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Abstract

In transparent conductive oxide nanostructures, oxygen vacancy defects (neutral, singly
chargedand doubly charged defects) are found to be one of the most important and prevalent defects
due to the enhancement of light absorption and charge transport properties, improved performance in
photoelectrochemical water splitting reaction driven by vidigtg, and the introduction of
ferromagnetism. However, the traditional methods of creating of oxygen vacancies, including
hydrogen thermal treatment, high energy particle bombardment, and thermal annealing under oxygen
depletion condition, generate oxygercancies mostly at the surface of the nanostructures. The
performance of these nanostructures is therefore limited to surface oxygen vacancies. More
importantly, the surface oxygen vacancies are found to be highly susceptible to oxidation upon long
termexposure to air. In addition, the dependence of optical, photoelectrochemical, and magnetic
properties on the surface morphology and oxygen vacancy defect composition ofthmemsional
transparent conductive oxide nanostructures are not well undirgtoo these reasons, there is a
great interest in the development of a novel method to create oxygen vacancies both at the surface and

in the bulk of transparent conductive oxide nanostructures.

As two of the most important functional transparent cotideioxides, TiO, and ZrQare
specially preferred catalysts for photoelectrochemical water splitting reaction because of their suitable
band edge positions for hydrogen evolution and exceptional stability against photocorrosion upon
optical excitation. Inhe present work, highly oxygeteficient TiQ and ZrQ nanostructures
including nanobricks, nanopopcorns, nanowires and nanosheets are prepared on Si substrates by a
onestep catalysassisted pulsed laser deposition method. The use of a high vacuam ayst Ar
flow, and precise control of the gefdhnoisland catalyst size, interfacial Si@yer thickness, and
growth temperature have enabled us to produce oxgggcient singlecrystalline nanostructured

films with different morphologies and differecdmposition of oxygen vacancy defects.

The oxygerdeficient TiQ nanostructures have been chosen as the starting point of the
present study. For Tihanowires reported to date, the oxygen vacancies have been found to form
just within a few tens of nanaeters at the outer surface of these nanowires, and the photocurrent
density is significantly reduced by two to three orders of magnitude when ultraviolet light (<430 nm)
is filtered out from the AM 1.5G simulated sunlight. Here, we demonstrate, forgherfie, that by

manipulating the thickness of the Sikuffer layer, together with appropriately optimized growth



temperature and growth environment, it is possible to synthesizen@i@belts, and corrugated
nanowires, straight nanowires, and taperi€d) ianowires decorated with Tianocrystallites

using a onestep catalysassisted pulsed laser deposition method. We further show that the amount

of oxygen vacancy defects depends on the growth temperature, while our electrochemical impedance
measuremant confirms the lower charge transfer resistances at the depletion layer of the decorated
nanowires. Photoelectrochemical measurement under simulated sunlight (100 3n%kitons that

the photocurrent density measured at 0.5 V (vs Ag/AgCl) for the dedarat®wires (1.5 mA/cth

is found to be significantly higher than those of nanobelts (0.18 nf}\/aanobricks (0.25 mA/c)

straight nanowires (0.6 mA/én and corrugated nanowires (0.94 mAfmMore importantly, the
photocurrent density of defedth decorated nanowires is reduced only slightly from 1.5 mAtom

1.4 mA/cnf when the ultraviolet light (<430 nm) is filtered out, which represents 87% of the overall
photocurrent. The high activity in the visible region can be attributed to a largertamhaxygen

vacancy defects in decorated nanowires, and to the enhanced charge transfer from the nanocrystallites

to the cores of the decorated nanowires.

To extend the aforementioned method to other transparent conductive oxidagzo®ires
with different morphologies and compositions of oxygen vacancy defects have been prepared by
tuning the golehanoisland catalyst size and growth temperature. Tgeoa hierarchical Zr@
nanowires(lZ.lmA/cmz), consisting of individual Zr@nanowires decorated thiZrO, nanoplates,
have showrl.9times more photocurrent density than that efjiasvn regular nanowirg®.4
mA/cnt). The photoelectrochemical performance efjEsvn nanostructures has been further
improved by partial delamination or flaking of thegaswn nanostructured film by a simple
hydrofluoric acid treatmenThe photocurrent density of the partially delaminated hierarchical
nanowires, obtained after the HF treatment, isibto increase remarkably to.42mA/cnf, i.e.
nearly3.5 timesthat ofthe asgrown hierarchical nanowires due to improvement occtiraposition
of oxygen vacancy defects, charge carrier transport resistance, and specific surface area of the as
grown singlecrystalline hierarchical nanowires. More importantly, thetrfatedpartially
delaminated hierarchical nanowire film electrode provides the highest cathodic photocuBgat of
mA/cnf( at 1T0.8 V vs reversible hydrogen electrode)

date.

The variation of the pulsed deposition growth temperature also producgsatréstructures

with different specific surface areas and amounts of oxygesineg defects, including nanobricks,
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nanopopcorns, nanospikes, and nanowires. The presence of different types of oxygen vacancies
(neutral, singly charged, and doubly charged defects) and their correlation t§ twdation states
(4>x>1) are found taffect the exchange interactions and the ferromagnetic properties of these
nanostructures. The saturation magnetization measured at 2000 Oe for the nanowires (5.9 emu/g) is
found to be significantly greater than those of nanospikes (2.9 emu/g), nanogddcdremu/g), and
nanobricks (0.6 emu/g), while the coercivity for the nanowires (99 Oe) is approximately twice that of
the nanobricks (50 Oe). More importantly, a Curie temperature (Tc) considerably above room
temperature has also been observed for tBg3gnanostructures, including nanowires (700 K),
nanospikes (650 K), nanopopcorns (550 K), and nanobricks (400 K). We also provide the first
experimental evidence that it is the amount of defects in and not the phase thlaZ €dntrols the
ferromagndt order in undoped Zr{hanostructures. The present work therefore provides, for the

first time, a direct correlation between the surface morphology and the composition of oxygen
vacancy defects with the photoelectrochemical and ferromagnetic propéttiestaO, and ZrQ

nanostructures.
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Chapter 1

l ntroducti on

The present work focusses on the development of deféctonedimensional transparent
conductive oxide (TCO) nanomaterials, particularly that of, 5@ ZrQ, and their applications as
ultra-efficient photocatalysts for photoelectrochemical water splitting reaction (for hydrogen
generation) and as hight dilute ferromagnetic semiconductors for spased technologies. This
Chapter will briefly describe the general properties of TCO rneunisred materials, the significance
of TiO, and ZrQ over other TCOs, and the advantage of-stmichiometric hanostructures over
stoichiometric TiQ and ZrQ nanostructures. This will be followed by an overview of the strategies
used tadmprovethevisible-light photoelectrochemical water splittipgrformancef TiO, and ZrQ
nanostructures, and the basic concepts in the development of dilute ferromagnetic semiconductor

oxides. The last section will discuss the scope and structure of the thesis.

1.1 Transpa rent Conducting Oxides

Transparent conductive oxides (TCOs) are conductive metal oxides with a wide band gap
(greater than 3 eV) that enables the transmittance of light up to theialea(UV) region and are
often found to be4type?! Over the past faudecades, TCO nanostructured materials have received
considerable attention due to their availability, biocompatibility, versatile morphologies, and
enhanced performance in catalytic photoelectrochemical water splitting for hydrogen generation,
photodegadation of organic pollutants, and dsensitized solar celfsin general, TCOs have two
unique structural features: switchable and/or mixed cation vacancies, and adjustable oxygen
deficiency® which are the bases for the development of smart functicai@rials with unique
electronic, optical, and chemical properties. A number of theoretical calculations and experimental
studies have also suggested that dopipliase structuréand intrinsic point defectsould contribute

to the ferromagnetic behavioaf these oxides.

Among the various TCOs, Tiand ZrQ are two of the most important functional oxides,
and are especially popular for photoelectrochemical reaction because of their exceptional stability
against photocorrosion upon optical excitatiokelother TCOs, Ti@and ZrQ are mainly
synthesized in nanoparticle or thin film forms, partly because of the natural increase in the specific
surface area in the nanoscale and the potential opportunity in manipulating their nanoscale properties,
both ofwhich are of great interest to catalysis, sensing and other nanotechnology applications.
Recently, synthesis of ordtmensional (1D) Ti@Qand ZrQ nanostructures has attracted much

attention due to their many unique physical and chemical properties,iimglod dimensionality,



single crystallinity, high lengtho-width aspect ratio, and the quantum confinement effect. Together
with their excellent mechanical strength, chemical stability, and outstanding optical property, the wire

geometry also providesid confinement channel for charge transport

As the stoichiometric narstructure has a similarly large band gap as that of the bulk material
(O 3eV), they only absorb photons with wavelengt
represents onlyi®% of the solar spectrum at sea level. This poor light absorption, e§pectak
visible region, limits the efficiency and leads to the requirement of artificial UV illumination of the
catalysts in order to achieve better performance. To improve the photocatalytic activity in the visible
region (& > 400 ave bepn madedortunethedand gaps offT€CQs, ahd these
include doping with metals and nonmetals, and creation of oxygen vacancies by thermal annealing in
hydrogen or oxygen depletion condition. The current problem with doped catalysts is that they have
almost no activity in the visible light regidrand in some cases they actually exhibit lower activity in
the ultraviolet region than the undoped T€8acause of the high charge carrier recombination in
dopantinduced defects. The major challenge with thegendeficient TCOs is that the pest
treatment creates oxygen vacancies only at the surface of the nanostraoaites, photoactivity

performance of these TCOs remains limited by the surface oxygen vacancies of the nanostructures.

The relative compdtson of the oxygen vacancy defects (neutral, siradigrged, and doubly
charged oxygen vacancies) has been found to be the origin of some of the most fascinating properties
in the these oxides, including increased conductiVignhanced visibiight absorption®* greatly
improved photoelectrochemical water splitting reactiVitgnd roomtemperature ferromagnetic
property™* For 1D nanostructures of TCOs, engineering the types and composition of defects,
including oxygen vacancies, are cruciattmtolling the physical and chemical properties of these
oxides.The dependence of optical, photoelectrochemical, and magnetic properties on the surface
morphology and on the composition of oxygen vacancy defects of 1Dna@&3tructures are,
however, not welunderstood. The present work will therefore focus on defeletTiO, and ZrQ 1D

nanostructures.



1.2 Visible -light Driven Photoel ectrochemical Water Oxidation
1.2.1 TiO, as the photocatalyst for photoel ectrochemical water splitting

1.2.1.1 Properties of stoichiometric TiO, nanostructures

TiO, occurs in nature in three mineral forms: rutiles(a= 4.584 A, c= 2.953 A), anatase (a
=b=3.753 A, c=9.372 A), and brookite (@b =3.753 A, c=9.372 A)* While utile is the most
common form in nature and the most stgsblymorph among the thré@mms, anatase and brookite
canboth be converted to rutile by annealing. The crystal structures of these polymorphs are shown in
Figurel.l. Both the anatase and rutilelong tathetetragonakrystalsystemwhile the brookite has
the orthorhombic crystal system. In all these polymorghganium atom is surrounded by six
oxygen atoms in aomewhatlistorted octahedral configuration. In rutile, the octahedron shows a
slight orthorhombic distortiorwhile the octahedron of anatase is significantly distorted so that its
symmetry is lower than orthorhombic. These differencéletattice structuretead todifferert
volumedensities and electronic structures as well as other chemical and physiealipsofhe band
gaps of rutile, anatase and brookite T#Pe estimated to be 3.0, 3.4, and 3.3 eV, respectivéty.
addition, TiQ can beeasily reducedand the titaniuiroxygen phase diagraftis very rich with
multiple stable phasesontaininga vaiety of crystal structure@-igurel.2). The reduced rutile Ti©
is the focus of the present stu@ydTiO, here refers toutile TiO,unless stated otherwise



Figurel.1l Crystal structures of Ti@ (a) rutile, (b) anatase and (c) brookifeand O atoms are
represented by big blue and small red spheespectively’”

" Reproduced with the permissiomiin: Zhu, T.; Gao, SJ. Phys. Chem. 2014 118 11385 11396.
Copyright (2014 by the AmericarChemicalSociety.
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TiO, contains TiOs, TizOs, seven discrete phases of the homologous ser@s,T(Magneli phases),

and Tio.1®

The high chemical stability, netoxic environmerdl acceptability, long lifetime of
photogenerated carriers, suitable band gaps anddayelpositions in relation to the redox potentials
for water splitting Figure1.3), low cost and general availability have made ;To@e ofthe most
promising photocatalysts for hydrogen production through photoelectrochemical water splitting
reaction and for the other applications including water or air purification andeshgitized solar
cells}*# Figure1.4 shows the operation principle of a photoelectrochemical water splitting cell

using an rtype TiO, nanocluster as the photoanode, a Ag/AgCl reference electrode, and a Pt wire

counter electrod& Upon absorption of a photon with energy equaiigher than the band gap

AReproduced with the permission foriiarlimont, H.; Martienssen, W. (EdsSpringer Handbook of
Condensd Matter and Materials Dgt&pringer: Berlin 2005 Copyright (2005) by the Springer Berlin
Heidelberg.



energy, an electron is promoted from the valence band into the conduction band of the semiconductor,
leaving a positive charge (the hole) in the valence band. The photogenerated electrons and holes are
then separated by an eléctiield close to the interface between the semiconductor and the

electrolyte. This electric field is developed due to the formation of a Schgfikycontact between

the semiconductor and the electrolyte. The photogenerated electrons travel to tistr&esabd are

then transported to the counter electrode where they redioaddand generating the hydrogen gas.

The positive holes migrate to the interface, where they oxidiZei@id to produce the oxygen

gas.
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Figurel.3 Representative thermodynamically (a) suitable and (b) unsuitable materials for water
splitting reactions, with theiramdgaps and baretige positions relationto the redox potentials for
water splittingshown with respect to normal hydrogen electrode (NHE) and vacuum{¥ac).

¥ Reproduced with the permission froBabu, V. J.; Vempati, S.; Uyar, T.; RamakrishnaPBys. Chem.
Chem. Phys2015 17, 2960 2986.Copyright (208) by the Royal Society of Chemistry.
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p TiO, NCs
l Charge Transfer A

Figurel.4 Schematic diagram of the mechanism of a photoelectrochemicalspéiténg reaction.

An expanded view of a Tihanocluster (NC, red sphere), consisting of Ti (green spheres), O (pink
spheres), and H atoms (brown spheres), is shown as the bottom inset. The top inset shows the
electrori hole pair generation in TiuponUV1 Vis light illumination, which supplies holesjhfor

the oxidation of OHleading to Q evolution at the photoanode and electrony (gon traveling to

the counter electrode through an external circuit, for reduction leadinggendratiorf®

1.2.1.2 Modification of TiO, nanostructure to improve the performance in visible-light

Given that stoichiometric Tichas a bandap of 3.0 e\*it can absorb only UV light,
making it an inherently poor sunligbtiven photocatalyst becausd t r avi o W8 mm) |l i ght
represents onlyi®B% of the solar spectrum at sea leWlorder to achieve significant improvement
in catalytic activity by usinghevisible light component (representing 43% of the solar spectrum),
precise control of theaichiometry, shape and specific surface area of the nanostructures, as well as

the types and concentrations of dopants is necessary.

(a) Doping
Doping is the introduction of foreign elements into the host oxide without giving rise to new
crystallographi forms, phases or structur@s® The strategy to alter the band gap of 769 doping

is an important approach as this could determine the portion of the solar spectrum that the catalyst

% Reproduced with the permission forBrivastava, S.; Thomas, J. P.; Rahman, A.;-altah, M.; Mohapatra,
M.; Pradhan, D.; Heinig, N. F.; Leung, K. ACS Nan®014 8, 11891 11898.Copyright (2014) by the
AmericanChemical Society.



absorbs and, consequently, the amount of energy that can pbtdrgiabnverted to reactive species.
Several approaches for Ti®and gap modification have been proposed: metaimplantation of
TiO,with metal ions of transition metals (Cu, Co, Ni, Cr, Mn, Mo, Nb, \/,fie Au, Ag, Pt>?

and doping Ti@with nonmetals (N, S, PY"?° Composites of Ti@with semiconductors with a lower
30,31

band gap energy (e.g., sensitization using CdS nanopatrticles, heterostructut€¥onGrio,)
have been prepared to further extend the region of light absorption.

Modifying pure photocatalyst materials with metal ions, especiafiipdk transition metal
ions such as Béand CF*, causes the insertion of impurity energy levels between the parent
conduction band and valence baktj(rel.5). The inserted energy levels provide $1#md gaps
inside the original band gap, and cause electron excitation at a lower energy than those required by
pure TiQ.% The resulting excitation could originate from the dopabtdd to the host condiimn
band or from the host valance band to the dopdratndi Figurel.5). As a result, photocatalytic
reactions can be initiated by the absorption of photons with energy equal to or less than the band gap
of the TiO,. The electrons and holes for the excited state can recombine and dissipate the input energy
as heat, get trapped in metastable surface states, or react with respective electron acceptors and
electron donors adsorbed on the semiconductor surface ém thiehsurrounding electrical double
layer of the charged particles. The electrons and holes could therefore participate in redox reactions
with water, hydroxide ion (OH, organic pollutants or oxygen, leading to mineralization of the
pollutants (e.g., O, and HO), as the valenebkand hole is strongly oxidizing while the conduction
band electron is strongly reducing. There are two routes through whicta@ehls can be formed,
i.e. by the reaction of the valenband holes with either adsorbedHor the surface OH groups on
the TiO, particle. Depending upon the exact conditions, the holes r@titals, @, H,0, and Q

itself can play important roles in the photocatalytic reaction mechanism.

However, several studies have indicated that doping could create structural defects that could
become the sources of charge recombination, which cre@atentially negative effeét**In some
studies, caloping with a conjugate metal cation pair is found to be more useful than single atom
doping, because eoping with a conjugate metal cation pair such a&/BI°* can preserve charge
equality of thedoped photocatalysts and result in improved and extended photocatalytic*ability.
However, this may not necessarily prevent structural defects arising from the differences in cationic

radii between the dopants and the host photocatalyst.



Doping with nometak such as N, C andi8 TiO, could introduceémpurity energy leved
above the hostalence bandFigurel.5). Similar to metadoping strategies, anionic-clmping,e.g.,
involving N/FTiO, or N/F- and CINZNWO,,*® has been used to lowttre charge defects, btie
guantum efficiencies in many cases remafarior whencompared with the excited photocatalysts
becaus®f the pronounced charge recombinatiothetlopantinduced defect site$§
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Figurel.5 Schematic diagram of bam@dp engineering and mechanisnpbbtocatalysiseactions
for pure,transitionmetal (TM)dopednornrmetal (NM) dopedand oxygen vacanayefectrich TiO..

Doping with transition meil and nonmetal ions therefore fghifts the TiQ absorption from
the UV to the visible region, but there are a number of challenges associated with the use of metal and
nonmetal doping to improve the efficiency of the photocatalytic processes. Althmigtesence of
metal and nonmetal dopants has been found to enhance charge separation in some cases and
interfacial charge transfer in many other cases, the dopants could actually cause rapid charge
recombination through their switchable redox states afny/introduction of defects. For example,
the reaction F& + € + Fé&* could reduce the photogenerated electron diffusion length and lif€time.

In recent studies, it has been found that extended phspmnse may actually originate from the



color centers (a type of crystallographic deféstahich ananionicvacarty in thecrystalis filled by

one or more unpaireglectrons) and oxygen vacancies that arise from ddping.

(b) Oxygen vacancy defects

Oxygen vacancies in TikZan behave as both important adsorption and active sites for
heterogeneous catalysis, whidtirately affect the reactivity of Ti*® Moreover, it has been found
that the electronic structufeécharge transpoff,and surface properties of Ti@re closely related to
the amount of oxygen vacanciégzor example, the formation of oxygen vacasadn TiQ could
lead to the creation of unpaired electrons &f @énters, which produce donor levels in the electronic
structure of TiQ (Figure1.5).** Both theoretical and experimental results suggest thaixitess
electrons located on the oxygen vacancy states could affect surface adsorption and the reactivity of
key adsorbates such as @ H,O on Ti0Q..** In addition, oxygen vacancies have been found to reduce
the electrorhole recombination and increase ttonductivity of TiQ.*®

There are aumber ofmethod to createoxygen vacancieis TiO, and other TCOs, including:
1 thermal annealing ia hydrogen environment;
91 high-energy particle bombardment;
9 doping with netal and nonmetal ions; and
1 thermal annealingnder oxygermepletedconditions (i.e., iraninert environment).
Thermal annealing ina hydrogenenvironment. The interactions betweenldnd TiG are
different depending on the elevated temperattiBelow 300 °G H, interacts physically with the
adsabed oxygen, whichas been confirmeloly the disappearance of tekectron spin resonance
signals of adsorbed oxygefibove300 °C, electrons frorthe hydrogen atomare transferretb the
oxygen atomsand the oxygen atoifnom the surface of Ti@leaves vith the H atonvia the
formation ofH,O. When the temperaturerigisedto 450 °C thereactionbetween Hand
TiO, proceeds more dnaetically, by which he electrons of the H atoms are transferred toofi
TiO,, creatingTi** defects At 560 °C, the eletrons locatedh the oxygen vacancy states are driven
away and transferred to*T; decreaimg the amount obxygen vacancieshile increagng the amount
of Ti*". In addition, Ti interstitialsare also founéh thereducedTiO, matrix during annealing in
hydrogen®’ Ti interstitialsdo not affect thehemical and physical propertias much as oxygen

vacancie$®

High-energy particle bombardment High-energy electron and iampactcangenerate
oxygen vacancies on tfi@O, surface bypreferentiallyrenoving oxygen ions and neutral atoms from
10



thesurface’®* Electrons with energy greater than 34 @hdesorb surface oxygertomsthrough
an interatomic Auger recombination proc&sg. Similar to electron bombardment, ion sputtering
(such as argon im Ar*) and plasma treatment (involviligh-energy species such as electronss,
atoms and radicalsouldalso create oxygen vacancies on the surface of fidThe disdvantage
of thesdechniqusis that oxygen vacancies are created exclusivetile surfaceegionand can be
easily healed by exposure to molecular oxygen even at low temperature.

Doping with metal and nonmetal ions Doping of TiO, with metal or nonmetabnsalso
createxygen vacancies in TiOFor example, the substitutiofifee® for Ti*" ions in the lattice can
result in formation of oxygen vacancies in Tf®However, it is generally difficult to control
substitutional doping, and in most cases atoms are often found on the interstitial sites of the host
lattice. These imrstitial dopant atoms can act as recombination centres for photogenerated electrons
and holes, which would become counterproductive to the performance.

Thermal annealing under oxygen depleted conditionrOxygen vacancies can also be
createdn pure TiQ by annealingat elevated temperature (generally >400 °C) imart
environment, such as a pure He,ddAr atmosphere an vacuumr?*®Thereductionof O, partial
pressurajenerally increasdbe concentration of oxygen vacancies. However, the oxyaesneies
so produced are created mostly at the surface region, and they slowly disappear upon texgiosure

even at room temperature

As all the aforementioned methods create oxygen vacancies mostly in the surface region, the
performance of photoactiyi of TiO, (and other TCOsemaindargelyrestricted to the surface
oxygen vacancies alfie nanostructure While the development of a new method that will create
oxygen vacancies in both the bulk and the surface region of the TCO nanostructuresadngnins
challenge, it is fundamentally important to nanoscience and is of great interest to nanotechnology

applications.

(c) Developing defeetich, singlecrystallineTiO, nanostructures with high specific surface areas

For all catalyst materials, a highexific surface area is an essential physical attribute because
this generally increases the number of active sites per unit area and therefore the reactivity. The
smaller the patrticle size, the larger is the surface area with respect to the voluithe G@ecific
surface area), and therefore the higher is the activity for the same amount of fifakagalD
nanostructures, including nanowires, nanorods, nanobelts and nanofibers, have been extensively

studied, because of their specific morphology aoel properties. In comparison with nanoparticles,
11



1D nanostructures not only inherit almost all of the typical features of nanopatrticles, but also display
new properties and improved performances in some specific’axeasn the diameter (along the

radal dimension) of a 1D nanostructure is comparable to such important physical parameters as the
exciton Bohr radius, the wavelength of incident light, and the phonon mean free path. In addition, the
single crystallinity of a 1D nanostructure provides dhigy for charge carrier transport along the

axial direction’® In the present thesis, we will mainly focus on oxygen vacancy deéfbgtsingle

crystalline 1D TiQ nanostructures.

A variety of 1D TiQ nanostructures have been synthesized by botithestistry and dry
deposition techniqued The wetchemistry methods, including hydrothermal -gel, anodization,
and electrospinning, are efficient for mass production and they are capable of providing highly
uniform products. However, these types of preessften require very precise control of the
parameters of the solutions involved (e.g. concentrations of precursors and growth solutions, pH,
viscosity, and growth temperature). As the precipitate precursors could contain unwanted
contaminant speciesgditional removal and purification steps are required once the growth is
complete. Additionally, post treatments such as cleaning, compaction, and sintering are often
necessary to integrate these nanostructures into the final material product or ahieviadding
both cost and complexity to the process. The major disadvantage of thieem@stry synthesis is
that the 1D nanostructures so obtained are invariably polycrystalline in rfgiguee(.6).%° The high
resistance ofitese polycrystalline 1D nanostructures limits its photocatalytic and electronic

applications.
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Figurel.6 (a) SEM image and (M)EM image of 1D TiQ nanostructure prepared by a typical wet
chem(isgiry methd. TEM image shows that the-geown nanowires are composed of nanoparticles of
TiO,.

In contrast, nanostructures produced by dry deposition techniques that make ugghafkgas
reactions as in chemical vapour deposition and thermal evaporatiosehavral advantages over
solutionbased methods. As the nanostructures can often be grown directly onto a desired substrate,
this allows for easy integration into an existing device or product during the manufacturing process.
Additionally, the higher growt temperature often employed in these methods provides a higher
degree of crystallinity, producing singteystalline materials. As a tighter control over chemical
reactants requires more precise gas flow in chemical vapour deposition, or the use ofil0% p
source materials in thermal evaporation technique, more reproducible growth outcome can be
achieved when compared to the wwhemistry method. As a result, a number of vggwse assisted
growth methods, including chemical vapor deposition and pHyspar deposition, have been
developed for the preparation of highality 1D TiQ, nanostructures on a desirable subsftate.

Of the vapomphase growth methods, the vagiguid-solid (VLS) growth mechanisthis the
most widely used growth techniquar synthesizing singlerystalline 1D nanostructures. Wagner
and Ellis first used the VLS mechanism in 1964 to account for the growth of Si nanowhiskers using
Au as the catalyst on a Si(111) substr&igyre1.7).%* In the VLS growth method, a vaporized

" Reproduced with the permission froshi, J.; Wang, XCryst. Growth Des2011, 11, 949 954.Copyright
(2003) by the American Chemical Society.
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source material is used. A metal catalyst in the liquid phase provides preferential deposition sites for
the vaporized source material, which enable the chemical adsorption and confinement required for
onedimensioml growth. The liquid droplet, formed by the eutectic reactions between the source
material and the catalyst, is prerequisite for the VLS growth. The vaporized source material initially
adsorbed on the surface of the catalyst droplet is subsequentlyeabsudbthe droplet. Once the

amount of the source material has exceeded the finite solubility limit of the source material in the
droplet, the excess source material diffuses to the ksplid interface of the substrate, creating
nucleation sites for 1banostructural growti’he enhanced confinement of the vapor species on and
into the liquid catalyst facilitates a higher reaction rate (of the constituents for nanostructure
formation) at the liquid droplet than that of the surrounding area, confingngrttwth to one

dimension. Upon cooling, the liquid catalyst solidifies, producing a cap at the tip of the nanostructure.

CB,.
SILICON

VABOR CHYSTAL

Au=SL LIOUID
VWY alLoy T

SILICON SUBSTRATE

a b

Figurel.7 Schematic representation of the growth of Si nanowhiskers by the-l@yadrsolid

growth mechanism. (a) Initial droplet formation at the catalyst site. (b) Growth of nanowires with
metallic alloy at the tip™***

A"’Reproduced with the permission froagner, R. S.; Ellis, W. GAppl. Phys. Lett1964 4, 89 90.
Copyright (1964) by the American Institute of Physics.
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Similarly, TiO, nanowires have been grown by the VLS growth mechanism using Au as the
liquid catalyst* Due tothe high melting points of Ti (1668 °C) and 5i(1843 °C), a protective
buffer layer (with thickness greater than 60 nm) is often employed to activate the sifesisitige
catalyst, in order to grow the nanowire at high temperature by traditionalivdpposition
techniques such as chemical vapour deposition and thermal evaporation. For examp|eli®So0
TiN layer has been used as the buffer layer, on which a thin laye’8f®Gu* or Au'’®* has been
used as the catalysts to promote Vit8vgh of TiO, nanowires (on a Si substrateljowever, the
presence of a dielectric or insulating buffer layer that is too thick on a conductive substrate could have
adverse effects on the growth characterifiosygen vacancy’ and charge collection fifiency,’
all of which could also negatively impact the electronic properties of the nanodevices. Controlled
synthesis of a 1D Tignanostructure on a conductive substrate at a lower temperature with a buffer
layer of an appropriately chosen thickness)(Am) by an alternative vapour deposition method is
therefore extremely important for future technological applications.

As the lower charge collection efficieréypf the dielectric or insulating buffer layer limits
the application of VLS growth of 1D O, nanostructures, VL-§rown TiG, nanowires have not been
studied for photoelectrochemical water splitting property. The reported work on photoelectrochemical
water splitting property is mainly performed by using 1D Jli@nostructures prepared by the
aforementioned wethemistry (hydrothermal, sgiel, electrospinning or anodization) methdts.
Similar to TiG, thin films and nanopatrticles, oxygen vacancies can also be created in 1D TiO
nanostructures by annealing in hydrogen. The hydrtgatied TiQ narowires with stable oxygen
vacancies have been found to exhibit a photocurrent density 3.5 times that of pristine
TiO, nanowiregFigure1.8).** However, the inciderphotonto-currentconversion efficiency (IPCE)
was found to be only 3% in the visible light region (> 400 nm). It is therefore extremely important to
create oxygen vacancies in the bulk of Fil@stead of just the surface layer as obtained, e.g., by
hydrogenationin order to achieve high performancetie visible light region.
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Figurel.8 (a) Photocurrent densis andb) IPCE spectrdor the pristine TiQ nanowiresand TiQ

nanowires after annealing in fat 350, 400, and 450 7@s a function ofppliedpotentialvs.
Ag/AgCl, along with their photographs (inset8)”

Of all the synthesis techniques of 1D nanostructures (hydrothermgklsainodization,
chemical vapour deposition, and thermal evaporation) and théreashent methods of crigag the
oxygen vacancies (hydrogen treatment, fégkrgy particle bombardment, doping, and thermal
annealing in reduced oxygen pressure), the majority of the defects are created within the surface
region (a few nanometers from the surface) of these trastges. Although the overall reactivity
can be increased due to the higher specific surface area, improved light harvesting ability, and
enhanced charge transfer property of these 1D A@&ostructures (i.e., less recombination),
especially when comped to (planar) thin films and nanoparticles, the photocatalytic activity is still
limited to just the ultraviolet region of the solar spectrum due to the large band gaps. To overcome
this critical shortcoming, it is therefore important to introduce apjatgpband gap states in order to

capture the visible light and to enhance its efficiency in this region. New synthetic methods that are

Y YReprinted with the permission fromiang, G.; Wang, H.; Ling, Y.; Tang, Y.; Yang, X.; Fitzmorris, R. C.;
Wang, C.; Zhang, J. Z.; Li, Wano Lett2011, 11, 3026 3033.Copyright (2011) byhe American Chemical
Society.
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capable of inherently creating oxygen vacancy defects inside the 1D nanostructures, along with
capability to introducsuch rough surface morphologies as corrugated nanowires, nanecrystal
decorated nanowires, and hierarchical nanowires would therefore be highly desirable. These methods
will provide novel photocatalysts capable of absorption of more visible light (duertodetect

states in the band gap) and provision for more reaction sites, both of which would ultimately improve
the photoelectrochemical water splitting reaction performance in the visible light region.

1.2.2 ZrO, as a photocatalyst for photoel ectrochemical wa ter oxidation

1.2.2.1 Properties of stoichiometric ZrO, nanostructures

ZrO, is known to occur in three polymorphs at atmospheric pressure: the monoclinic,
tetragonal, and cubic phasé#t room temperature, the most stable phase of Br@e monoclinic
phase, wich occurs naturally as the mineral Baddeleyite, and is stable up to ~1478 K. At 1480 K and
ambient pressure, the tetragonal phase becomes thermodynamically stable, and it transforms into the
cubic calcium fluoride structure at 2650 K. The crystal strestof these polymorphs are shown in
Figurel1.9. Evidently, the tetragonal and the monoclinic structures can be considered as distorted
cubic structures. Both tetragonal and cubic phases can be stabilized at lower temperatiueitny r
the crystallite size and by introducing phasabilizing impurities in the bulk and at the crystal
surface’*"*The zirconiurroxygen phase diagram is showrFigure1.10. Like TiO,, ZrO, can be
reduced asily, and the ZO phase diagrathis very rich with multiple stable phases containing a
variety of crystal structures. The reduced monoclinic and tetragonghdr@structures are the focus
of the present study.
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Cubic Tetragonal Monoclinic

Figurel.9 Cubic, tetragonal and monoclinic Zr@ttice structures (lower panel). In the upper panel,
theindividual polymorph cells are spa@xpanded to provide a better view of the three different
phases. In the lower panel, the cubic ethken as reference to show the deformation of the oxygen
sublattice for tetragonal and monoclinic Zr@ashed lines and arrows). Large dark red spheres and
small light grey spheres represent O and Zr atoms, respecfively

%8 Reproduced with the permission for@allino, F.; Valentin, C. Di; Pacchioni, ®hys. Chem. Chem. Phys.
2011 13,17667 17675.Copyright (2011) by th&oyal Society of Chemistry
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Figurel.10 Zr-O phase diagram. At room temperature, zirconium exhibits a hexagonally close
packed crysZml whi al tZg & E@dygediered cubic dystal structure, at 1163

K. Zi r coni unphaseunttthesneliing pointhTée pbasngitions between the

monoclinic and tetragonal phases and between the tetragonal and cubic phases are observed at 1478 K
and 2650 K, respectivel§f™

Zirconiumoxide is currently used in a variety of applications, for example, as a solid
electrolyte in aygen sensoféand solidoxide fuelcells operating at low temperaturéshermal
barrier coatings for gas turbine jet engiffdspst material for nuclear waste containni@ets a gate
dielectric material in metadxide semiconductor devices (gendydh combination with

hafnium)® and as a catalytic support mediffiks stoichiometric Zr@has a band gap (monoclinic

™ Reproduced with the permission foritarlimont, H.; Martienssen, W. (EdsS$pringer Handbook of
Condensed Matter and Materials Daaringer: Berlin 2005 Copyright (2005) by the Springer Berlin
Heidelberg
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4.99 eV, tetragonal 5.56 eV, cubic 4.62 8\épnsiderably higher than TiQrutile 3.0 eV, anatase 3.4
eV, and brookite 3.3 eV)ZrO, can only be used as photocatalysts under UV light irradiation and its

application in visibldight-driven photocatalysis is severely limited.

1.2.2.2 Strategies to improve the visible light activity of ZrO, nanostructures
(a) Doping

In order to improve the visie-light-driven photocatalytic water splitting performance, the
impurity band created by the defects (introduced by dopants or hydrogen annealing) inside the host
band structure should satisfy two criteria: a conduction band minimum sufficiently ndgatiise
generation and a band gap sufficiently narrow for the absorption of visible light. The band gap of
ZrO, could be effectively reduced by doping with a variety of metal elements, such as Cr, Mn, Fe, Co
and Ni®¥8 However, due to the hybridization tfe atomic orbitals, almost all of the transition metal
dopants in Zr@creates impurity bands far below the redox potentials of water splitting (0 V versus
NHE) (Figure1.11).2” As oxygen vacancies usually createimpurity band just below the conduction
band minimum, in contrast to the deep donor band produced by the transition metal dopants,
introducing oxygen vacancy defects into Zduld therefore provide an important solution to the
above problem. Activeforts should therefore be placed on band gap narrowing of ZrO

Y Zro, ZrO,:Fe, ZrO,:Fe,

— 4.60 eV 223 eV

©
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Figurel.11 Calculated bangdge positions of pure ZgZrO,:Fe,, and ZrQ:Fe. ZrO,:Fe, and
ZrO,:Fe represent Zr@doped with Fe atomis substitutional and interstitial positign
respectivelyp” * 4

AAIéieprinted with the permission frordiao, M.; Li, Y.; Lu, Y.; Ye, Z.J. Mater. Chen. A2015 3, 2701 2706.
Copyright(2015) by the Royabociety of Chemistry.
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(b) Developing defeetich singlecrystallineZrO, nanostructures with high specific surface areas

911 93

2890 precipitation’” ** and hydrothermal

Several wethemistry methods, including $gjel
synthesis***have been developed for the preparation of,fr@vder nanomaterials and thin
films.****These methods all require long reaction times andarustaling at high temperature to
complete the crystallization of ZgODry deposition methodsieh as sputtering,chemical vapor
depositior’ atomic layer depositioff,liquid phase depositiott,and pulsed laser depositi§hhave
also been used for the preparation of thin films ofZFor 1D ZrQ nanostructures, there have been
only a few reprts about their synthesis, whictctlude twestep anodization of superimposed Al/Zr
films,*** hydrolysis and condensation of zirconium sol on tubular alumina tempiatéand
chemical vapour deposition of ZyGowders at 1000 °€? As an example, Gure 1.12llustrates the
basic procedure of fabricating integrated arrays of highly ordered zirconia hanowivdsilay
alumina templaté® Superimposed Al/Zr layers sputgeposited on glass substrates were used as the
starting specimerHgurel.12 A-a). The specimen was then subjected to a congtaantial
anodization in a strong acidic electrolykégurel.12 A-b). Upon complete Al anodization, a highly
ordered prous anodic alumina film with the desired pore dimension was obtained. This was then
followed by a second constaguirrent anodization in a weak acid electrolyte to produce a zirconia
nanowire array due to the highly antirrosive nature of Zr metal. Climing Zr anodization to only
the pore base of the porous anodic alumina film allowed the external growth of solid zirconia along
these alumina nanopordsidurel.12 A-c). Finally, the porous anodic alumina tentplevas
selectively removed by chemical etching to expose the integrated zirconia nanowire array on glass
(Figurel.12 A-d). The resulting zirconia nanowire template exhibits an average nanowire diameter of
40 nm an a pitch spacing of 120 nm, and the nanowires reach a height of 310 nm, with ddieight
diameter aspect ratio of 7.76igure1.12 B). However, the major disadvantages of'fHiand other
methods such as hydrsig and condensation of zirconium sol {gel) on tubular alumina
templaté® are that the agrown nanowires are polycrystalline and the precursor materials are

incorporated into the final structure as impurities.
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Figurel.12 (A) Schematic drawing of the fabrication procedure of zirconia nanowire arrays on glass
substrates by a tailored tvavep anodization process. (B) Scanning electron micrograph of a fractured
crosssection of a highly ordered anodiicconia nanowire array partially embedded in a porous
alumina film*¥ Y

In the case of dry deposition methods, Znanowires grown by chemical vapour
deposition® (involving ZrCl, powders at 1000 °C) were found to be amorphous. In addition, due to
extremely low vapour pressure and high melting point of ,2f¢the vapouiquid-solid (VLS)
growth’* of 1D ZrO, nanostructures biyaditionalchemical vapour deposition and thermal
evaporation techniques, as two of the most promising and reproducibiia gnethods to prepare
highly crystalline 1D nanostructures, has not been succeksfutherefore important to develop an
alternative vapour deposition technique for produdibghanostructurelsy the VLS growth

mechanism at lower temperature thantthaditional vapour deposition techniques.

The pulsed laser deposition technique can be a suitable solution for this problem due to its
many unique advantages over other dry deposition methods. Unlike thermal evaporation and chemical
vapor deposition, putsl laser deposition involves direct laser ablation of the target material into the
gaseous form without affecting its stoichiometry. The absorption of aitighsity laser energy
pulse by a small volume of target material leads to vaporization in thealyenonrequilibrium
regime. As a result, activation of the catalyst could occur at a lower temperature, thus allowing the
formation of 1D nanostructures at a lower temperature than other vapour deposition methods.

Furthermore, variable substrate tempama, oxygen partial pressure and reductive growth

Y'Y Reprinted with the permission fro8hu, S-Z.; Wada, K.; Inoue, S.; Segawa, H Electrochem. So2011,
158 C148.Copyright (2011) by the Electrochemical Society.
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environment during pulsed laser deposition growth can be used to control not only the rate of

deposition but also the morphology and the amount of oxygjated defects®

There has been no study on gfetoelectrochemical properties of oxygen vacancy defect
rich, singlecrystalline 1D Zr@nanostructures. These reduced ZtO nanostructures are expected
to show similar advantages (such as enhanced electron transport properties, reducedwcltarge
recombination, and visibligght driven photoactivity) as oxygesteficient 1D TiQ nanostructures,
discussed above. Intense efforts should therefore be made to synthesizergstgléne 1D ZrQ
nanostructures in order to achieve the optimum performfangdotocatalysis and other
technological applications.

1.3 Transparent dilute ferromagnetic semiconductor oxides

1.3.1 Prospects and challenges in the development of transparent dilute

ferromagnetic semiconductor oxides

In most semiconductor devices, the chargihe electron is used to carry and transport
information. If the semiconducting material is ferromagnetic, the electron spin of this material can
also be exploited. The use of both charge and spin of the semiconductor material would provide an
additionaldegree of freedom for building novel electronic devices, where logic and memory
operations could in principle be seamlessly integrated onto a single device. One of the most
interesting new magnetic materials to emerge in the past few years is diluteafpmatin
semiconductors with Curie temperatures (Tc) well above room temperature. This family of materials
encompasses traditional binary and tertiary semiconductors andbandgap semiconductor oxides,
in which a sizable portion of the host lattice ascane substituted by transition metals or rare earth
metals (lanthanides), producing localized magnetic moments in the semiconductor matrix. Usually,
the magnetic moments are originated from the 3d and 4f open shells of the transition metal and rare
earthmetal atoms, respectively. Some examples of dilute magnetic semiconductors.ie,B8,
Cd.,Co,Te, Ph,EuTe, and transitiometatdoped TiQ, ZrO,, and Zn0O%®*° |t has been suggested
that a strong spidependent coupling between the band strustangl localized states accounts for
the giant spin splitting of the electronic states, formation of magnetic polarons, and exchange
interactions between the magnetic moméfit@wing to the possibility of controlling and probing the
magnetic properties hyanipulating the electronic subsystems of the band structures, dilute magnetic
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semiconductors have become a fertile testing ground for investigating a number of fundamental
guestions about the nature of the exchange interactions between electronsoéithurtures and

of the localized stat€d?

In 1970s, Manganese has been employed in growing bMkMn -based alloys by various
modifications of the Bridgman method (a singtgstal growth method).' Research on dilute
ferromagnetic semiconductdnas since been extended to materials containing magnetic elements
other than Mn and to other host semiconductors, including group IV elemental semiconductors as
well as IILVI, IV -VI and 1lI-V compound semiconductots.*** In early 1990s, there was rdpi
progress in dilute ferromagnetic semiconductor research as the result of development of crystal
growth methods that could produce crystals far from thermal equilibrium. These methods include
molecular beam epitaxy and laser ablation, and they have baoisible to synthesize dilute
ferromagnetic semiconductors with the content of the magnetic impurity beyond the solubility limits
of thermal equilibriunt’® For example, lowemperature molecular beam epitaxy has been used to
produce thin films of GgMn,As with x up to 0.07 and the hole concentration in excess?Otad,

the ferromagnetic ordering of which has been observed up to 3 K.

In 2000, a theoretical study suggested that-teghperature ferromagnetism could be
possible in Madoped ZnQ(a widebandgap semiconductor oxidg) Soon thereafter, it was
proposed that the entire series of transition metals could be used to partially substitute for Zn in ZnO
to produce roortemperature ferromagnetisiti,and the experimental evidence for thystem was
later obtained in 20083° The first experimental evidence for rodemperature ferromagnetism was,
however, obtained in lasablated Cedoped TiQ thin films in 2001 However, the observed
magneti c moment wpersCoat@nSigce than,allot of stufies Baveebeen carried
out for doped transparent conductive oxide thin films, in search of materials that might exhibit a large

magnetic moment at or above room temperaltiré:

The most studied system is transition mel@bedTiO, thin films.**? All of the transition
metatdoped TiQ thin films have been found to be ferromagnetic above room temperature, and the
observed magnetic moments are quite laFggufe1.13). The largest value f 4 peRdopant atom
found for V-doped TiQ films (Figure1.13, inset) is particularly noteworthy because vanadium atom
itself is known to be nonmagnetic. This suggests that the observed ferromagnetisnerafsitive
of intrinsic nature and not due to the dopants. Similarh4thin films doped with V or Cr also

showed roomtemperature ferromagnetic behavidtirSince V and Cr metals are themselves
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nonmagnetic, it is therefore unlikely that the ferronegm observed in the V or @oped 1nO;

films could come from the dopant metals even if they were to form localized clusters.
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Figurel.13 Saturated magnetization (at 300 K) fansition metatloped TO, thin films grown ora
LaAlO; substrate 8823 K. The inset shows thmagnetization curviaken at 300 K for a Moped
TiO, film (with the magnetidield applied parallel to theurface of thdilm). 12238

Growth conditions have been found to affect ead therefore be used to tune the magnetic
properties of dilute ferromagnetic semiconductor oxides. The saturation magnetizatietojoed/
ZnO thin films obtained with the growth temperature increased by only 50 °C have been reported to
increase by aorder of magnitudé®* In a separate study, it has been found forddped ZnO
(Zng gMng 10) thin films that the growth temperature and oxygen partial pressure during the
deposition could be used to control the ferromagneliS8for instance, the film gwn at 650 °C
with an oxygen pressure of 0.1 Torr was found to be ferromagnetic, while no ferromagnetism has
been observed for the film grown at 400 °C with an oxygen pressuré &fd®. These results
therefore suggest that instead of dopants, the growth conditions (growth temperature and oxygen
pressure) might provide the necessary defects and/or oxygen vacancies to effect the observed
ferromagnetism. This hypothesis is in actwith the theoretical report that vacancies are the

necessary ingredient to create additional bands inside the semiconductor band structure that are

835 Reprajuced with permission frontong, N. H.; Sakai, J.; Prellier, W.; Hassini, A.; Ruyter, A.; Gervais, F.
Phys. Rev. B004 70, 195204 Copyright (2004) by the American Physical Society.
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responsible for ferromagnetisiit.To further confirm the role of transition metal dopants as the
ferromagnetic impurities in transition metal dopsdmiconducting thin films, a series ofr&y
absorption spectroscolfyand Xray magnetic circular dichroism measurem&itn Cr, Mn-, or
Co-doped TiQ films were carried out at the Cr, Mn, and Cg; edgesl.nghese results reveal the
paramagnetic behaviour of dopants (Cr, Mn, and Co) in thes#@r, or Codoped TiQ films,'*

and the observed ferromagnetic signal must therefore come from defects in the doped matrix. Very
similar results have also beentabed for the Caloped ZnO film, with the Co contribution to the
magnetic property of the doped film found togaamagneti¢>° More importantly, while annealing

in oxygen could evidently improve the crystallinity of theddped ZnO film, this posgrowth

treatment also reduced the ferromagnetic ordéfirlg. this system, improving the crystallinity
(elimination of structural imperfection) and removing oxygen vacancies both greatly degrade
ferromagnetism. Indeed, structural defects and oxygen vasano play a critical role in tuning

the ferromagnetic behaviour in doped transparent dilute ferromagnetic semiconductor oxides
(TDFSOs). These results therefore suggest that the ferromagnetism of TDFSOs does not depend
appreciably on the type and congaatibn of dopants. Indeed, it is the oxygen vacancy defects,
induced by the presence of dopants, that mainly control the ferromagnetic ordering in doped
TDFSOs.

Very similar results were also obtained for undoped TDFSOs. The observed ferromagnetism
is indwed by structural defects and/or oxygen vacancies that are formed mostly at or near the surface
of the thin films*****3and powder nanomateridf§.**® In addition, the effect of confinement as
imposed by the nanostructure also plays an importanirréégromagnetic orderintg***’For
example, a 10 nfthick ZnO film was found to exhibit almost 200 times higher saturation
magnetization than a 375 amick ZnO film*’ In other cases, a specific crystal pRasel the
amount of oxygen vacancy defééfs®’are found to be the dominant factors for ferromagnetic
ordering in a particular nanostructdrEor example, ferromagnetism has been observed only in
tetragonal Zr@thin films, but not in monoclinic Zrgxhin films (Figurel.14). In almost all the thin
films and powder nanomaterials, the ferromagnetic ordering has been found to increase with

increasing oxygen vacancy concentratiort®’
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Figurel.14 Magnetization vs margtic field curves for Zrexhin films with different crystal phases:
S218i completely tetragonal ZrpDS317i mixture of monoclinic and tetragonal Zr&nd S416
completely monoclinic Zr@ Inset shows the enlarged hysteresis loop of $218.

1.3.2 Existing models of ferromagnetism in TDFSOs

To date, the mechanism that governs the magnetic interactions in the transparent dilute
ferromagnetic semiconductor oxide (TDFSO) systems is far from clear, and it remains under intense
debate***3#1**The discovery oferromagnetism in oxygen vacancy defdgch ZrO,,> TiO,,**?and
ZnO**°thin films and powder nanomaterials have attracted special attention in the field of nanoscale
magnetism, which begs the key question: Is doping really necessary for introducingafgretism
in these materials? Or rather, does doping really just enhance the magnetism that already exists in the
oxide host in the form of a thin film or nanoparticle? Furthermore, as the observed ferromagnetism
could only be found in lovdimensional sysims, the role of confinement effects should not be

overlooked.

To explain the ferromagnetism in TDFSOs, various models have been proposed. The very

first model for doped TDFSOs considered that the dopant cations (with d electrons) have well

" Reproduced with the permission froNing, S.; Zhang, ZRSC Adv2015, 5, 3636 3641. Copyright (2015)
by the Royal Society of Chemistry.
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localized magatic moments and they couple with each other ferromagnetically (i.e., through long
rangeordered interactions) via thg Boles or 4 electrons of the valence batidAs the dopants in
semiconducting oxides could have a paramagnetic moment, this modeiateeem to work for
ferromagnetism in TDFSOs. In addition, given the very small amount of dopants (a few percent), it is
unlikely that the exchange interaction could be that significant. On the other hand, the observed
magnetization has been reportedéoindependent of the dopant concentratfdii’which suggests

that the RudermaKittel-KasuyaYosida interaction may not be the main cause of ferromagnetism in
TDFSOs. This model therefore fails to explain the origin of ferromagnetism in TDFSOs.

In the secalled polaron percolation model, the defects in doped TDFSOs are taken into
account:* The model treats the carriers (of the host semiconductor and dopants) as localized carriers
in a semiconductor impurity band, in contrast to the-faier measfield approach?****Exchange
interaction of the host semiconductor localized holes with magnetic impurities leads to the formation
of bound magnetic polaronBigure1.15).'%°*****This model is also applicable to host
semconductor localized electrons (not just to localized holes). Since the concentration of magnetic
impurities is much larger than the hole concentration, a bound magnetic polaron consists of one
localized hole surrounded by a large number of magnetic irmgaurithe localized holes of these
polarons act on the magnetic impurities surrounding them, thus producing an effective magnetic field
for these impurities. An energy minimum is reached when the impurity spins become parallel to the
spins of localized hote At sufficiently low temperature, the system could therefore reach a state in
which the neighbouring magnetic polarons start to overlap and interact with each other via interaction
with impurities between them (as illustrated by lshaped region ifigurel.15). A ferromagnetic
transition would occur when the cluster of correlated polarons reaches the size of the sample (the so
called infinite cluster limit). However, this model cannot explain he@unTdilute ferromagnetic
semconductor oxides can become so high or how semiconducting oxides without any transition metal

dopants (i.e. without any electrons) can be ferromagnetic.
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Figurel.15 Interaction of two magnetic polararBhe polarons are shown as grey circles, while the
small and large arrows represent impurity and holes spins, respettively*

Very recently, a new model has been proposed to explain the ferromagnetism uniclefect
semiconducting oxides. This-salled charge transfer ferromagnetism model is based on an impurity
band introduced by defects, with the assumption that the presence of a charge reservoir in the system
would facilitate hopping of electrons to or from the impurity band leading to spin sp(fEigure
1.16).*° For dilute ferromagnetic semiconducting oxides, this reservoir is also consistent with doped
semiconducting oxides (such as {daped ZnO). However, this model still cannot explain how
ferromagnetism could occur undoped TCOs such as H{diO,, ZnO, SnQ, because of the

absence of a charge reservoir in these pristine oxides.

A A’Sl?é‘*eproduced with the permission frokaminski, A.; Das Sarma, £hys. Rev. LetR002 88, 247202
Copyright (2002) by the Amecrican Physical Society.
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Figurel.16 Schematic representation of the proposed chtnegrsfer ferromagnetismodel for

TDFSOs containing mixedalence transition metal dopants such as manganese. This mechanism
involves electron transfer from Mito the local density of statellyE)) associated with the

interfacial structural defects, raising the Fermi level fieak irNg(E) and causing Stoner splitting

(an exchange interaction that splits the energy of states with different spins and states near the Fermi
level are polarized) of the defect band (indicated with red and blue cBfbs) ¥

While all of the aforenentioned models could account for some aspects of the observed
ferromagnetism in these intriguing materials, a complete picture of the origin of ferromagnetism in
pure (i.e. undoped) dilute ferromagnetic semiconducting oxides remains unclear. Whiletionapa
model could account for observation in one system (such as doped semiconducting oxides), it fails to
explain the other systems (such as undoped semiconducting oxides). This area of research therefore
represents one of the most interesting andegihg areas in nanomagnetism and is an exciting area
in nanoscience in general. Fundamental understanding of the origin of ferromagnetism in these
important materials promises new advances inbpsed applications including spinelectronics,

guantum inbrmation processing, and targeted drug delivery and biomonitors.

¥ ¥ YReproduced with the permissifmom: Farvid, S. S.; Sabergharesou, T.; Hutfluss, L. N.; Hegde, M.;
Prouzet, E.; Radovanovic, P. ¥.Am. Chem. So2014 136, 7669 7679 Copyright (2@.4) by the American
Chemical Society
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1.4 Motivations and Scope of the Thesis

Among all the defects identified in TCOs, oxygen vacancy is found to be one of the most
important and is supposed to be the prevalent defect, as fiertprs of TCOs, including its light
absorption, charge transport, photocatalytic performance, and magnetic properties, are all closely
related to oxygen vacancy defects. For these reasons, there is a great interest in the development of
controllable synthsis of TCO nanostructures rich with oxygen vacancy defects. As discussed in
Section 1.2.2.2, reduced Ti@ith oxygen vacancies can be produced by hydrogen thermal treatment,
high-energy particle bombardment or therranhealingunder oxygen depleted cdtidn, by which
oxygen vacancies can be effectively created on the surface pfHd@ever, surface oxygen
vacancies are not stable and are susceptible to oxidai@nmlongterm exposure to air or by
dissolved oxygen iwater. For this reason, creatiogygen vacancies in the bulk of TiOffers a
superior approach to achieve a stable reduced hGtocatalyst. In addition, the dependence of
properties, such as optical, photoelectrochemical, and magnetic properties, on the surface
morphology, and oxygevacancy defects of the one dimensional TCOs are also not well understood.
Further efforts are required to rationally engineer the oxygen vacancy defects in TCOs, with the goal
to manipulate its properties deemed desirable for advancing magnetic andrefetsgyapplications.

In the present work, we use catatgssisted pulsed laser deposition method for the synthesis
of oxygen vacancyich 1D TiO, and ZrQ nanostructures on Si substrates. The use of a high vacuum
system, and precise control of the go&hoisland size, interfacial Si@yer thickness, growth
temperature and Ar flow have enabled us to produce, for the first time, oxygen vachnsingle
crystalline nanostructured films with different morphologies and composition of oxygen vacancy
defects (neutral, singly charged, and doubly charged defects) in one step. A series of detailed studies
are performed to optimize the growth morphology, amounts and composition of oxygen vacancy
defects, and to understand the underlying growth mechanismufviaquaid-solid versus vapotsolid
growth) of different nanostructures, including Fi@anobelts, nanosheets, and nanowires (corrugated,
straight, and Ti@nanocrystal decorated), and Zn@anopopcorns, nanospikes, and nanowires
(regular and hierarchicalpur objectives are twipld: (a) to develop fundamental understanding of
their structureproperty relations through precise control of the growth parameters, and (b) to exploit
the novel properties of these deteich nanostructures for visibleght driven photoelectrochemical

water splitting and spidependent magnetic properties.
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After a brief introduction to the general properties of defiett 1D TiG, and ZrQ
nanostructures and their synthesis methodologies (Chapter 1) and a short desctiption of
experimental setup and characterization techniques used in this work (Chapter 2 ), we present the
results otthreedifferent studies on oxygen vacancy defieéch TiO, and ZrQ nanostructures. In the
Chapter 3, we report the controlled growth of 1@Jinanostructures with different morphologies
and with incorporation of oxygen vacancy defects on a Si substrate bystepneatalysassisted
pulsed laser deposition method. By manipulating the thickness of thé&&iér layer, together with
optimized growth temperature and growth environment, we are able to synthesjzeahiibelts,
corrugated nanowires, straight nanowires, and taperegnii@wires decorated with T3O
nanocrystallites. We demonstrate direct correlation between morphology, oxaagercy defects,
and the photoelectrochemical water splitting properties. The different amounts of oxygen vacancies of
the asgrown nanostructured films cause their colour to change from lighter blue for nanobelts to deep
blue for straight nanowires anddeeyish black for decorated nanowirébotoelectrochemical water
splitting measurement under simulated sunlight shows that the decorated nanowires provide one of
the highest anodic photocurrent densities of,Ti@homaterials reported to date. We further
demonstrate that the decorated nanowires exhibit the highest photoactivity in the visible region (>430
nm), which represents 87% of the overall photocurrent. The higher activity in the visible region can
be attributed to the more conductive Ti@nostruaires (i.e., with a larger amount of oxygen
vacancy defects), and to the enhanced charge transfer from the nanocrystallites to the core of the

decorated nanowire.

The strategy of intentionally making defeith TiO, nanowires that are highly photoactive
in the visible region in a oretep method inspires us to explore the present synthesis technique for
making defectich ZrO, nanostructures. In Chapter 4, we present the development of aaatitta
photocathode for photoelectrochemical water splittorg, production. Consisting of individual
ZrO, nanowires decorated with Zg@anoplates, this photocathode is also synthesized bgtepe
catalystassisted pulsed laser deposition through the valjgmuid-solid growth mechanism with aid
of a SiQ bufferlayer on a Si substrate. The already superior composition of oxygen vacancy defects,
charge carrier transport resistance, and specific surface area ofgttwsvassinglecrystalline
hierarchical nanowires have been further improved by a hydrofluoridreaittnent, which causes
partial delamination or flaking of the-gsown nanostructured film. Xay photoelectron spectroscopy
reveals the presence of different types of oxygen vacancies (neutral, singly charged and doubly

charged defects) and their comjiomal correlation to the Zf oxidation states (4>x>1), which are
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found to affect the charge transfer process, thge conductivity, and the photocatalytic activity of

ZrO, nanostructured film. The partially delaminated hierarchical hanowire filntretecprovides the

highest cathodic photocurrentof 22.1 mAfdqmat 10.8 V vs reversible hydr
visible light (>400 nm) reported to date, which represéfis of the overall photocurrent. This

electrode also exhibits a stable cathodic current even after 2 h continuous illumination aitigsuper

water splitting performance with the Faradaic efficiency estimated to be nearly 100%.

In Chapter 5, defeaich, dopantfree nanostructures of Zs@ith different specific surface
areas and amounts of oxygen vacancy defects, including nanobricks, nanogpapeoospikes, and
nanowires, have been prepared by cataygsisted pulsed laser deposition method. We show that the
nanowires exhibit remarkably high saturation magnetization (5.9 emu/g) and coercivity (99 Oe) at
room temperature at a very small extémagnetic field (2000 Oe). These novel properties are
attributed to the large amount of defects and high specific surface area. More importantly, Curie
temperature (Tc) considerably above room temperature is also observed for these ZrO
nanostructures, @uding nanowires (700 K), nanospikes (650 K), nanopopcorns (550 K), and
nanobricks (400 K). We also provide the first experimental evidence that it is the amount of defects in
and not the phase of Zg@at controls the ferromagnetic order in undoped,zddostructures. The
presence of different types of oxygen vacancies (neutral, singly and doubly charged defects) and their
correlation to the Zf oxidation states (4>x>1) are found to affect the exchange interactions and the
formation of ferromagnetic imd magnetic polarons, similar to that exerted by dopants in transparent
dilute ferromagnetic semiconductor oxides. A new direct correlation between ferromagnetism and the
types of oxygen vacancy defects in both monoclinic and tetragonahZr@structurgis therefore

established.

The present work therefore not only introduces a new simple strategy to intentionally create
oxygen vacancy defects in fabricating defech TiO, and ZrQ nanostructures, but also provides
new opportunities in a variety oflao energy driven applications. New insights into magnetic
ordering in dopantree transparent dilute ferromagnetic semiconductor oxides are also obtained,

which promises new design of exotic magnetic and novel multifunctional materials.
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Chapter 2

Experi meochail gles

In this Chapter, we outline the experimental techniques used for synthesis and
characterization of Ti@and ZrQ nanostructured materials, as well as evaluation of their
photoelectrochemical water splitting performance and magnetic properte®f Aescription of
each of the relevant methods follows.

2.1 Pulsed Laser Deposition

Figure2.1 shows the Pulsed Laser Deposition (PLD) system (NanoPLD, PVD Products) used
for depositing Ti@and ZrQ nanostructure§’’ Equipped vith a turbomolecular pump that delivers a
base pressure better than 1%T®rr, the PLD system consists of a higbwer UV pulsed laser,
transfer optics and a multiport deposition chamber. A KrF excimer laser (248 nm, Lambda Physik
COMpex 205) operatingith an energy of 108600 mJ per pulse and a repetition rate-601Hz is
used to vaporize the material of interest. The laser light is aligngfthcusedon the target by
focusing lenses and a rastering mirror. The laser pulses pass through a fusedrglliev before
entering into the vacuum deposition chambeside the deposition chambarsix-target carousel
with each target holderapable ofotating aroundhe targetxis provides uniform ablation 6the
entiresurface of the targghy rastemg the laser beam across the diameter of the tdrget
deposition chamber is equipped with four gas flow meters for four different feed gases, a current
source for the substrate heaters, a thermocouple to measure the temperature of the substrate holder,
and an external pyrometer to monitor the temperature of the substrate mounted on the substrate
holder.An assembly of infrared lamps is used to provigiativeheating of thesubstrate up to(®
°C. The substrate is mounted facing down towards the targtte substrate holder with ttzamp
assembly mounted at the backside. The subgtrasrgetseparatiortan be varied by moving the
substraténoldervertically with alinearmotionmanipulator A four-channel mass flow controller
(MKS 247D) is used toontrol the flow meterswvhich in combination with a variable leak valve
deliverthe setpressure of the process gago the deposition chamber. Ti@hd ZrQ targets are
prepared by colghressing their respective commercially available powders (Ald®R199% purity)
with a pressure of 20 MPa followed by sintering in air &IGEC for 24 h Typically, TiO, and ZrQ

are deposited on the substrate, which is kept 25 mm from the target, by operating the laser at a fluence
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of 350 mJ/pulse with a repetitionteaof 5 Hz for a period of 90im while the substrate temperature
is varied between 60&8nd770 °C.

To evaluate the effect of surface $i@yeron nanostructural growtltommercial ptype
Si(100) chips (resistivity 0.00Q.002 ohracm, Siegert Waferaremodifiedto produce three different
substrates: (RC/i) chemically oxidized Si obtained after RCA cleanifffH-Si) H-terminated Si
obtained by etching witth M hydrofluoric acid; and (O:6i) thermally oxidized Si by annealing
RCA-Si in G;at 850 °C forl20 mn. To produce the catalytic seed layeifacilitate the appropriate
growth mode of interesgold nanoislands (GNIs) are synthesized on the three modified Si(100)
substrates by magnetron sputtering a gold taygéatally for 4-20 s followed by anaaling in N and/
air at 500600°C for 3060 min, andwe designate thesulting templateasGNI/RCA-Si, GNI/H-Si,
andGNI/Ox-Si. Minor variations of these preparation procedures are given in later chapters,
wherever relevanThesize distributions offte GNIs can be determinég processing their scanning
electron microscopy images with threageJ softwar&'
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Figure2.1 Photographs of (top) the pulsed laser deposition system, consisting<oFtlecimer
laser, the alignmentpcusingand rastering optics, and tiiacuumdeposition chamber, along with
the electronic control rack and gas box; (bottom left) the rauigjet carousel and substrate mount
assembly inside the chamber; and (bottom ridte)ablation laser plume of the target during
deposition.
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2.2 Characterization of Physical Properties

The morphologies and crystal structures of Ritbwn TiO, and ZrQ nanostructures have
been extensively studied jectronand ionmicroscojes and Xray diffraction, in ordeto
investigatehe growth mechanisms, structdpeoperty relations and shagependent propertias

the nanostructures

2.2.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is used to analyze the morphology and elemental
composition of a nanostructured filf° Studying the morphology and surface features of
nanostructures is of great importatoénvestigating the growth characteristics and strueture
property relationship of nanostructures. A photograph of the Zeiss Mettiremission microscope
used for the present work is showrFigure2.2. The core othe Merlinis the enhanced &nini ll
electron opticeolumn whichis equippedvith adouble condenséenssystemto deliveranultrahigh
spatal resolution of 0.8 m for imaginganda probecurrent of up to 300 A for nan@nalytics
applicationsThe unique charge compensation systetteMerlin alsoenabls highresolution
imaging of norconductive sample3.he complete detection system conds three differerin-lens
detector systems for the analysisaofide varietyof sampla: (a) SE detector for (lovenergy)
secondary electrons used for higisolution imaging, (b) EsB detector for enesgfective detection
of (highrenergy) backscattadeslectrons for contragdentification based on electron energy loss
transitions, and (c) AsB detector for angkdective detection of backscattered electrons for
enhancing crystallographical contrahe Merlin is also equipped with an EDAX enedjgpersive
X-ray (EDX) analysis system, which provides elemental identification based on detectigayf X
emission at elemerspecific characteristic photon energies from the sample upon excitation by the
high-energy electon beam. Therdy emission spectiso obtained can also be used for quantifying
the elemental composition of the sample through the intensities of their charactesigijieXission

features.
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Figure2.2 Photograph of the Zeiss Merlin litemission scanning electron microscope, equipped
with both inlens and oubf-lens secondary electron detectors, an enseggctive (EsB) and an
angleselective (AsB) backscattered detectors, and an EDAX eulisggrsive Xray analysis
system.

2.2.2 Helium ion microscopy

Helium ion microscopy (HIM) isery similar to a scanning electron microscapeept that
it employs a helium ion beam as the illuminating particle source instead of an electrofi'beam.
Figure2.3 shows a Zeiss Orion Plus microscope that is capable of an ultrahigh spatial resolution of
0.35 nm due to the considerably shorter de Broglie wavelength of the helium ions than electrons at
the same kinetic energy (30 kV). The source consists of a siegkpeedle held at a high positive
voltage (25 kV) and low temperature (~80 K) in the presence of helium gas. A special source
formation procedure is used to create a{aamically sharp tipvith just three atoms (the trimer) at
the apex. The electricdid density is sufficiently intense at these tip atoms that the impinging gaseous
helium atoms undergo field ionization and become helium ions. Selecting one of these atoms in the
trimer as thesource delivers a beam with a source size below an angsttbankaightness exceeding

5x10 A/(cm?sr) at 20 keVan order of magnitude beyond even a cold field electron erittEne
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ion beam is then collimated and focused through a double electrostatic lens column onto the sample
surface. The beam landing eneman be set typically to 235 keV, with a typical beam current of

0.1-10 pA. The column is used to produce a focused helium ion beam with a spot size of about 0.25
nm. As theadvantage of HIM is the much shorter de Broglie wavelength of theohg compaed to
electrons (at the same kinetic enerdg, ionsdo notscatter as much as electrdnisThis leads t@

better spatial resolution amdso a greatestepth of focus because of the considerably higher forward
scattering cross section of Heomparedd the electronThe increased depibf-focus is of great
importance to imaging orgimensional nanostructures with micrsized height differences. As
high-energy ion impact creates secondary electrons in the near surface, these secondary electrons can
becollected by a EverhardtThornley(secondary electrometector, while the Rutherford

backscattered ions are detected by using a microchannel plate detector. Similar to the secondary
electrons detected in SEM, the secondary electrons collected by taiEVéiornley detector

provide the morphology and electron density information about the surface, while the backscattered

ions offer image contrast based on the atomic number of the elements.

lon Gun

Figure2.3 Photograph of a Zeiss Orion Plus helium ion microscope.
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2.2.3 Transmission electron microscopy

Transmission electron microscopy (TEM) measurements have been perforrseaiyang
thecrystal structurephasedentification and determinatioof surface planesf TiO, and ZrQ
nanostructure¥? In the present work,dih low-magnification and highesolution brighffield TEM
imageshave been diected by using a Zeiss Libra 200 Mfilicroscope, shown iRigure2.4.™* The
Libra system izapable of producing high resolutidrigh contrast imagdsy taking advantage of
Zeisdproprietary electron gun monochromator (M)dKohlerillumination systera as well as the
doublecorrected ircolumn omega energy filter technologyhe monochromatads used to reduce
the energy width ofhe primary electrons to less than 0.2,eékerebyprovidingone of thenighest
energyresolutionsystemdor electronenergylossspectroscopy (EELS)n TEM, a highenergy (200
kV) electron beans transmitted through an ulttain specimerfusually less than 100 nm thicldn
image & formed from the interactions of the transmitted electrons with the atomic columns in the
specimert> To prepare our samples for TEM analy$ige depositedanostructted samplesare
scraped off from the substratasd then dispersed in methanstter sonication for 10 minhie
resuling solution isthendispensed ontthe holey carborTEM gridsfor imaging in the TEM

40



Electron |
Column

Sample
Holder

Electromagnetic
Lenses |

B
Screen B ;

Control
Panel

Figure2.4 Photograph of a Zeiss Libra 200 MC transmission electron microscope.

2.2.4 X-ray diffraction crystallography

X-ray diffraction (XRD) is a powerful technique for identification and characterization of the
crystal structure of a bulk material agdhX-rays could penetrate deep into the materials in order of
millimeters'*® X-ray diffraction is based on constructive interference of monochromatiystith
a crystallindattice in the materiaHigh-energy electroiimpact excitation of a Cu anodgsed to
generate CuKiXrays@.54A.l n t he present work, we use a PANal
diffractometer to identify the crystalline phases and to determine the preferred growth orientations of
the nanostructure&igure2.5). There are different optics and diffraction geometries available for this
system. Due to the very small amount of sanjgéposited on a substrata)d thenanometesize of
the crystallites, the signal strength from these nanostrucinaterialdgs usually very weak and
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dominated by the signal from the substrate. In ordezdacethe signafrom the substrateglancing
incidence Xray diffraction is usetb examire the crystal structure of theipportechanostructuredn
this method, the incidenca n g | e ( ¥ray beain is keptat a Xery shallow angle.(close to
the critical angle of thecattering geometfjywh i | e t he det e c tanmgularidiectisnwe pt 0
Since the incidence angle is below the critical angle, an evanescenisfarimed. This evanescent
wave only penetrates into a thin layer (less than 100ohthe samplend travels on the surface of
the sample, leading to amcreasednteraction of the Xay beam with the nanostructurethterials
supportecn the substratand consequently to a greater signaFor this purpose, a parallel beam
geometryinvolving an X-ray mirror in the incident beam side and a pargtlate collimator in the
diffracted beam side is used. This configuration allglascing incidence Xay diffraction
measurements at a typical incidence angle of Bith isused forthe majority of thesamples
studied in this work

Parallel-Plate ,

Collimator San_nple >< f»eé [
" ‘ posm.o:n X-ray

Tube

Figure25 Phot ogr aph of t he P a-mnagdifffattimeter usedfds gystalt Pr o MR
structure characterization of the@®pared supported nanostructures. The instrument is set up in the

parallel beam geometry employing array mirror as the incident beam optics and a parallel plate

collimator as the diffracted ben optics.
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2.3 Chemical -state Composition Analysis

X-ray photoelectron spectroscof¥PS)is performedn order to examine thelemental
composition, empirical formula, chemical state and electronic state pattostructured film® The
XPSinstrumentused for these measurements is a TheviGoScientific ESCALab 250 Microprobe
(Figure2.6), equipped with ano n o ¢ h r o ma tray souréel(1486.6 eVXoperated at a typical
energy resolution of 0-8.5 eV fulkwidth-at-half-maximum. XPS spectra are obtained by irradiating
the samplesurface with a X-ray beam whilecollectingelectrons gctedtypically from the top 110
nm of the material being analyzad a function of the kinetic energy of theated electronsA
photoelectron spectrum is recorded by countiregnumber of thesaiected electron@he
photoelectronsas a function oélectron kinetic enesg Ex, as determinetly using a hemispherical
electron energy analyzer. The corresponding bindireygy Eg, is calculatedy using the Einstein
equation, as follows: &= hu-(Ex+ ,Gvherehn is thephotonenergy (i.e. 1486.6 eV for Al¥ h is

the Planck constant amds the light frequency), and is thework function*°

Photoaksat characteristibdindingenerges correspond to individual chemical statéhen
compared vith the appropriate standarasijfts in thebinding energythe secalledchemical shift)
containinformation about the local chemical environméfitg.he energies and intensities of the
photopeaks enable identification and quantification of all sudbaaents (except hydrogein)the
material environmentJsing an Argon ion source to sputter away materials interleavingly between
XPS spectral measurements, i.e. XPS depth profiling, it is possible to follow the chstaieal
composition change as a fuion of sputtering depth and thereby in the depth direction in the near

surface region of the sample.
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Figure2.6 Photograph of the TherréG Scientific ESCALab 250 Xay Photoelectron Microprobe
used forchemicaistate quantification of nanostructured materials.

2.4 Characterization of Electrical, Optical and Magnetic Properties

For theelectricalcharacterizatiomf nanomaterialand particularlythose used in the
photoelectrochemical water splitting reaatia number of electrochemical methods have been used.

2.4.1 Electrochemical techniques for analysis

To study the photocatalytic activity of the Li@nd ZrQ nanostructured filmor
photoelectrochemical water splitting reaction, pegformchronoamperometryniwhichthe potential
of the working electrode scanned in atepwise fashiorwhile the current resulting frorthe faradic
processes at the electrode (caused by the potential step) is monitored as a functiot?'ok @hk.
Instruments electrochemicdbtion (CHI 6608 is usedFigure2.7). Employing astandard three
electrode configuratigrthe TiQ, or ZrO, nanostructures grown on theodified Sitemplates, a
saturated Ag/AgCl electrode, and a platinum wireused as the wking, reference, and counter
electrodes, respectivelyjoag witha 1.0 M KOH solution used as the electrolyitee photocurrent
spectraareobtained over an illuminated sample area of 0.2wmer simulated sunlight illuminatipn
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as provided by 800 W ®lar simulatoy consisting of a 300 W enon lampgNewportOriel
Instruments, Model 6881 tpupled with an AM 1.5G filter

Working Electrode Reference
Electrode

Counter Electrode

N

Figure2.7 Photograph of an electrochemical station (CHI 660E) connected teesethctrode
electrochemical cell in typical photoelectrochemical water splitting reaction setup. The
nanostructurg sample is used as tisorking electrodgin the presence of a Pt wire counter electrode
and an Ag/AgCl reference electrode300 W solar snulator (NewporOriel InstrumentsModel
68811) was used to provide the AM 1.5G solar lighte light intensity of the solar simulator was
calibrated to 1 sun (100 mW émwsing a power meter (Molectron, EPM 1000e).

To confirm the stoichiometric photleetrochemical splitting of water, isitu quantification
of the evolved gases is performed by using an Universal Gas Analyser (Stanford Research Systems,
SRSUGA) (Figure2.8).*%? As the measurement is conducteithvihe threeslectrode configuration
in a sealed quartz beaker, a capillary is inserted above the liquid electrolyte to sample the gases
generated by the reaction. The UGA is a stditthe-art benchtop mass spectrometer that operates
from above atmosphierpressure to ultrahigh vacuum. The UGA system is also simple to operate and
maintain, and it is ideal for eline monitoring and analysis of gas mixtures. The UGA system
consists of two main subsystems: a gas handling system and a gas analyzer. ayzEsiaa

guadrupole mass spectrometer that can only operate in high vacuum. The gas handling system
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consists of a capillary, a pinhole, pumps and valves that deliver the sample gas to the analyzer. The
UGA employs two separate diaphragm pumps for stade in order to completely separate the high
pressure sample line from the high vacuum analysis sy$tignré2.8). All the components can be
controlled from both the frortanel and remotely by a computer. To sample the gasgmospheric
pressure, the UGA system uses a-staige pressure reduction scheme. At the first stage, the sample
at atmospheric pressure is drawn through a capillaBng long, 175 um ID), which drops the

pressure by 3 decades. In the second stageahamount of the gas sample is drawn through a
pinhole (40 pm) into the analyzer region pumped by a turbomolecular pump, which reduces the
pressure to ~I0Torr (the mass spectrometer operating pressure), while most of the inlet gas (about
99.9%) flowsdirectly to the bypass diaphragm pump. In this way, the inlet continuously samples the
gases at low flow rates (several milliliters per minute), making the instrument ideal fonrealn

line analysis. A change in the gas composition at the inlet cdatbeted in ~0.2 s.

HIGH PRESSURE REGION

MULTIPLE SAMPLE BYPASS  cm BYPASS
MNLET vaLve CAPILLARY “yaive VALVE GAUGE  PUMP

Y e

e @)
- 2910

RGA VACUUM  |ON TURBO PIRANI ROUGHING
PORT GAUGE PUMP GAUGE PUMP

VACUUM REGION

Figure2.8 Photograph of the SRSGA gas analyzer with a twstage pressure reduction scheme.

2.4.2 Electrochemical impedance spectroscopy

Electrochemical Impedance Spectroscopy (EI®)pswerful echniqudn the studies of
corrosion, semiconductors, batteries, electroplating, and efegjamic synthesi®? In general, EIS
measures theesponse of an electrochemical circuit to an alternating current or voltage as a function
of frequery. In an electrochemical cell, slow electron kinetics, slow preceding chemical reactions,
and diffusion can all impede the electron flovae components in an electrochemical cell can be
considered analogous to the resistors, capacitors, and inductarsgbee the flow of electrons in an

alternating current (AC) circuit. In direct current (DC) circuit, however, only resistors could produce
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this effect. The total impedance in the circuit is the combined opposition of all its resistors, capacitors,
and irductors to the flow of electronknpedance can be expressed as a complex humber, where the
resistance is the real component and the combined capacitance and indegtasentshe

imaginary componen€Capacitors and inductors affect not only the magigtof an alternating

current but also its timdependent characteristics or phase. When most of the opposition to the
current flow comes from its capacitive reactance, the circuit is said to be largely capacitive and the
current leads the applied voltalgg a phase angfé* When most of the opposition to current flow

comes from its inductive reactance, the circuit is said to be largely inductive and the current lags the
applied voltage by a phase angle. The more induiditres circuit, the closer woultdhe current be

90° out of phase with the voltage.

In the case of an ideal resistor (i.e., when the frequency is set to 0 Hz), the resistance R can be
calculated using Ohmés | aw as the ratio between
electochemical impedance is calculated by measuring the current through the cell when an AC
potential is applied at different frequencie;iz). Typically, the current response to a sinusoidal
potential is also a sinusoid at the same frequency but withse jghéft. The change in potentialaE
time (t) is related to the maximum potentigltEs a f uncti on of the radi al

as follows:

E=Esin (at),
w h e r e y fxOn=he @ther hand, the current at timg)tiglshifted in phasand is related to the
maximum current ¢) according to:
lk=lbsin (&t + 04),

where (G is the phase shift. Consequently, the i

Z=E/li=Bsin (@it / (dtly[si@)latI,Bin(at + 0
where % = Ey/l,. The impedance can also be expressed as a complex number with the reab)part (Z
and imaginary part (£) givenat different frequencies, where

Z(a) =gek/pl)tZ(&Zios G4 + | b{H Gd), where |
As different working electrodes are ployed for the photoelectrochemical water splitting

application, the determination of electrical resistance of the nanomaterials deposited on the substrates
is therefore important to understanding the performance gitbieelectrode A typical
photoeleatochemical cell can be commonly simulated as an equiveil@uit in order to better

guantify the effects of different parameters that are crucial to improving the cell performance. A

47



typical equivalent circuit model is shownkigure2.9b. Ina typical photoelectrochemical cell, the

series resistance is an important factor for the overall performance of the photoelectrochemical cell.
This series resistan¢Bs) could be due only to the resistance of pktotrale (i.e. the working

electrode), or to the combination of the contact resistances of counter, working and reference
electrodes. In addition, as ions diffuse in an electrolyte solution, they would adsorb onto the electrode
surface forming a double layerh&@ existence of this electrical double layer at the interface

effectively separates the ions from the charged electrode by an insulating space, forming a chemical
capacitance eleme(CPE) Parameters such as ionic concentration, electrode potentiainpadty
adsorption could affect the magnitude of the capatitdt Finally, the Warburg impedangg,,)
corresponds to the diffusional impedance for-dimensional linear diffusiorin contrast tahe

Helmholtz layer resistan@nd double layer capaaitee, the Warburg impedance is a fideal

circuit elemenbecausdt depends on the frequency of the potertienge At a high frequenyg, the
Warburg impedance is smalthe diffusing reactants doot have taravelvery far, in contrast to

thatat alow frequeng with an increasingVarburg impedancéiowever, the identification of s

difficult because it is always accompantadthe chargdransfer resistance and doutdger

capacitance.

There are several waysdisplay frequency response datalimdingthe Bode' plots and
Nyquist plotsBode' plots displayhe amplitude and phaseparately as functions tife frequency
while a Nyquist plot shows the imaginary part of impedancg,, As a function of the real parkZ
obtained for differentf e quenci es, d&. I n a standard Nyquist pl
frequencies corresponds to the electron transfer limited process, while the series resistance can be
found by reading the real axis value at the high frequency inteFigpte2.9a showsan example of
aNyquist plotobtainedfor a TiO, nanowire film grown on a Si substrate by catabssisted pulsed
laser deposition methddThe same electrochemical statissed for the photoelectrochemical
measuremerit also used for the electrical impedance measureaneninodellindy

electrochemical impedance spectroscopy.
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(a) s
TiO, nanowire AM15G

Figure2.9 (a) Typical Nyquist plot for a Ti@nanowire film under illumination of simulatedrdight

(100 mW/cr). The experimental data (solid circles) are collected in a frequency range between 0.01
Hz and 100 Hz with an AC voltage amplitude of 10 mV and a DC big8.6fV, and they are fitted

with (b) an equivalent circuit model (solid lin@ae equivalent circuit consists oEaries resistance

(Rs), an RC circuit with a resistancef)Rand a chemical capacitance element (§P& the
semiconductor depletion layer, along with a second RC circuit containing the charge transfer
resistance fothe Helmholtz layer (B and the Warburg diffusion impedance,§Zand the

capacitance for the electrochemical double layer ($REa second RC circu@ionnectedn series.
718888

2.4.3 Hall effect measurements

For carrier type and carrier concentration measergs) a Hall effect measurement system
(Ecopia HMS5300) employing the fogpoint probe method in a van der Pauw configuration is
used®®as shown irFigure2.10. The systentan be used tmeasure the carrieoncentrationcarrier
mobility, resistivityandconductivity, andhe Hall coefficientas functions ofemperatureTo assure

good electrical connections for these measurements, aluminum and platinum contacts are sputter

8355 Reproduced with the permission from:A. Rahman, S. Bazarga8, Srivastava, X. Wang, M. Abllah,
J.P. Thomas, N.F. Heinig, D. Pradhan, and K.T. Leung, Energy Envirol, 8863 (2015). Copyright (2015)
by the Royal Society of Chemistry.
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deposited by magnetron sputtering (with a currenOaf® for 120 s) onto the corners of the

deposited nanostructured materials on Si substrates.

Software program X 4 Magnet for
; 80-350 K
measurement

R e i e

ZrO, thin film
sample

Figure2.10 (a) Photograph of the Ecopia HMEB00 Hall effect measurement system, (b) sample
mounting fixture vith upper cooling reservoir.
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2.4.4 Ultra -Violet/Visible (UV/Vis) spectroscopy

In the present study, we us®arkinElmer Lambda 1050V/Vis/NIR spectrophotometdo
measure theptical properties of the ggepared materialincluding their light absorbanced
reflectance Figure2.11)."*’ The doublebeam scanning spectrophotometensists of alouble
monochromatqgrandthree detectors for optimum energy detectioross the entire UV/Vis/NIR
range (1783300 nm) with a UV/Vis resotion of 0.05 nm and a NIR resolution up to 0.20 nin.
gridless photomultiplier detector is used for detection in the UV/Vis range8@FHm), while either
a PeltiercooledinGaAs detector (862500 nm) o PeltiercooledPbSdetector (8668300 nm) is
used for the detectioin the nearinfrared (NIR) regionThis spectrophotometaffers the best

combination of scanning speed and photodynamic range that can be achieved on a given sample type.

Z40 : \ :

cads : - Detectors
E Integrating =
»

Light source

sphere

Sample o
Holder

Figure2.11 Photograph of the Perkialmer Lambda 1050 UV/Vis/NIR spectrophotometer.
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2.4.5 Measurement of magnetic p roperties

A 7-TeslaQuantum Design EverCool Magnetic Property Measurement System (MPMS)
utilizing the Superconducting Quantum Interference Device (S0)kchnologyis used to
characterize the magnetic propertieJi®, and ZrQ nanostructurefiims (Figure2.12).°® The
magnetic moments of the samples are measured as a function of temperature i4Q@BeK1lr8nge
with the ®nsitivity of 1x10° emu.The SQUID andhe superconductingagnet must both be cooled
with liquid helium which is provided by an integrated putsée cryocooledewar systeniiquid
helium is also used to cool the sample chanmlee.sample should be siter than a maximum size
of 5x5 mnf in orderto be insertednside the bore of the magnet and the sample is appropriately
positioned such that the sample vibration occurs in the homogeneous part of the magnelic field.
should be noted that only plastigeezers and quartz holders have been used during the sample

preparation and magnetic measurement to avoid any unintentional ferromagnetic contamination.

System \
Control
Electronics

Control
Computer

: 7 Tesla
Superconducting
magnet

Figure2.12 Photograph of the Quantum Design MPEBQUID VSM system with Evercool
technology.
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Chapter 3
Def edtch DeclosOaatneodwsi rfBourpeiff f i ci ent

*kkkk

Phot oel ectr@wahé&mlcating Driven by Vis

3.1 Introduction

Over the padiwo decadesTiO, hasbeen extensively studied as a photoanode f
photoelectrochemical water splitting reaction due to its compatible-dxdgel positions, high
photocatalytic activity, high resistance to photocorrosion, low cost, and lack of tdXi¢itywever,

TiO, has too wide a band gap (3.0 &\t absorb sunjht in the visible region, which limits its
photocatalytic activy to ultraviolet illuminationSeveral attempts have been maalextend the light
absorptionof this catalyst, and they include dopighydrogen treatmeritand plasmonic

nanoparticle ensitization'™* All of these effortiave only managed foroduce a photocurrent

density no greater than 0.1 mA/timthe visible region(>430 nm).The dependence of
photoelectrochemical activity on the surface morphology and oxyagancy of these 1DiO,
nanostructures amsonot well understoodAs the surface morphology and electronic properties of
TiO, nanostructures can affect the space charge regions diffetbethare especially important to

the overall charge collection efficienby influendng the recombination velocity and the chemical
reaction dynamic$’? Furthermore, these nanostructures (such as nanobelts and nanowires) can also
be used to enhance light harvesting and to suppress charge carrier recombination while maintaining a

high surface area necessary to improve the photoresponse.

There are a variety of techniques to synthesize 1D A@dostructures, including anodization
of titanium foil or wires."®electrodeposition or solution precipitatjpfihydrothemal methods/>*"®
thermal evaporatigff°®*’"*"° and chemical vaps deposition®® One majotimitation of wet-
chemistry methodss that the precursor materials often incorporated into the final structure as an
impurity.*”**®*As a result, the charge transpdiftaiency and material stability are significantly
reduced due to poor crystallinity, and grain boundaHesvever,largescale controlled synthesis of
1D TiO, nanostructureby vaparr deposition i<hallengingdue tothe extremely low vapor

pressurgand high melting poirgof Ti and TiQ. A protectivebufferlayersuch asSiO,, TiO, or TiN

Hkkkk

Reproduced with permissioRahman, M. A.; Bazargan, S.; SrivastavaV%ang, X.; AbdEllah, M.;
Thomas, J. P.; Heinig, N. F.; Pradhan, D.; Leung, KEfergy Environ. Sck015 8, 3363 3373. Copyright @
2015 by the Royal Society of Chemistry.
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is often employed to activate the substsdasitive catalysincludingNi, or Au, n
order to promoteapourliquid-solid (VLS) growth of TiQ narowires.In the absence afbuffer

layer, the catalystvould quicklybecomepoisoned, thus inhibiting VLS growtt’ However the

presence of a dielectric or insulating buffer lalyet is too thiclon a conductive substrate has
adverseeffects on thegrowth characteristic§” andcharge collection efficieng§ which negatively
impactthe electronic properties tfie nanodevicesA simple, alternative vapour deposition method

to provide controlled synthesis of a 1D Ti@anostructure on a conductive suatg with a buffer

layer, of an appropriately optimized thickness (<50 nm), could therefore significantly advance future

technological applications.

Unlike thermal evaporation and chemical vapour deposition, pulsed laser deposition (PLD)
involves direct laer ablation of the target material, without affecting its stoichiometry, into the
gaseous form, which is then exposed to the substrate held at a specified tempdrataipeoiption
of ahigh-intensitylaser energpulseby a small volume of narial leals to vaporization in the
thermally norequilibrium regimeAs a result, activation of the gold catalgsuldoccur at a lower
temperaturgthus allowing the formation of 1D Tianostructureat a lower temperature than other
vapaur deposition method$urthermoreyariable substrate temperature, oxygen partial pressure and
reductive growth environment during PLD can be used to control not only the rate of deposition but
also the crystallinity, morphology and the amount of oxyggated defects> Oxygen vacancies are
highly desirable for metal oxides because oxygen vacancy defects increase light absorption, act as
electron donors and therefore enhance the electrical conductivity and charge transportBroperty,
which can significantly improve their @ytic performance for photoelectrochemical water splitting

reactions.

Here, we use catalysissisted pulsed laser deposition (PLD) to synthesize eéfbctD
TiO, nanostructures with a wide range of morphology on a Si substrate by contr@iidgtaifer
layerof appropriately optimized thickness and the growth temperature. We further demonstrate the
remarkable photoelectrochemical catalytic performance of these-tiefeacanostructures for the

first time in the visible light regior>(430nm) in avater splitting reaction.

3.2 Materials and Methods

The catalystassistedLD techniqueused to synthesize the 1D Gi@anostructures has been

described in detaélsewherg® Briefly, the NanoPLD system (PVEroducts) used in the present
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studywasequippedwith a KrF excimer laser (248 nm wavelengt#d was operated at a fluerfe
350mJ/pulse with a repetition rate of 5 HA heTiO, targetwas preparebly cold-pressing rutile

TiO, powders (Aldrich, 99.9% purity) at a pressure of 25 MHAallowed by shteringin air at 900°C

for 12 h. The temperaturef the substrateould be varied from room temperature to @by

radiative heatingrom infrared heat lamp4d.he targeto-substrate distance was maintained at 25 mm
with the subtate temperature kept 675,700, 720 or 750 °C to facilitate growth of nanostructures
with different morphologiesArgongas wadet into the growth chambext a constant flow rate of

19.8 sccnby usinga mass flowcontrollerto maintaina pressure o180 mTorr

To evaluatehe effect of surface Sidayer, we modified commerciatiype Si(100) chips
(resistivity 0.0010.002 ohmcm, Siegert Wafer) to produce three different substrates: {RiCA
chemicaly oxidized Si obtained aftdRCA cleaning (H-Si) H-terminaed Si obtaiedby etching with
hydrofluoric acig and (OxSi) thermallyoxidized Si by annealingl-Si in O,at 850°C for 120 min.
Using a Filmetric$=-40 UV reflectometer, we estimated the respective oxide layer thickrfesdés
Si, RCASi and OxSi to be 1 nm, 3 nrand 30nm. Gold nanoislands (GNIs) were produced on the
three modified Si(100) substrates by magnetron sputtering a gold target for 4 s followed by annealing
in N, at 500 °C for 30 min, angle designate theesulting templateasGNI/RCA-Si, GNI/H-Si, ard
GNI/Ox-Si. Thesize distributions of the GNiseremeasuredby processing their SEM images with

thelmageJ software.

The surface morpholdgs of the asgrownTiO, nanostructuresn the three templategere
characteried byfield-emission scanning elecon microscop (SEM)in a Zeiss Merlin microscope
The crystal structusof the nanostructuresesreanalyzed by glancinimcidence xray diffraction at
anincidence angle of 0.8°si ng a PANal yti cal XoPer tUradiaton MRD
(154 A). Transmission electron microscopy (TEM) study of thel@sosited structures was
conducted in a Zeiss Libra 200 MC microscdpeflectance spectraere recordedsinga Perkin
Elmer Lambda 950 UWis-NIR spectrometer with a Labsphéntéegrating sphe detectorThe
chemicalstate compositions of the nanostructures were characterizeddyptotoelectron
spectroscopy (XPS) in a VG Scientific ESCALab 250 microprobe with a monochromatid Y K
ray source (1486.6 eV).

Photoelectrochemical measurements for the water splitting reaction using the TiO
nanostructures as the photocatalysts were carried out in an electrochemical station (CH Instruments,

CHI 660E). We employed a standard thedectrode configuration, in which the Tij@anostructures
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grown on the aforementioned templatsaturated Ag/AgCl electrode, and a platinum wire were

used as the working, reference, and counter electrodes, respectively, and a 1.0 M KOH solution was
used a the electrolyte. A 300 W solar simulator (Newg0rtel Instruments, Model 68811) was used

to provide the AM 1.5G solar spectral illumination. Light intensity of the sitanlatorwas

calibrated to 1 sun (100 mwW/éwith a power meter (Molectron, EPM00e) The SRSUGA

system is used to analyze a gas sample at atmospheric pressure via a specially designed 6 feet long
capillary tube (175 um ID). The measurement is done witlsdénecthreeelectrode electrochemical

cell in a sealed quartz beaker, witie tcapillary inserted to sample the gases generated by the
reaction. A shortpass (< 400 nm) or a longass (> 430 nm) filter (Oriel) was coupled with the AM

1.5G filter to isolate the UV or visible part of the simulated sunlight spectrum. Before each
meaurement, the electrolyte was thoroughly flushed witlgdé to remove any dissolved oxygen.

The same electrochemical station was also used for the electrical impedance measurement by
electrochemical impedance spectroscopy.

3.3 Results and Discussions

3.3.1 Growth of defect-rich 1D Nanostructures

The SEM images shown Figure3.lillustratethe effect of aSiO, buffer layerwith different
thickness orPLD growth ofTiO, nanostructurgat 700 °C.On a pristine HSi substrate, laser
ablationof the rutile TiQ target for 90 min producewnobricks with an edge length of 880 nm
and thickness of 8050 nm(Figure3.1al). Smilar film morphologyis also observed on pristine
RCA-Si (Figure3.1b1) andOx-Si substratesKigure3.1c1), whichindicateshatthe presence of a
SiO, layer, irrespective of its thickness, appears to hava&gmificant effect orthe TiG; film growth.
In Figure3.1, we show that the mean diameters of the GNH®ased on the respective pristine
substrates [4 3 nmfor H-Si (Figure3.1a2), 8+ 3 nmfor RCA-Si (Figure3.1b2), and 1% 3 nmfor
Ox-Si (Figure3.1c2)] increase with increasing Si®uffer layer thickness he formation ofmuch
smallerGNIs on HSithanRCA-Si andOx-Si isdueto the relative easef Au silicide formationon
the HSi surface with the thinnest Si@yer** PLD gowth of TiO, onthe GNIH-Si templatefor
90 min at 700C producesnainly flakelike nanastructures (Figure3.1a3), 300-400nm longand3-8
nmthick. The corresponding baedcattered electron images show thaGNI ispresentattheedges

of these nanoflakes$-{gure3.1a4). The presence of reactig dargling bonds at high temperature
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cau®sthe Au atomgo bond strongly to the Si substratéand the resulting GNlare therefordess
prone tobelifted off. In contrast tthe nanobrick film obtained on theigtine HSi substrateRigure
3.1al) the growth ohanoflake onthe GNIH-Si template suggests that GNIs actt@snucleation
sites and lower the surface energiesrgbtal growth planes, whiatonsequehy enhance the
adsorption rate ofjaseouspeciesand promote thgrowth of flakelike nanostructure¥® On the

other handPLD growthonthe GNIRCA-Si template under the same deposition conditpoduces
TiO, nanowires that are notably different frdtake-like nanstructurs (Figure3.1b3,3.1b4). The
surface of thesestraight nanwires appeaismooth, and each individual winasa crosssectioral
diameterof 10-15 nmalong itsentirelengthof several hundred nanometers. The lengitinef
nanowires can becontrolledby changinghe deposition time. Evident|ythenanowires, indicating a
vapourtliquid-solid (VLS) growth mechanism for these nanowit€owever, the presence
of a smallamount of Au at the RCAi substrate interfacéigure3.1b4, inset), as in the case
of GNI/H-Si (Figure3.1a4, inset), suggests that a fraction of Au has diffused through the
interfacial SiQ layer at hijjh temperature during the GNI formation and/or during,TiO
deposition, producing Agilicides at the interface. Interestingly, PLD growth on the GN{/Ox
Si template at 700 °C produces pianobelts, typically 120 nm thick, 5680 nm wide and
several hundrd nm long Figure3.1c3, 3.1c4). The nanobelt has a pointy, triangular tip, with
periodic sawtooth faceting along the sidewalls, the latter reflecting a remarkable oscillatory
growth proces$®” Unlike the RCASI and HSi templaes, the thicker SiQayer on the OSi
template prevents Au diffusion and the subsequensifcide formation, as supported by the

absence of Au at the interfadéiqure3.1c4, inset).
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TiO,/x-Si GNI/x-Si TiO,/GNI/x-Si (x=H, RCA, Ox)

Ox-Si

Figure3.1 SEM images of (al, b1, cl) typical Ti@anobricks deposited in 200 mTorr Ar at 700 °C
and (a2, b2, c2) typical gold nanoislands (GNIs), with the correspondingsaesasian size
distributions (insets), formed on-&i (top row), RCASi (middle row) and O&i (bottom row). SEM
images of the Ti@nanostructures grown in 200 mTorr of Ar at 700 °C on GM8iHtop row),
GNI/RCA-Si (middle row), and GNI/O:6i templates (bottom row) taken as (a3, b3, ¢3) top view and
(a4, b4, c4) crossectioal view. Insets in (a3, b3, ¢3) schematically show the respective
nanostructures. Insets in (a4, b4, c4) show the correspondineseaiamal backscattered electron
images.

We have also studied the effect of deposition (substrate) temperature ondsguture
growth.Figure 3.2 shows the SEM images of Ti@anostructures grown on the three templates at
675 °C, 720 °C, and 750 °C, in addition to those obtained at 700 °C (already sHeguré@B.1a3,
3.1b3,3.1c3). Deposition at 675 °C produces, on all three templates, tapered corrugated nanowires
with stacking faults distributed along the growth directiBigre 3.2al, 3.2b1, 3.21). Simila types
of structures have also been reported for'8ighd ZnO nanowire¥® On the other hand, deposition
at 720 °C on GNI/I5i produces pebblike particles Figure 3.2a3), which is likely caused by
complete onsumption of the thin Sidayer (~1 nm) via silicide formatioti’ As reported in earlier
studies, annealing Si@n Si in high vacuum condition leads to decomposition of 8i®the
interfacial reaction: Si + SiG= 2Si0(g)r***%“and the decompositiorate is further enhanced by the

presence of A2 The surfaces of these peblike particles are decorated with small nanoparticles.
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Interestingly, PLD growth at the same temperature (720 °C) on GNH8QRigure 3.2b3) and
GNI/Ox-Si templatesKigure 3.2c3) leads to tapered nanowires also decorated with nanocrystallites
on the surface, in marked contrast to the straight nanowires with smooth surfaces found on
GNI/RCA-Si at 700 °C Figure 3.2b2). Thenanocrystallitesre also been confirmed bglium ion
microscopy images (not showMhese decorated nanowiraefound to be 0.8..5pum long, with an
average diameter of 50 nm Closer examination reveals that the nanocrystallites on these
decorated nanowires are more concentrated at the base, and the surface of the decorated nanowires
grown on GNI/OxSi (Figure 3.2c3) appears to be rgher than that of the decorated nanowires on
GNI/RCA-Si (Figure 3.2b3). Deposition on the GNIASi template Ba higher temperature (750 °C)
produces pebbiiike structuresKigure 3.2a4) similar to those obtained at 720 Figre 3.2a3). On
GNI/RCA-SI, nanoflakes and pebHli&e particles are observed at 750 fagire 3.2b4) and 770 °C

(not shown), respectively, likely due to the gradual consumption of thisl&i€r (3 nm) via the
interfacial reaction. In contrast to the GNi&il (Figure 3.2a4) and GNI/RCASI templatesKigure

3.2b4), nanowires decorated with larger nanocrystallites grown on GMNBI@k 750 °C Figure

3.2c4) or higher temperature are observedriure3.3, we schematidly summarize the different

1D TiO, nanostructures obtained on the three templates: GNIYRIC&NI/H-Si and GNI/OxSi,

with the respective estimated thicknesses for the Rier layer of 1 nm, 3 nm, and 30 nm, at

different growth temperatures.
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675 °C 700 °C 720 °C 750 °C

TiO,/GNI/H-Si

TiO,/GNI/RCA-Si

TiO,/GNI/Ox-Si

50 nm 50 nm = 1 400nm

Figure 3.2 SEM images of Ti@nanostructures grown in 20 mTorr Ar at (al, b1, cl1) 675 °C, (a2, b2,
c2) 700 °C, (a3, b3, c3) 720 °C, and (a4, b4, c4) 750 °C on G8lI(tbp row), GNI/RCASI (middle
row) and GNIOx-Si templates (bottom row). The corresponding lower left insets show schematic
models of the respective-gsown nanostructures, with the magnified SEM images of selected
nanostructures shown in the upper right insets.
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Figure3.3 Schematic models of Tighanostructures grown on gold nanoisland (GNI) modified
Si(100) templates at 675, 700 and 720 °C.
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Figure3.4 shows the corresponding transmission elecinicroscopy (TEM) imagesf
representative TiEnanostructures, incliay corrugated nanowire&igure 3.2b1), straight
nanowires Figure 3.2b2), decorated nanowireBigure 3.2b3), and nanobelts-{gure 3.2c2). The
rugged edges of the nanobeFiglure3.4a) and corrugated nanowirdsidure 3.4b) are clearly
obsened, while the surface of the straight nanowires appears to be srhaptie.4c). For the
decorated nanowire&igure3.4d), the outer shell consists of nanocrystallites-6fr8n in size. The
correspading highresolution TEM imagedsHigure 3.4, insets) show that all the nanostructures are
singlecrystalline and have an interplanar spacing off3.2orresponding to the (110) plane of bulk
rutile TiO,. Interestingly, the sanmatile TiO, interplanar spacing is also found for individual
nanocrystallites on the decorated nanowkigyre3.4d, top inset). The corresponding lattice planes
appear to be not perfectly aligned and disordered at the eddesnahbcrystallite Figure3.4d, top
inset),indicating the presence of crystalline defects, including dislocations and local Sttaies.
further investigate the nature of crystallinity of the predominant nanostructuresmparecthe
glancingincidence xray diffraction (XRD) patterns of adeposited nanostructureskigure3.5.
The prominent diffraction peaks are in good accord with the typical rutile structure ofPDG2
00-021-1276) and FCC mse of metallic AYPDF2 00041-0784). Of particular interest is the
remarkably different relative peak intensities of the prominent peaks at 27.4° (110), 36° (101) and
54.3° (211) with respect to the reference pattern of powder(PDF2 06021-1276).Evidently, the
higher intensity ratios of the (110) peak to (101) peak in all the nanowires and of (110) peak to (211)
peak in nanobelts than those in the reference pattern indicates that they have a preferred (110) growth

orientation (in good accord with pIEM data).
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Figure3.4 TEM images of a typical (a) Tihanobelt, (b) corrugated nanowire (NW), (c) straight
nanowire, and (d) decorated nanowire. Lowight insets show the corresponding higisoltion
TEM images, while the uppeight inset in (d) depicts the higlesolution TEM image of a
nanocrystallite.
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Figure3.5 Glancingincidence XRD patterns of different rutile Ti@anostructures obtained an
incidence angle of 0.4The PDF2 reference patterns of the FCC phase of AuQ#0D0784) and of
rutile TiO, (#00-021-1276) are shown as top and bottom bar graphs, respectively. The features
marked by asterisks (*) correspond to the modified Sitsaties
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As noted previously for other material systeffig*°the growth temperature can affect the
catalyst state and, consequently, the predominant growth mode, i.e.-gsapdgrowth below the
eutectic temperature or VLS growth at or above the eatetiperature, which ultimately governs
the length and diameter of the nanowire. It has been observed that bothsa@jmband VLS growth
can occur simultaneously, with the vapasotid growth generally 2200 times slower than VLS
growth at the same @cursor partial pressure and temperatifrin the present study, the growth
temperature (672350 °C) for the nanowires is lower than the lowest eutectic temperature in the bulk
Au-Ti binary system (832 °C}’ It should be noted thatLS growth could ocur concurrently, the
VLS growth predominates at the higher growth temperature and the slower-gapdgrowth at a
particular growth temperature could perturb and thus introduce variations into the general
morphology of the nanowires. Formation of tagzeshape for the decorated nanowires has been
attributed to the additional uncatalyzed vapsalid growth occurring at the sidewall, and to the
longer exposure of the vapour to the base area compared to the tip area that ultimately affects the
cross se@vnal shape of the nanowir& The presence of a greater number of nanocrystallites on the
decorated nanowires-gsown on GNI/OxSi than those on GNI/RCAI at a particular growth
temperature suggests that the thicker, thermally grown|&@r (on OxSi) is rougher and has a
different heat transfer efficiency than R&pown SiQ, which ultimately affects the surface mobility,
nucleation sites, and supersaturation rate of,TalD of which control the morphology of the 1D
nanostructures at a given teengture'*® Our results also suggest that a minimum.Sé9er thickness
of 3 nm (as formed on the REG3i substrate) is necessary for enabling VLS nanostructure growth in
the PLD method, and a thicker Si@r protective buffer layer is required for the wtb of nanowires
at a higher temperature. A buffer layer has been used in thermal evaporation and other methods for
similar reason$ put the thickness of the buffer layer so employed has been considerably larger than
3-5 nm®®!""For example, Ti@Qnanowres on Sinteraction between GNI and Si substrate in
terms of Au silicide formation and to provide a source of oxygen during growth in Ar
ambient. The thickness of the SiBuffer layer therefore plays a critical role in the growth of
TiO, nanowires on &i substrate. Formation of different 1D nanostructures at different growth
temperatures on GNI/RCAiI (corrugated nanowires at 675 °C, straight nanowires at 700 °C,
and decorated nanowires at 720 °C) and on GNBD¢corrugated nanowires at 675 °C,
nanolelts at 700 °C, and decorated nanowires at 720 °C or higher temperature) therefore
confirms that both the growth temperature and the thickness of thé&if@r layer can be

used complementarily to control the morphology of the 1D nanostructures.
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In Figure3.6a, weshow the changes in the colour of thedaposited nanostructured films
from blue (corrugated nanowires) to deep blue (straight nanowires) to greyish black (decorated
nanowires), and then to lighter blue (nanobeltsrambbricks). It should be noted that the colours so
observed for these nanostructured films remain unchanged for the respective films obtained with
deposition longer than 40 min. Moreover, the samples retain their individual colour upon storage at
ambientatmosphere for over a year, indicating the robustness of these nanostructured films and that
Ti®" and/or oxygen vacancy defects are located in the bulk and not just at the surface of these
nanostructures. Similar colour changes in;ld@e to differencen growth temperature and oxygen
partial pressuras employed in flame reduction method have also been reptrfedthermore,
hydrogen treatment has been used to create a high density of oxygen vacancies, which changed the
colour of rutile TiQ from white to yellowish green and finally to blatRecently, Ti*-related bulk
defects in rutile TiQ have been found to exhibit five different colours, and the crystal colour
appeared to correlate directly with the amount of def8%Based on these studiesdour
experimental results, we hypothesize that the different colours for corrugated (light blue), straight
(dark blue) and decorated nanowires (greyish black) are due to the differences in the amount of

defects.

This series of colours should correlatehathe respective degree of sstivichiometry of
TiO, in these nanostructured filgA% which is in good accord with our-Kay photoelectron data
shown inFigure3.6b. For all the sampleshe prominent Ti 2g, peak at 459.4 eVarresponds to the
Ti** state attributable to TiQwhile the shoulder at 458.0 eV could be assignetitbstate in TiQ
(2> x> 1)222%Fgur O 1s peaks at 530.7, 531.1, 532.6 and 533.3 eV correspond,tdiog
Si0,, and SiQ, respectively®™?* The fitted O 1s intensity ratios for TiFiO,andSiOx/SiO, of the
nanowires prepared on the GNI/R&GAtemplate follow the ordering: decorated nanowires (20
> straight nanowires (70) > corrugated nanowires (676), in close correlation witthe growth
temperature and sample colokigure3.6a). The Si 2., (2py1,) peaks all02.6 (03.3) and103.5
(1032) eV correspond t&i0, and SiQ, respectively® For decorated nanowires, the Ti2peak
width is found to beliscernibly largr (Figure3.7), which further supports the presence of a larger
amount of oxygen vacancy defects in decorated nanowires than the other nanostfidtoees.
higher the growth temperature, the more reduced fa& become in the present synthesis
conditions. On the other hand, the O 1s intensity ratio fog/TiO, of the nanobelts, deposited at the
same temperature as that for straight nanowires on GNW8IGA00°C) but on a GNI/O)Si

template, is found to bermller, whichis consistent with the thicker Si@ayer on the GNI/OSi
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template serving as a source of oxygen during growth in an Ar atmoshbssexygen vacancy

defects can therefore be expected in hanobelts than the nanowires grown on GRi/R@plates.

As a result, the colour of the nanobelt film is lighter than the nanowire Filgoie 3.6a). The
corresponding reflectance spectra of the nanostructures all exhibit broadband absorption, starting at
330 nm and extendingto visible region of the speatn (Figure3.8). The intensity of the reflectance
band increases with decreasing growth temperature for the nanowires, and with larger interfacial SiO
layer thickness for the nanobelts, which soatonsistent with the colour change of the samjdies.
havealsocalculated the bandgaps by using the Tauc fgire3.9). The band gap is determined

to be 2.68 eV for the decorated nanowire, 2.86 eV for straight nanowitee¥ for corrugated

nanowire, and 2.98 eV for the nanob&he visible light absorbance of the Gi@anowires could be
mainly attributed to the existence of defect states in the Ba@d gapg!**likely due to the presence

of Ti®* defects and oxygevacancies in accordance with the XPS analysis.

Figure3.6 (a) Photographsnd (b) XPS spectra of O IH,2ps,, and Si 2p regions of TiO
nanostructured films consisting of nanobelts, corrugated neg®{@NWSs), straight NWs, and
decorated NWs
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