Considering the large specific surface area of the Ag NRs anslad@/the tunable
distance between these NRs and NWs, they are attractive substrates for SERS appti6éation.
molecules werehosen as therobing molecule$or studying the sensibility and stability of the
Ag NRs and NWs as SERS substrates. 0.5 mL 8fM@R6G solution waslropped onto Ag
NRs andNWs and let dry in air to allow R6G molecules to be adsorbed on the surface of Ag
NRs and\NWs. For each sampl&aman signals were measured from at least six randomly
picked points and athe peaks appear approximately the sampositionwith asimilar
intensity, which confirrmthe SERS reproducibility of thesebstrates.n Figure4.17,Raman
spectra from ANRs andNWs with various growth time were assembled to study the influence
of the growth time on the Raman sigrfadr 0.5 H and 1 HAg NRs and NWsRaman signals
from rhodamine 6GR6G) molecules arsoweak that it is hard to distinguisthemfrom the
fluorescencdackground. This is attributed to the low density of Ag nanostructure on the
substrate as well as the large distance between them which weakens the coupling effect between
Ag nanoparticles. A strong peak around 1510 @ssigned to aromatic-C gretching from
R6G molecules appears when growth time extends to 2 H and other small peaks from R6G also
become visiblé® When the AgNRs and\NWs keep growing, the peaks from R6G intensify as
the density of AQNRs and\NWs increases and the distance between B&hand\NWs narrows,

resulting in a stronger coupling effect betweenM®s andNWs which significantly enhances
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the electromagnetic field around AtRs and\NWs and herein the intensity of incident and
sattered light is dramaticallgnhancedPeaks at 1363, 1568nd 1649 cil are assigned to
aromatic GC stretching Peaksat 1184 and 1313 cfrare from the combinain of the four

stretching modeat 1363, 150, 1569 and 1649 cril.'®
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Figure 4.17Raman spectra of R6G molecules on Ag NRs and NWs with vagleasodepositiotime.
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4. 4 Conclusions

A templatefreeand low costethod was developed for the fabrication of vertically
alignedmetalNRs and NWs in a large scale on various conductive substrates, which opens a
door for the wide application of the 3D structure. The diamktegth and aspect ratio of NR
and NWscould be tuned through adjusting the deposition tifitee Ag NRs and NWare found
to grow from bottom to top directed by the electric field between two parallel electrodes. The
surface plasmons &g NRs and NWsre able to enhance photocatalytic reactionssamnk as
sensitive and reproducible substrates for SEH&Sause otheirlarge specific surface area, a
strong surface plasmpand a widd¢unability over their diameter, length, and aspect rdahiey

are promising t@pplied in the photocatalyst area and spectroscopy
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CHAPTER 5

CATHODIC REDUCTION METHODS FOR IMPROVING PHOTOELETROLYSIS
PERFORMANCE OF HEMATITE PHOTOANODES

5.1 Introduction

Not only does Ag has very strong surface plasmon but also possessigh#se
electrical conductivittamongmetals Since hematite has two major problems serving as the
photoanode, a low absorbance in visible area and a short hole diffusion teadibh
conductivityof Ag could be used to enhance the conductivity of hematite and therefore elongate
the hole diffusion length of hematite addition to using the surface plasmon to increase the
absorbanceMeanwhile, the economical and convenielectro©iemical methoslareother
optiorsto better thephotoelectrochemicaderformance ohematite such as doping hematite to
reduce the resistance of the photocatalyst and lower the charge recombinatongatgiently
Thus,in this chapterAg nanoparticle mixed hematite anchthodic reductiotechniqus were
developed to improve thedectrochemicgberformance of hematite thin film artite resuls
displaysarequite promising, which malgroaden the application of these techniquesttier
photoanodes
5.2 Experimental
5.2.1 Cathodic reductioa f -FelDs thin film

Hematite thin film was prepared using se@memethod from thehapter 3The
concentratiorof Fe(NGQ); solution was varied to manage the thickness of the film. The hematite

thin film wascathodicallyreduced using aBlectrochemical Station
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5,2.2 haracterization

Acti on s p eFe®:electrodds werdbtainedlising a Electrochemical Station
(CH Instruments, Inc., Austin, TXgnd a monochromator (MDO0O, Optical Building Blocks
Corp.) with an Oriel AM 1.5 filtered Xenon Arc lamp (Newport) as light sourbe. light was
illuminated from the back of hematite, which means it goes through the glass first, then FTO
layer, and finally reaches the hematite layer.&¥Mott-Schottkymeasurementaere carried
outusingElectrochemical Station (Chh$truments, Inc., Austin, TX), with SCE as the reference
electrode and a Pt wire as counter electrode. The electroB/ieNs NaNG; unless otherwise
noted The light was choppeasinga PTIOC-40000ptical chopper witlb-sector diskat 0.3 Hz.
Absorbance spectra were obtained using a Varian Cary 5Vis'$pectrophotometer. A JOEL
7000 FE SEM was used to charactettze morphology of the samplgRD pattern was
measurewn a Brukker D8 XRD with a 6@source(K U 1 79A140 kV and 35 mA) in aiat
room temperature
5.3 Resultsand Discussiors

Ag nanospherewith a diameter 0400 nmwere mixed intdl00 pL3.3 M Fe(NG);
solution. The total volume of the solution being spiated on FTO glass substrate Wwatanced
to 200 pLwith DI water to obtain a filnthicknessaround 80 nm for all sampleéBhe amount of
Ag nanospheres was designated as the percentagkt compared to 200 pL final solution
whose weight is assumed to be 200 ug. Figutellustrates theight current of hematite thin
film after mixing witha different amount of Ag nanopatrticles. It clearly shows that the
photocurrent of hematite is proved by Ag nanopartitices, which is caused by the increased

conductivity of hematite film after mixing with Ag nanopatrticles.
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Figure 5.1Light current of hematitthin film mixedwith a different amount of Ag meparticles.
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As mixing hematite with Ag nanopatrticles could be expensive and has no control of the
dispersion of Ag nanoparticles in the thin film, a cathodic reduction technique, which is low cost
andhas a easy controbf the experimental paramerters, was studied for its potemtial
improving the photoelectrochemcial performance of hematdestudy the electrochemical
properties of hematite thin film, CV of hematite in 0.1 M NaN&scanned toward a very
negative poterml with a scanning speed of 0.05 V/s which is displayed in Fig@re 5.

Meanwhile, TiQ coated FTO substrate prepared in the same way except no hematite coating
was adopted as a control to exclude the substrate effetite potentials used in this chaptare
against the reference electrode S@essotherwise specified-or the hematite thin filmhe

onset potentidior the cathodic currenis around-0.35 V.An evident reduction peak appears
around-0.8 V, corresponding to the reduction offFe& F€, while a tiny oxidation peak shows

up around0.68V, which means the redox reaction is not reversible and the charge could be
stored in the hematite thin film through reduction reactions. The reduction peak corresponding to
Fe* to Fé*is not found fron the CV curve because that peak is too small compared to the peak
of F&¢* to F€. For the TiQ coated FTO substrate, no redox peaks are observed, which confirms
the mentioned redox peaks are from the hematite, not from the FTO substfBt@, coated on

the FTO substrate
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Figure 5.2 CV of 22 nmthin hematitethin film in 0.1 M NaNQ.
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To evaluate the influence of different cathodic potenbalshe photoelectrochemical
performance of hematite, actigpectra of hematite thin film photoanodes with a thickness
around 22 nm were measured before and afiplying various cathodio the same setup
without changing anything except applying the cathodic potential. The thickness of hematite thin
film was estmatedusingthe absorption coefficier®t. 005 nnfrom chapter3. The action spectra
were measured at +0.35 V, which is used to magnify the photocurrent by enhancing the
oxidation of waterFigure5.3A andFigure5.3B illustrates the action spectra of 22 hematite
thin film before and after applyin®.2 V for 10 s while Figur&.3CandFigure 5.3Ddisplay the
action spectra measured before and after apphlirsgV for 10 s. After being cathodized-at2
V for 10 s, it is clear that the photocurrent dgnef the hematite thin film photoanoti@s not
been altered after removing the backgrowmile the backgrounttarelydecreases he decrease
of the background current is possible due to the +0.35 V apgliedg the measurement
diminishesthe amount oflefects in the thin film. However, in Figure8& when the thin film
hematite is cathodizeat-1.5 V for 10 s, the photocurrent dendigcomesemarkablecompared
with the one beforéhe cathodic reduction Figure 5.3D, #er taking off the backgrouh the
augmentation of photocurrent is tremendous, above 7 times higher than the originghene
results of action spectra are consistent with the CV cufRresma CV curve, o muchchange of
photocurrent density is expectixnt -0.2 V because thed.2 Vis more positive than the onset
potential of reducing F&to F€, -0.35 V, which means no Beas generated at this potential
and no change happens in the hematite film. On the otherkid&/, which ismuchmore
negative thanr0.35 V, is able to gematea large amount df€’ in hematite thin film which is

believedto enhance the conductivity of the film as well as charge separation, resulting in an
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enhancement dhe photocurrent density. The increase of the background alses#rét the

hematitethin film becomedess resistive afteapplying-1.5V for 10 s.
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Figure 54A presents theatk and light currentoming from &2 nm hematite before dn
after applying-1.5 V for 10 sandFigure 54B illustrates a manually chopped light current afte
the light current measurement to confirm the pbotrentafter the cathodic reduction is not
from background. Before the cathodization, the dark and light current of the hematite thin film
are small, which is reasonable considering the action speateasured in a neutral solution
whose pH is close to 7 aitds notfavorable for the oxidation of water. Aftepplying-1.5 V
for 10 s the dark current of the hematite thin figlightly increases in the range from 0 V to 0.6
V, but returns to a valuelose to that before the cathodic reduction is applide from 0.6 V to 0.8 V.
However, the light curreritensitywas booted from an unnoticeable01178mA/cn to -
0.12411mA/cn? at 0.8 V. The chopped light curremsistaken right after the light current was
measured and is exhibited in FiglrdB, which confirms the incredible enhancement of current
density is due to photocurrent fraire hematitethin film photoanodenot because dhe

background current.
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To study the mechanism ftire enhanementof the photocurrent of thin film hematite
afterthe cathodiceduction photocurrent densityme-dependent curvesf hematite with
various thicknesssafter different cathodization potensalvere recorded and demonstrated
Figure 56. Figure 55 shows the absorbance spectra of hematite thin films prepared with various
concentration of Fe(N§s which are used to estimate the thickness of hematite thin film. A
threeelectrode system was adopted for phetocurrentneasurement, withgiece ofhemaitte
thin film astheworking electrode, a Pt wire #secounter electrode, and a SCE as the reference
electrode. During the measurement, the light was chopped{sget& chopper at a frequency
of 0.3 Hz.Whenthe bandin Figure 56A andFigure5.6B are zoomed inserratedines are
observed as shown in the inset images because of the chopper blocks and unblocks the incident
light, resulting the dark and light current density. Therefore, the width of the band which equals
to thedifference between thairentdensitywith and without blocking the incident light
displays the magnitude of the photocurrent density. The potential is applied in following
sequenceas shown in Figure 5.6A0.8 V for 20 s; apply 0.0 V for 20 s, then +0.8 V for 20 s;
apply-0.5V for 20 s, then +0.8 V for 20 s; app!y.0 V for 20 s, then +0.8 V for 50 s; apply5
V for 20 s, then +0.8 V for 500 s. Applying +0.8 V is to obtain a noticeable photocdamsity
from the hematite thin film photoanadéeep measuring the photocent density fo500 s after
applying-1.5 V is to explore the stability of photocurrent density after the treatment and verify
the photocurrent is not from thansient currentin Figure 56, it is obvious that the
cathodization potential hadargereffect on the photocurrent density of thin films than on the
thicker films. For 10 and 28 nm hematite thin films, the photocurrent density incoéasessly
when a more negative cathodization potential is applied while not much change happens to the

photacurrent density for the 62 and 147 nm thin films. The magnitude of the photocurrent
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density of hematitebtained a0 s after eacbathodic reductiomandat500 s after1.5 V is

listed in Tableés.1 and their enhancement factors of photocurrent density are plotted in Bigure
to display the influence from the thickness aathodicpotential on the photoelectrochemical
performance of hematit&he enhancement factor is definedfasratio ofthe photocurrent
densityoverthe nitial photocurrent densityhich is measured before applying any potential.
From the cathodic potential aspect in Figure thé&e is no enhancement whefl 0 is applied
for 20 s for all the samples. Afted.5 V is applié, the photocurrent density of two thin films
10nm and 28 nrbeginsto increase while the thicker filnasenot affected. When a more
negative potentiall.0 V and-1.5 V is applied, the photocurrent densgyemarkablyenhanced
for the thin film,about5.6 and 6.2 times of the original current densitytfi@28 nm thin film
and for 10 nm aftespplying-1.5 Vfor 10 s respectively. On the contrary, the photocurrent
density is only 1.82 and 1.43 times of the original one evenafgying-1.5 Vfor the 62 nm
and 147 nm samplek is worth nothing that the cath@diotentialshould nobetoo negative, or
the hematitehin film will be totally reducedo F€ and no photo response anymore. The
photocurrent densitgf 28 nm hematite thin filnafterapplying-1.5 V could be as large as 1
mA/cn? in the first few senconds, then decreases to 0.708 nfAdftar 20 s, further down to
0.330 mA/cniafter 500 decause Fds reoxidized to F& when +0.8 V is applied otte
hematite thin film tchelp oxidizewater during the photo response tétwever, even after 500
s, the photocurrent densitystill ~3 times of the original photocurrent density, demonstrating
the enhancement of the photocurrent density is not due to transient current and showing a
relative stability of the photoelectrochemical performance of hematitetaéeathodic

reduction.
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A questionarisesthat where the reduction £& F &Y F &majorly happens in the
hematite thin film, close to the interfabetweenliO, and hematite atheareaclose tothe
electrolyt® For hematite, th&0~20 nm region close to the hematite/electrolyte interface is the
most important area fahe photo oxidation ofvaterbecause the hole diffusion distance in
hematite is aroundnly 2-4 nnf*?? or 20 nnf3, Thedistrictin the hematite thin film far away
from that10~20 nmregiononly acs more and moréke a connection wirelThat is the reason
why the 10 and 28 nrhematitethin films arevery sensitive to the cathodic potentitle 62 nm
samplesareless sensitiveandthe cathodicpotentialhas littleimpacton thel47 nmhematite
thin film. Thereforethe reduction of F&Y Fe&*Y F &should majorly happen close to the FO
hematite interface where it doesn't influence the photoelectrochemical performance of the thick

film much, but affect the thin film with thicknessaund20 nm principally.
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Figure 55 Absorbance of hematite thin film withariousthicknesss.
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Figure 5.6 Photocurrentensityof hematitg(measured at +0.8 V) with various filthicknesgA) 10 nm, (B) 28 nm, (C) 62 nm, and
(D) 147 nmatfter differentcathodc potentias (0 V for 20 s,-0.5 V for 20 s;1.0 V for 20 s, andl1.5 V for 20 s)
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Thickness of Initial photocurrent 20 s afteOV 20 s after0.5 20 s after1.0 20 s afterl.5 500 s after

the hematite  density (mA/cm) (mA/cn) V (mAlcm?)  V (mAlcm?)  V (mA/cmd) 1.5V
thin film (mA/cnr)
10 nm 0.075 0.084 0.127 0.249 0.417 0.155
28 nm 0.114 0.114 0.168 0.449 0.708 0.330
62 nm 0.283 0.286 0.307 0.465 0.515 0.437
147 nm 0.736 0.739 0.788 0.913 1.056 0.969

Table 5.1Photocurrent measured at 0.8 V vs SCE responses to cathodic potentials and hematite film thickness. This data is obtained
from Figure 5.6 by using the highest current around the specified tinus thie lowest current aroutitat time
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Figure 5.7 Phdocurrent density enhancement of hemailite film with various thicknesssafterapplyingdifferentpotentiat (0 V for
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To reassure the enhancement of the photocurrent density of hematite is not specific to just
one electrolyte, 0.1 M NaQf\vas replaced by 0.1 M NaOH and action spectra of 22 nm
hematite thin film were measured before and after appKIr&V for 10 s andoresented in
Figure 58. The photocurrent was doubled after ta¢ghodic reductionwhich confirms the
electrolyte is not the reason for the enhancement of the photocurrent and it should be related to

the changénside thehematitethin film afterthe cathodic reduction
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To study why the photoelectrochemcial performance of hematite was improved after the
cathodization, SEM images ai@RD patternof hematite thin film were takdmefore and right
after cathodization and shown in Figur@ &nd 510respectively. Mithermorphologynor
crystal structurehange was noticed for the hematite afvercathodic reduction. The
absorbancspectra and absorbandéference(the absorbance value after cathodic reduction
minus the value at the same wavelength before the treatbefa® and after cathodic reduction
are displayed in Figure BLA and 5.1B respectively Theabsorbance peak at 390 nm attributed
to O Y F & charge transfer from ©nonbonding orbitals to lowest emggd orbitalsdrops
the most, indicating the amounitFe** in the film reduces andindicatingthat reduction of F&
to Fé.

To further investigate this phenomenon, M8thottky Plot was taken before and after
the cathodic reduction and displayed in Figure 5.12. The slope of the plotindicdtes the
carrier intensity increases frof278x 10" cm®to 1.296x 10°°cm®after cathodi redution

which explains the enhancement of the photocurrent density after the cathodic reduction
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Figure 5.11 (A) absorbancef 22 nm hematite before and afegaplying-1.5 Vfor 10 sand (B)
the absorbance difference after cathodic reduction
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Figure 5.12 Mott-Schottky plot of 22 nm hematite before and after applying Vfor 10s.
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5.4 Conclusions

The cathodization method was demonstrated teffleetivein enhaning the
photoelectrochemical performanoEhematite The enhancement is attributed to the increase of
thecarrier density after cathodization becauseetY F &Y F & The reduction of
FeY F &Y F 8majorly carries out close to the interface between henaatidesubstrate. This
technique could be possibly applied to other semicondpbimiccatalysts to improve their

photoelectrochemical performances.
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CHAPTER 6

POLYMER-GRAFTED UNIVERSAL TEMPLATE FOR FABRICATION OF NANOWIRE
ARRAYS

6.1 Introduction

In addition to enhancing the absorbance of photocatalyst, surface plasmon is also vastly
attractive for being applied in Ram8&pectroscopwhich is nondestructive and fast, but limited
by its relative weak signal. Surface plasmon could nfggné Raman signal up t0°i 10°
times" through enhancing the local electromagnetic field or/and initiating a charge transfer
between the chemisorbed species and metal sutimveever, surface plasomon of metal
nanostructures largely depeswh their shape, size, and coverage. Therefore, in the fourth and
final part of this study, vertically aligned Ag nanostructures with a control over the shape, size,
and coverage were successfully prepared based on AAO tesplaey were found to be
sensitive and reproducible substrates for SERS applications.

This chapter details a study where AAO template was sepdratedhl substrate by
NaOH, HPO,, methanolnd DI waterwithout usingharmfulHgCl, and SnC4, andAAO
template wa grafted on ITO substrate by a conductive polypay(3,4-
ethylenedioxythiopheng)oly(styrenesulfonat PEDOT:PS$% Ag NWsweresuccessfully
electrodepositeth the AAO template on ITO substrdig DC deposition The length of the Ag
nanowiregelies on theslectrodepositon time anbeir diameter is determined by the pore size of
AAO templatewhichis subjected to thanodization conditiosuch as anodization electrolyte

and voltageThesestanding Ag NW arrays were explored tbe applicatio in SERS
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6.2 Experimental
6.2.1Surfacemodificationof ITO substrate

ITO coatedglass substratg€olorado Concept Coatings LL.E220q / pwere
sonicatedn detergentDl water, acetonaso-propanolandDI waterfor 10 minutes in eachgent
andfinally exposed to ozone (U\RroCleanerBioForce Nanosciencgfor 10 minutes. A
PEDOT:PSS (Sigmaldrich, 2.8 wt %) aqueous solution was spggated on ITO substrate at a
rotating speed of 3000 rprhen it was annealed at 150 °C under nitrogen for Bites to
graft the polymers to the surfaceITO substrate. The ungrafted polymer was washed off by DI
water.
6.2.2Preparationof AAO template

Al plate (99.9%, Alfa Aesar) was cleaneddhwater, acetone, isopropandl| water for
10 minutes in eachegpand dried bya nitrogen blow The clearAl plate was polished ia
mixture of HCIQ and ethanol (1:4 v/v) at 20 &d 0 °Cfor two minutes. Before anodization,
the polished Al plate was immersed in 1 M NaOH for 3 minutes to remove the aluminum oxide
formed during polishThen theAl plate was anodized in 0.23 M oxalic acid at 4and 20 °C
for 45 minutes. The barrier layer formed between the template and Al substrate during
anodization was thinnetirough dropping the anodizingltage from 45V to 0.Y by 5% in
every 25 s. Edges tie anodized\ plate werescissoed toexpose the Al substrate. The AAO
template was detached from Al substratéobing dippedn 1 M NaOH, 1.5 M HPO,, methanol
and DI wateisequentially for about 1€. ObtainedAAO template was immersed in 0.5 MO,
at 30 °C for 30 minutes t@move the barrier layeesidualat thebottomof the template.
6.2.3 Graft AAOtemplateon ITO substrate

Several drops of DI water/acetone (1:1 v/v) were drippeBBDBOT:PSS modifietlr O
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substra¢ and AAO template was floatea the solution. Excess solutiorasremoved by a
syringe and samplegeredriedat room temperatuiia air. Then the samples were annealed at
120°C for 30 minutes under vacuum.
6.2.4 Electrodeposition ailver NWs

To preventlectrodepositiof Ag on thearea of ITO without AAO templatensulating
adhesivesvere spread at this are&ceptfor a strip of ITO wa left for electric contact.
Electrodeposition was carried outarthree electrode system: a workingcélede of prepared
samplea counter electrode #ft wire anda quasireference electrode of Ag wire. All the
potential is referenced to Ag witamless otherwise state#l solution containing.012 M AgNG;
(Fisher Scientifit and 0.32 M HBO3 (Acros Organt) was used as electrolyt® potential of-
0.6 V was applied to electrodeposit Ag. Aftke electrodeposition, AAO template was wet
etched in 1 M NaOH anahsulatingadhesivesvere dissolved by acetone. Ag NWs were washed
in DI water forseverakimes awl dried at room temperature in air.
6.2.5 Preparationof samplesfor Ramanspectrum

Ag NW arrays were immersed in"$®1 rhodamine 6GR6G) aqueous solutidior 6
hours. Then the samples were soaked in DI water for 45 minutes to remove the unattached R6G
molecules and dried in the air.
6.2.6 Characterization

CV was obtained witlan Electrochemical Station (CH Instruments, Inc., Austin, TX). A
JOEL 7000field emission scanning electron microscapgs used to characterize the
morphology XRD pattern was measuredtha Br ukker D8 XRD (Cu sour cée

kV and 35 mA) at room temperature in &aman spedca were collected usingspectrometer
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(JobinYwon,HR8® UV) equi pped wi t (2.5m:W)6\Wader contact lngle N e
was by measured by Contact Angle GoniometaniBhartinc.)
6.3 Resultsand Discussiors

Figure6.1 detailsthe fabrication process sfandingAg nanowires on ITOsubstrate
AAO template wasbtained byonestep anodization arttie barrier layer was thinned by
dropping anodizing voltage gradually. After being immersed in 1 M NaOH, 1.3MD4
methanol and DI water, AAO template was detadneah Al substratewithout usinghighly
toxic HgChL and ZnCl. The barrier layer at the bottom of AAO template was further removed by
dipping the template in 0.5 M3aRQO,. ITO substrate was carefully cleaned and a layer of
PEDOT:PSS was sptooated on the surface and thermally annealedrafted polymer was
washed away by DI water and a very thin layer of PEDOT:PSS was left on ITO substrate. The
water contact angle of freshly cleaned ITO substrate was 20° and it droppedhahéssafter
the PEDOT:PSS modification, indicating PEDOT:RS8ery hydrophilic. Additionally,
PEDOT:PS$lanarize the surfacef ITO substraté,which in turn enhances the adhesion
between AAO template and ITO substrateen AAO template was carefully placed on
PEDOT:PSS mdified ITO substrateThe top side of AAO was used to contact ITO substrate

because its surface is smoother thiabottom side.

120



(a) (b) An0 (c) Top (d)  Top

Anodization Thinning barrier Removing barrier
A5 L T S -
A Peeling off AAO Btk Bottoii
(e) (f)
Cleaning Annealing
ITO > ITO —_— ITO -
Washing

Spin coating PEDOT:PSS

Floating of AAO on ITO, drying and
annealing to graft AAO template on ITO

Bottom

Electrodeposition ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ /

Figure 6.1 Thefabrication process ofertically aligned Ag NW arraysn ITO substrate
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Figure6.2A-E show the morphologiesf the top andottomof an AAO template, the
pore diameter distribution of AAO templasndthe crosssection of AAO.Figure6.2B
confirms that AAO pores at the bottom are open aft€¥@®4 treatment, which guarantedmt
the Ag is able to transfer through the AAO poregscBuse the pores at thettom branched
during the process of gradually dropping anodizing voltatihe poresize at the top is
83.3+8.51 nmwhichis largerthan49.25+8.66 nm ofhe bottom Gaps between pores are
around 1015 nm and th@ore density of the templa#e the topreache<.0™/ m?. The pore size
and thicknessf AAO template are determideby anodizingconditions (such as anodizing
voltage time, and electrolytegnd the timéeing etcledin H3PO,. To obtainan AAO template
with a proper thicknes#r detachingand handling the AAO templagasily,the anodization was
mantainedor 45 minutesAsdisplayed in Figures.2E an AAO template with a thickness of 10

€ nwas obtained.
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Figure 6.2 SEM images ofdp (A) and bottom (B) of AAO template; pore size distribution of
top (C) and bottom (D) of AAO template; (E) the cross section of AAO template.
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Electrodeposition of Ag was carried out in 0.0M2AgNO3z; and 0.32 M HBO3; with
AgNOsserving as a Ag sour@adH3;BO3; maintainingthepH of the electrolytéo beabout5 for
a steady growth of Ag NWErior to the electrodepositio@V of ITO substratevas performed
to locatean appropriatgpotentid for the electrodeposition of Ag N8VAs shown in Figuré.3,
theturn-on potentialfor cathodic currenteferringto reduction of Agis around-0.16 V. As
surface roughness is important ®ERS-0.6 V, which is much more negative than the onset
potential of cathodic current, was selected to grow Ag NWs at a high growth rate. The fast

growth rate is prone to form a large crygiedinand therefore generate a rough surface on the

Ag NWs.
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Figure 6.3CV of ITO substratén 0.012 M AgNG; and 0.32 M HBOs.
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Electrodeposition of Ag was carried out in 0.0M2AgNOz; and 0.32 M HBOsat-0.6 V
for 50 s AAO templatewas etched away by NaOH after electrodeposition, with only AgNW
left. Images of top and crosgction view of Ag NWs on ITO substrate are shown in Figute
As shown in Figur&.4A, Ag NWs are densely packed on ITO substrate with a diameter around
90 nm and a distance from 10 to 15 between each nanowires, cotesig with the characters
of AAO template. In the crossection view of Figuré.4B, these Ag NWs are standing
perpendicularly to the ITO substrate. The surface oNMgs is rough because of the formation
of a large amount of small Ag nanoparticles (NPs)dne NWOs surface arousec
el ectrodeposition rate. The Il ength of Ag NWs
different local conductivity on the surface of ITO substrate and the growth competition between
Ag NWs. Normally, standing NW arraydrying out under natural environment are prone to
aggregate because of therface tension of the rinse liquésterted on the NW&There are two
reasons why these prepared Ag NWs stand vertically on ITO substrate. One is that the Ag NWs
are in good contact with ITO substrate as shown in Figdi, which is a rigid substrate. The
other one is that the diameter of the Ag NWs is ar@thdm while the length of is controlled
less than 1 um, so the rigidity of the Ag NWs is able to resist the surface tensiahdranse

liquid and prevent the NWs from collapse.
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Figure 6.4 Top (A) and crossection (B) of Ag NW arrays on IT6ubstrate after removing
AAO template.
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XRD pattern of Ag NWs on ITO substrate after removing AAO template is shown in
Figure65. Peaks center at 2d=38A, 44.4A, 64.5A,
20),(311)and (22 2) of Ag cogmonding to PDF standard cd&@d001-1164from
International Centréor Diffraction Data(ICDD). These peaks suggest these Ag NWs are face
centered cubic crystal. The intensity of the peak of (1 1 1) is about 40 times of other peaks,
indicating the Ag NWshave very good crystallinity and grow preferentially along the (1 1 1)
plane, which has the lowest enefg9ther peaks shown in Figuée5 are from ITO substrate

according to PDF standard cd&@039-10580f ICDD.
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Experiment result of Ag NWs on ITO substrate
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Figure 6.5 XRD pattern of Ag NW arrays on ITO substrate.
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Raman spectroscopya fast analyzing technique and causes no damage to sénumple
the high detection limit narrows its application. SERS, by taking the advantage of surface
plasmon of metal (e.g. Ag and Au), could enhance the intensity of Ramanisignédctor of
10°1 10° and obtairanextremely low detection limitConsidering the large surface area of the
Ag NWs and the small distance between these Ag NWs, the prepared Ag nanowire arrays should
be suitable for SERS applicatioR6G molecules werattached on thAg NW arrays as
probing molecule$o study their capability of enhancing Raman signals. Ag NW arrays were
immersed in R6G solution to let R6G molecules absorb on the surface of Ag NWs and
unabsorbed R6G molecules were washed away by DI weteseen in Figure 6.6A, when no
R6G moleculesra attached on Ag NWSs, background signals are weak except for one peak at
1466 cn' corresponding to PEDOT:PSS resid(@ut since very few signals from R6G fall in
the range from 1400 chto 1500 crit, thesignals from PEDOT:PSSilnot cause a problem
for the detection of R6G molecules. For the concentrated R6G solution (2 mM) solution dropped
on ITO substrate, Raman signals from R6G molecules are very weak and hard to distinguish
from thefluorescencéadkground. However, with the same experimentaluggtwhen Ag NW
arrays on ITO substrate are used as the substrate, for 1 uM R6G solution, which is diluted by two
thousand times compared to 2 mM R6G solution, imgénsity Raman signals are detected from
R6G molecules, demonstrating the SERS sensitivity of the Ag NW arrays. Peaks from R6G
moleculesareconsistent withtheliterature® To explore the SERS reproducibility of these Ag
NW arrays, Raman signals wegbtained fronsix randomlypicked points. As displayed in
Figure 6.6B, the peak height, corresponding to SERS intensity, is very close for these six points,

indicating the reproducibility of the Ag NW arrays.
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Figure 66 (A) Raman spectra from A§W arrays, 2x18 M R6G aqueous solution and M
R6G absorbed on Ag NWs (B) Raman spectra SfMICR6G absorbed on the surface of Ag
NWs at six randomhipicked points.
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The strong SERS ability of the Ag NW arragsttributed towo reasonsThe crifcal
one is theelectromagnetic fieldroundAg NWsis dramatically enhancedptheintensity of
incident and scattered light is magnifieemendouslypy the enhanced fieftiThere are two
factors for the el@tromagnetic field enhancement. The first one is the excitatisartdce
plasmons oAg NWs and Ag NPs on the surface. Additionathge distance between Ag NWs is
very short, around 10 ttb nm, and Ag NPs are densely packed along the Ag NMisrefore,
thestrong coupling betweefsg NWs, Ag NPs on the surface of NWs and Ag NWs and Ag NPs
happens, which enhances tiectromagnetic fieldround Ag NWs? The otherfact worthy
notingis that the small Ag NPs on the surfacéAgfNWs increase thsurfacearea of Ag NW
arrays, which are able to bond more R6G molecules.
6.4 Conclusions

AAO template was successfully grafted on ITO substratiaédygonductivgolymer
PEDOT:PSS.StandingAg NW arrayswere prepared on ITO substrate througltebeleposition
of Ag in the grafted AAO template. The Ag NWs, uniform in diameter with different length
werefound to have a large amount of small Ag MPRghe surface. The Ag NW arraygre

demonsrated to be sensitive and reproduckilbstrates for SERS application
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CHAPTER 7
A FACILE METHOD FOR ELECTROCHEMICALFABRICATION OF VERTICAL-
ALIGNED SILVER NANOPLATES THROUGH ANODIC ALUMINUM OXIDE TEMPLATE
FOR SURFACE PLASMONIC APPLICATION
7.1 Introduction
As discussed in previous chapt@AO templates popularfor preparing ordered
nanomaterialecause of its orderatiructureand easy fabricatiohMost of the research has
focused on filling the parallel channels of AAO templateynthesie onedimensional
nanowires: *However, AAO template could be also used to preparedimensional
nanoplates which are intriguing.
In this chapterverticalaligned Ag nanoplates with a relatively uniform thickness were
successfully electrodeposited GrO substrate with the assistanof AAO template. AAO
template serves two major functions here. One is that the porous structures lower the diffusion
rate of electroactive species (Ag cations) traveling from bulk solution to the surface of ITO
substrate. The other one is that the parathannels of AAO template direct the diffusion of Ag
cations. This method may help to understand more about the nanostructure of AAO template and
extend the application of AAO templafhe absence of surfactant during electrodeposition
offers a chemical clean surface for further modification, which benefits the application of the Ag
nanoplates in plasmonic catalyzed reactidasmonicenhanced solar cell, and surface enhanced
spectroscopy.
7.2 Experimental

7.2.1Fabricationof AAOtemplate
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AAO template was prepared using the same method as chaptan6h structuresere
generatd at the bottom of the AAO templad@ringthe procesf dropping anodizing voltge
which facilitates the detachment of AAO template from Al substrate. The AAO template was
detached from Al substrate by being dipped in 1 M NaOH, 1HsR0D, CH;OH andDI water
sequentially for 10 s after edgestioé anodized samplgere removedThe AAO template was
immersed in 0.3 M PO, at 30 °C for 90 minutes.
7.2.2AA0templatetransferredon ITO substrate

ITO coatedglass substratg€olorado Concept Coatings LL.E220q / »werewashed
in a sequencef detergent,DI water, acetonasopropanglandDI waterfor 10 minutes in each
stepand finally anodized in 0.01 M430Q, acid for 20 minutes. Then several drops of DI
water/acetone (1:1 v/v) were drippedtbeITO substrate and AAO template was floatedion
solution. Excess solution was removed by a syringe and let samples dry at room temiperature
air. To prevenelectrodepositionf Ag on thearea without AAO template, tregea on ITO
without AAO template wrecovered by insulating glu@QUICK DRY) exceptfor a strip of ITO
was left for electric contagteaving an area of 5 mm x 5 mm AAO expasElde sample were
annealed at 80 °C in air for 10 minutes.
7.2.3Electrodepositiorof Ag nanoplates

Electrodeposition was carried outarsolution containig 0.012 M AgNG; (Fisher
Scientifig and 0.32 M HBO; (Acros Organigusing an Electrochemical Stati¢@GH
Instruments, Inc., Austin, TXPrepared samples served as working elecs.déieand Ag wires
were applied athecounter electrode argliastreference electrodeespectivelyAll the
potentials mentioned in this paper were referenced to Ag Wive.consecutive potential steps

(E1 and B) were selected for electrodepostion of @anoplatesiccording to th€V. E; was set
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at around1.5V and E was-0.2 V. After electrodeposition, AAO template was removed by
being dippedn 1 M NaOH for © minutes and the sample wassedin DI water. The insulating
glue was removed by dippirggmplesn acetone for 30 minutes.
7.24 Characterizatiorof Ag nanoplates

XRD data were measured with ®y jradiation (wavelength i$.54 A) ona Brukker D8
(40kV and 35mA) at room temperaturéd JOEL 7000 field emission scanning electron
microscopywasi sed t o characterize the samplesd morpt
Raman measurements, several drops 8fMIR6G aqueous solutions were dripped on Ag
nanoplates and let it dry in the d&amanmeasurements were carried out usirgpectrometer
(Jobin Yvon,HR80 UV) equi pped wi t [2.5mW)IBeZaccamulatidre T Ne | a
time was 10 s.
7.3Resultsand Discussiors

Figure7.1 schematically describes the fabrication process of veriialed Ag
nanglates on ITO substrate with the assista of AAO template. ITO substratecleaned
carefully andhenanodized ir0.01 MH,SO, which further cleas the surface. AAO templais
prepared by onstep anodization. The barrier layermedat the bottom of AAO template
during anodizationvill be thinnedthrough lowering the anodizingltagegradually Because
the anodizingoltagedecreases step by stdwanch structuresill be generated at the bottom of
the AAOtemplate® °which facilitates the detachment of AAO template from Al substrate. T
edges of the anodized samplescissoredo expose the Al substrad/hen the samplis
immersedn 1 M NaOHthe basic solution will attack the AAO/Al interface betwdes branch
structures and Al substrate, generating a large number of hydrogen bubbles and resulting in the

separation of AAO template from Al substra®dO template is further treated with 0.3 M

136


http://www.youtube.com/watch?v=luLTsV2Exsw
http://www.youtube.com/watch?v=luLTsV2Exsw

H3PO, to remove the barrier layer residue. Theh@Atemplates carefuly placed orthe clean

ITO substratend dried at room temperatuiidhe samples are annealed at 80 °C in air to remove
the water residue in the AAO template. The electrodeposition of Ag is carried out ingAgNO
agueous solution withaH value around 5 andlg nanoplates grow in the small gap between

ITO substrate and AAO template. Finally, the AAO template is dissolved by a basic solution and

vertically aligned Ag nanoplates are left on ITO substrate.
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After AAO template wasayeral on ITO substrate, it is clear in Figut2 that thee
parallelAAO pores are perpendicular to the surface of SL®stratewhich guarantees the
corcentraton gradient of Agis perpendicular to ITO surfackleanwhile, ayapof 288+10nm
between AAO and ITO substrate wasarly shown in the inset picture Bigure7.2 The
formation of the gap is attributed to th&O substrateand AAOtemplateare hard marial with
a nonideally flatsurface whichmakes itimpossibleto bind them seamlesslj gap easily
forms between the ITO substrate and AAO templais worth noting that the size of the gap
will be a little different from sample to sample since sh&aces of ITO substrate and AAO
template are not identical for different samples, but it is found that gaps are always to be
hundreds of nanometérhe gap can be removed througlating a thin layer dfiydrophilic

polymeron ITO substrate to generate Ag nanowires irptres®’
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Figure 7.2 Cross section SEM image of AAO template attached on ITO substrate.
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All the potential in this paper is &fred to ajuasi reference electrodéAg unless
otherwise stated’he onset potential of cathodic curreotresponding to theeduction ofAg™ to
Agis-0.16 V from the CV in Figure 6.8 chapter 6Therefore-0.2 V, a little more negative
than the oset potential of cathodic current, was selected for electrodeposition, which guarantees
the electrodeposition of Ag while maintaining a low growth rate, benefiting the uniformity of Ag
nanoplats.

To obtain a narrow the size distribution of Agnoplates, a doubfeotentiostatic method,
which includes a short nucleation period and a slow growth period, was adopted to electrodeposit
Ag nanoplates on ITO substrate.MQ; served as Ag source aRldBOzwasused to maintain
the pH for a steady growthf Ag nanoplates. There are two periods during the growth of Ag
nanoplats. In the period, a large amount of Ag nuclei were generated by shortly applying a
very negative potential:EL.5 V which is able to overcome the energy barridoohing Ag
seeds on the ITO substr&tBuring the periodl, an B, -0.2 V, chosen according to the CV, was
maintained for the growth of Ag nuclei formed in periodfter applying-0.2 V for 200 s, the
crosssection image in Figure 7.3A clearly shows thenagoplate were obtainedlhese Ag
nanoplates under AAO template are perpendicular to the surface of ITO substrate and most of
them exhibit a height of 500 nm, with some large ahéss pl ayi ng a hei ght of
Figure7.3B, afterthe electrodeposition, the gap between AAO template and ITO substrate was
enlarged from 288+10 to 1996111 nm because very large Ag structures generated on very
conductive places pushed the AA@ngaate outwardSincethe morphologies of top and bottom
of AAO template are different as barrier layer residuals rough the bottom of AAO template,
electrodeposition of Ag on samples with top and bottom sides of AAO template facing ITO

substrate were caetl out to explore the influence of the residulals. After electrodeposition,
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neither the morphology of top nor bottom of AAO template were changed and no Ag was
deposited on the surface of AAO templateggesting the AAO template could be recycled after
usage instead of dissolving it in basic solutigfter the AAO template was removed, Figure

7.3C and 7.3D show verticatgligned Agnanoplate were prepared in both cases and no
difference was observed for these two situations, verifying the barrier&sydual on the

bottom of AAO template is not the reason for the formation oh&goplats. Meanwhile no

collapse observed after removing AAO template, indicating a good contact was achieved
between Agranoplate and ITO substrate. In following experimeiat avoid the complication
brought by the barrier residual on the bottom side of AAO template and simplify the study of the
growth mechanism, all the Atanoplate were prepared with the top side of AAO template

facing ITO substrate.
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Figure 7.3 (A) and (B) SEM images of Ag nanoplates deposited on ITO substrate under AAO template with top side facing ITO
substrate; Ag nanoplates prepared with (C) top side and (D) bottom side of AAO template facing ITO substrate.
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To study the growing méanism of Agnanoplate under the AAO template, we took
SEM images of Aghanoplats growing at different stages. Figure 7-BEAhow the detailed
morphological evolution of Aganoplats after applying a growing potentiél.2 VV for 0 s, 10 s,
40 s, 120 s200 s, and 6000 s, with FigureébA-F displaying the ihmeter distribution diagrams
of Ag nanoplatesin the period for the seed formation (only applying the nucleation potential
1.5V for 2 s), small Ag spheres were observed on |Tii3tsateas shown in Figure 7.4A. The
mean size of these seeds is 84.86+49.96 nm. It also should be noted that there are tremendous
seeds on the ITO substrate which are too small to be observed and measured under SEM. In the
periodll (appling the growing potentialD.2 V) for the growth of seeds, Ag seeds formed in
periodl started to grow. Meanwhileew seedsvill also be produced during this process.
According to theseeding/autocatalytic growthechanisn? thereduction of Ad at the seeds is
tremendously faster than the generation of new seeds. So we expect to see large Ag
nanostructures as well as the small Ag spheres in pkriathich are clearly displayed in Figure
7.4B. In Figure 7.4B, instead of nanoplates, Ag branches were observed at the edge of these Ag
nanoplate since the growing time is too short to form a perfechawgoplate The size
distribution of Ag nanostructuredter 10 s growth i291.52+311.27 npwhich is broad because
of the large Ag branches with a size around 800 nm and relative small Ag seeds with a size about
20 nm both show upWhen the growth time increases from 40 to 6000 s as displayagure
7.4G7 AF, the edges of Aganoplats become smoother and smootiseiggesting the branches
in Figure7.5B connect with each other as more*Agns being reduced. Because more and more
Ag nanoplats evolved from the seeds formed in the growing pdtistiow up, the coverage of
Ag nanoplats becomes denser and denser with the time increases. The information of the

thicknesses and diameters of Ag nanoplates grown with various growing time is listed in Table
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7.1. From 40 to 6000 s, the mean thmeks of the Aganoplats increases frorh0.9A1.65 nm

to 70.22:13.21 nmand the mean diameter of Agnoplatsincreases fron347.16+131.28 nro
946.19+171.45 npnwhich displays the growth of these Agnoplats. However, the information
from the mean tlckness and diameter of the Ag nanoplates are not able to tell the growth
process of each single Agnoplatdbecause the generation of new Ag seeds in the growing
periodll skews the information on the development the diameter and tekn¢he seeds

formed in the period. Therefore, the diameter and thielss of the largest Ag nanoplatethe

SEM images from 40 to 6000 s is drawn and shown in Figure 7.6, which gives more insight into
the evolution process of the Ag nanoplates. In Figure 7.6, the diameter of Ag nanoplate grows
faster than the thickness from 40 to 200 s in the initiabdeAfter 200 s, it is found that the

6000 s Ag nanoplates have a smaller diameter than that of 200 s Ag nanoplates but they are
much thicker than 200 s Ag nanoplates. It indicates that the diameter of the Ag nanoplates grows
at a snail's pace after itaghes a certain value and new Ag seeds are favorable to be generated
right on these mature Ag nanoplates and then evolve to Ag nanoplates. This is attributed to the
growth competition between the adjacent Ag nanoplates which limits enlargement of Ag
nanopéte in diameter and force them to grow in thickness and generateion of new Ag

nanoplates, clearly displayed in the inset picturdsgiire7.4Dand7.4E
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Figure 7.4 SEM images of Ag nanoplates after applyidg V for (A) 0's, (B) 10 s, (C) 40 s,
(D) 120 s, (E) 200 s and (F) 6000 s.
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