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SUMMARY

Heterogeneous nanostructures such as coaxial nanotubes, nanowires and nanorods
have been of growing interest due to their potential for high energy-conversion
efficiencies and charge/discharge rates in solar cell, energy storage and fuel cell
applications. Their superior properties at the nanoscale as well as the high surface areas,
fast charge transport along large interfacial contact areas, and short charge diffusion
lengths have made them be considered as attractive components of next generation high

efficiency energy-conversion devices.

Vertically-oriented TiO, nanotube arrays are considered as a robust and cost-
effective nanostructure for a wide range of applications particularly those related to
energy conversion such as solar hydrogen generation. Despite its fascinating properties,
one major challenge limiting the use of such material for solar-irradiation driven
applications involves with its electronic structure, namely, the large bandgap and
improper band-edge positions with respect to photocatalytic reactions. Therefore, intense
effort has been invested on modifying the electronic properties of TiO. by band-gap
engineering via two active approaches, doping the bulk structure, or by suitable surface
modification of the TiO, via sensitization or heterojunction formation to create a visible-
light response. Despite significant enhancement obtained in the efficiency of
photoconversion in many doped TiO, systems, an important question is still remained
which involves with identification of whether the nanocrystals have been successfully
doped. The primary focus of this dissertation is to understand the doping mechanism of
Ti0, nanotube exclusively with strontium as an alkaline earth metal to shed light on the
relation between the observed enhancement in photocatalytic properties of doped TiO,

XXV



nanotubes and its structural and electronic characteristics. The exploration of insertion of
Sr atom into the TiO, nanotube structure is investigated in low concentrations as a dopant
and in very high concentrations by processing of SrTiO3; nanotube arrays. From bulk
analysis of the Sr-doped nanotubes, it was found that the Sr is mainly incorporated into
the lattice structure of TiO,. However, from surface analysis of the doped nanotubes, it
was revealed that at high Sr doping levels, there is a great tendency for phase segregation
of SrO in the TiO, matrix along with formation of heterojunction between the two phases;
in addition, the Sr doping only alters the Ti and O ions interaction in the TiO; lattice on
the surface and has no evident effect on their individual charge states. It was inferred
from the optical absorption measurements, that Sr doping of TiO, nanotubes up to the
concentration close to the salt solubility limit can red shift the absorption edge of the
material to as long as 402 nm. In addition, the highest photo-conversion efficiency of

0.69% was recorded for the doped sample with the highest concentration of Sr dopant.

In regard to the use of vertically oriented metal oxide nanotube arrays in
electrochemical cells, and to address the polarization associated with ionic/electronic
charge transport in the electrolyte as well as the anode of SOFCs, a new platform is
proposed that can contribute in less-expensive/practically productive construction of
micro-SOFCs as well as other micro and nano-scale ionic devices for other energy-
related applications. Based on the proposed design, a membrane multilayer composite
system with coaxial nanotubular architecture named as heteronanostructures (HNSs) with
functionality in both electrode and electrolyte of micro-SOFCs is developed. As a part of
fabrication of HNSs for micro-SOFCs, first coating of Sr doped TiO, nanotubes with

YSZ is investigated. The growth mechanism of the YSZ on Sr-doped TiO, nanotubes in
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the CVD process showed that in the deposition temperature range of 550°C - 580 °C the
film growth rate follows the kinetically controlled regime, thereby, the thickness of the
coating can be effectively controlled through the deposition time and temperature. Post-
annealing process of the YSZ/coated Sr-doped TiO, nanotubes was shown to result in
crystallinity of the film above 750 °C. It was also observed that the YSZ coating
improves the thermal stability of the Sr-doped TiO, nanotubes up to 700 °C. Results
show that by modification of the composition of the YSZ film to the higher Y doping

level, crystalline YSZ can be achieved at lower temperatures.

Second, based on the proposed model of nanotubular composite, the fabrication
and characterization of YSZ/STO heteronanostructures on silicon are studied. It was
found that YSZ tends to grow crystalline on STO nanotubes backbone which is a great
achievement in mitigating the problems that arise from further thermal annealing in thin-
film processing. The proposed design and the developed fabrication scheme for
processing HNSs membranes on silicon substrate can be considered as a new platform for

being used in low temperature fuel cells-on-chip such as micro-SOFCs application.
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CHAPTER 1

INTRODUCTION

1.1 Background and Motivation

Due to the world’s ever increasing consumption of fossil fuels and its inevitable
environmental impacts, extensive research efforts has been recently focused on
development of clean and more viable forms of renewable energy. Clean power
generation has been driven through direct conversion of sunlight to electricity using
photovoltaic cells or indirectly via conversion of pollution-free hydrogen fuel into
electricity using electrochemical devices such as fuel cells. Hydrogen gas is one of the
most promising alternative energy carriers though available in limited quantity in the
nature, it has high energy content [1]. Relying on recent advances toward application of
renewable energies, one approach is to utilize solar energy with water to make hydrogen
as the primary fuel source of the future. In general, hydrogen can be produced by
replicating the natural process of photosynthesis, i.e. splitting water by illumination with

sunlight through the photoelectrochemical water splitting process [2, 3].

TiO, is one of the most intensely researched materials by the materials science
community due to a set of virtually unique functional properties (see Figure 1.1) that
make the material stand out from other transition-metal oxides and classical group IV,
I11-V, or IlI- VI semiconductors. Properties such as low-cost, non-toxicity and very high
photocorrosion resistance compared to other metal oxides, make it an interesting

candidate for photocatalysis, and in dyesensitized solar cells (DSSCs). However, its



electronic structure composed of a band gap of ~ 3 eV and improper band-edge positions
with respect to oxygen and hydrogen potentials, limits the use for solar-irradiation driven
applications (only 7% of solar energy is provided in the spectral range < 400 nm, that is,
under super-band-gap energy conditions of TiO,). Therefore, intense efforts focus on
modifying the electronic properties of TiO. by band-gap engineering i.e. narrowing the
optical band gap via doping the bulk structure, or by suitable surface modification of the
TiO, via sensitization or hetero-junction formation to create a visible-light response [4,

5].
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Figure 1.1 Schematic showing the properties of TiO, nanotubes desired for energy

conversion devices.

Despite the clear importance of TiO, nanostructures, most of the experimental and

computational work has been focused on synthesis and demonstration of the enhanced



properties. Thus, a comprehensive investigation of the doping mechanism into TiO; bulk
and lattice structure in relation to its effect on electronic and optical properties of the
material have been still lacking. This has motivated the efforts in the present study to be

profoundly invested on the mechanism of doping in TiO, nanotube arrays structure.

Solid oxide fuel cells (SOFCs) are the most efficient energy conversion devices
that produce electricity directly from the electrochemical oxidation of a range of gas
fuels from hydrogen to hydrocarbons without burning the fuel [6]. As such, these devices
can be utilized as alternative power sources for next-generation energy systems.
Currently, the main application of SOFCs involves the stationary power generation
systems with power output in the 1 kW to 1 MW range. Recently the large energy
densities of SOFCs and the versatility in fuel use such as hydrocarbon fuels, have
generated interest in development of SOFCs for mobile applications and portable
electronics namely, micro-SOFCs (u-SOFCs) in the lower 1-500 W range. In fact, it is
expected that SOFCs can produce energy densities per volume and specific energy per
weight significantly larger than mainly polymer electrolyte fuel cells, or PEFCs and state-

of-the-art rechargeable Li-ion and Ni metal hydride batteries for such applications [7].

Extensive research is underway in both areas of stationary and portable
applications to meet the goals toward commercialization of these devices by improving
the performance and reliability of the cells while minimizing costs that are essentially
associated with high operating temperatures (~ 800 -1000°C) and processing of SOFCs.
The major elements of an SOFC cell consist of two porous electrodes, an anode and a
cathode, separated by a solid electrolyte [8]. Most known electrolyte show their best
functionality in oxygen ion transfer from cathode to the anode electrode at elevated

3



temperatures. In recent years, studies have focused on design of functionalized
materials/microstructures that operate efficiently at lower temperatures (< 800 °C) while

maintaining the high performance [9-11].

Portable Electronics

Figure 1.2 Schematic showing the use of nanostructures for on-chip applications for

down-scaling of micro-electronic devices.

As high performance portable electronic systems are becoming increasingly
popular, development of portable power sources and devices that can operate efficiently
at lower temperatures seem crucial (Figure 1.2). The use of thin-film technology in
SOFCs area has gained a great portion of interest owing to the fact that it enables
fabrication of high performance cells with thin electrolytes for lower temperature
applications [12-14]. Moreover, development of novel nanostructures and nano-
architectures not only has led to enhancement in properties of the individual components

in the nano-scale, but also has made possible the down-scaling of the cells to smaller



dimensions for other applications. Despite significant advances in the field of integrated
microelectronics, efficient power generation has not yet been fully explored for integrated
circuits (IC) [15]. As such, development of miniaturized thin film SOFC structures such
as u-SOFCs with lateral dimensions in the sub-millimeter scale as sensors or power
sources together with micro-electromechanical (MEM) components and other active
electronics in the same silicon wafer seem to be very promising for use in portable

electronic devices operating at low temperatures [14].

Such demanding applications have motived this research for development of
novel hetero-nanostructures with improved low-temperature transport properties
engineered for IT-SOFC and u-SOFC applications. Owing to the large surface area and
the defined path of the TiO, nanotube arrays, this work is motivated toward design and
implementation of nanotubular heteronanostructures for enhancement of chemical
reactions and fast transport of the chemical species as two requirements for enhancement

of electrochemical performance of SOFCs.



CHAPTER 2

LITERATURE REVIEW AND RESEARCH OBJECTIVES

2.1 Metal Oxide Nanotubes

Since the discovery of carbon nanotubes by ljima [16], considerable interest has
been focused toward the fabrication of other types of one-dimensional (1D)
nanomaterials. Inorganic nanotubes especially metal oxides are mostly fabricated to
exploit other material-specific properties for many fields such as biomedical,
photochemical, electrical, and environmental applications [17, 18]. The anodic aluminum
oxide (AAO) was discovered in a pre-nanoscience era by anodic oxidation of aluminum
in acidic electrolytes, resulting in the formation of a porous film consisting of nanotube
arrays. Followed by the discovery of the hexagonal-packed porous aluminum oxide by
anodization of aluminum, many attempts have been made to synthesize other metal
oxides using the AAO template such as TiO, nanotubes [19]. Figure 2.1 shows the TEM
and SEM images of some examples of metal oxide nanotubes such as isolated BaTiO3
nanotube, PbZrO3; nanotubes, ZrO,, BaSrTiO3; and PbZrTiOs, BiFeO3 [17, 18, 20]. Metal
oxides nanotubes generally take the advantage of the large surface area and the defined
geometry which results in a non-tortuous and narrow distribution of diffusion paths not
only for entering the tubular depth (e.g., reactants to be transported to the tube bottom)
but also for species to be transported through the tube wall, e.g., electrons, holes, ions.
Therefore, the system response of ordered tube arrays in applications that involve transfer

of charges species such as electrochemical sensing or photocatalysis is expected to be



more enhanced than using classical high surface area layers where nanoparticles are

compacted or sintered to produce open porous network.

U K10,808  1Fa HDII

Figure 2.1 TEM image of (a) an isolated BaTiO3 nanotube. (b) PbZrO3; nanotubes and
the corresponding diffraction pattern. SEM image of ZrO, nanotubes in (c) and BaSrTiO3
in (d) and PbZrTiOgz in (e); (f) TEM image of isolated BiFeO3; nanotubes. Reprinted with

permission from ref.s [17, 18, 20].

2.1.1 Self-Organized Titania Nanotube Arrays

TiO, is naturally found in three crystalline forms namely (a) Anatase (141/amd),
(b) Rutile (P42/mnm) and (c) Brookite (Pbca), the first two being the most abundant. The

crystal structures are shown in the Figure 2.2 where the TiOg, with each Ti* ion is



surrounded by six O% ions forming an octahedron with eight triangular phases and six

vertices [21].

Figure 2.2 lllustration of the crystal structure of (a) Anatase, (b) Rutile and (c) Brookite

[21]

TiO, nanotubes in various lengths from a few tens of nanometers to a few tens of
microns have been prepared using various physical and chemical synthesis routes [22].
Among them, the cheapest and most straightforward approaches that lead to ordered
nanostructures are anodization techniques. During the anodization process, certain
parameters such as applied potential, anodization time, and pH of the electrolyte can be

used to control the resulting tube diameter, tube length, and overall morphology [59].



In photoelectrochemical water splitting, while the band gap of a photocatalyst
must be large enough (> 1.23 eV) to dissociate water into hydrogen and oxygen, the
relative energetic positions of the conduction and valence bands are also important. For
example, the conduction band has to be more negative than the reduction potential of
H*/H, (0 V vs normal hydrogen electrode, NHE), whereas the valence band has to be
more positive than the oxidation potential of O,/H,O (1.23 V vs. NHE). In addition to
these inherent materials properties, a large surface area is desirable for reaction kinetics,
i.e. enhancement of surface photocatalytic reaction rates (Figure 2.3). Extremely high
surface area of low dimensional TiO, structures such as 0D (particles) and 1D (tubes,
wires, rods) as well as shorter distances the electron-hole pairs have to migrate to reach
the surface in these nanostructures have shown to increase photo-conversion efficiency

[2, 5].
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Figure 2.3 Schematic of photoelectrochemical water splitting and the relative positions
of conduction and valence bands required for dissociation of water. Reprinted with

permission from ref. [23].



Besides taking the advantage of the nanotubular structure of these nanotubes,
band gap engineering seems as a critical approach in improvement of electronic and

optical properties of TiO, [24].

2.1.1.1 Effect of Doping and Coating on Physical Properties of Titania Nanotubes

Enhancement in the visible-light photoactivity of TiO, has been studied by
introducing a wide range of transition metals including Fe, Mo, Mg, Ag, Pt, Co, Cr, Mn
[5, 25, 26] and non-metal elements such as N, C, B [27-29] in the form of dopants or

lower band-gap oxide composites with TiO, [28].

Doped TiO, nanostructures can typically be prepared by: 1) treating final or
growing TiO, nanomaterials in a solution or melt of the doping species, 2) thermal
treatments in gas atmospheres of the doping species, 3) co-sputtering, or sputtering in an
atmosphere of the doping species and 4) high-energy ion implantation, 5) using alloys of
the doped metal and Ti in electrochemical anodization. Among these approaches, method
1 and 4 seem more feasible and reliable, while ion implantation still suffers from

inhomogeneous dopant distribution in the substrate depth [22].

Decoration and coating of TiO, nanotubes have been implemented widely in
DSSCs as another efficient strategy for modification of the properties of such material.
To suppress the recombination of charge carriers, typically a thin blocking layer that
directs injected electrons toward charge-collecting substrate is introduced between
sensitizer and oxide film. This approach typically involves fabricating composite

electrodes in which two materials differ by their conduction band potential. This strategy
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has been investigated in DSSCs with many different systems such as CdS/TiO;

heterostructure nanotubes [30].

Of particular interest, strontium titanate (SrTiO3) has been intensively
investigated as a photoanode for water splitting due to its high corrosion resistance,
excellent photocatalytic activity, high stability, and non-toxicity [31-33]. Although
SrTiO3 has band edges that straddle both oxygen and hydrogen redox potentials, it still
suffers from its wide band gap (3.2 eV) nature. Recently, the specific phenomenon of
combining the properties of both Titania and SrTiO3 has attracted great attention [34-36].
Jitputti and co-workers reported production of SrTiOs; from amorphous TiO, nanotubes
arrays using hydrothermal process [37]. Particularly, using the same post-treatment
hydrothermal method in a recent study, Kamat and co-workers applied a new approach
into fabrication TiO, nanotubes decorated with SrTiOs particles/clusters. This study
showed an improvement in the overall photoelectrochemical performance of the
composite material (SrTiOs/TiO,) only in the case of well-dispersed SrTiO3
nanocrystallites on TiO, nanotube arrays [34]. However, more controlled methodology is
needed to get the full benefit of the material. Considering the advantages of doping and
coating/decoration approaches on the improvement of bandgap structure, it would be
more desirable to incorporate metal ions into the TiO, nanotube arrays during their
fabrication. Therefore, in-situ bandgap engineering of the TiO, nanotubes seems to be a
promising alternative strategy to avoid such structural imperfections and morphological

defects imposed by multi-steps fabrication methods.
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2.1.2 Perovskite Oxide Nanotubes

Complex metal oxides with perovskite structure ABOs; (where A and B are
cations) exhibit a wide range of functional properties, such as ferroelectricity,
piezo/pyroelectricity, non-linear dielectric and semiconducting behavior [17]. The cubic
strontium titanate (SrTiO3) crystal (Pm3m space group, see Figure 2.4) is an excellent
and well-known example of this family which deserves attention as an archetypical
model ABO3 perovskite for a wide range of applications. It has a simple structure, high
thermal stability (Tmert = 2100° C) and an excellent chemical resistance to many solvents.
It shows interesting properties such as high temperature stability, combination of
electronic and ionic conductivity and a very large dielectric permittivity (¢ = 300 at room
temperature), photoelectric and catalytic properties which make this compound a great
candidate for several different applications including high-voltage capacitors, sulfur
tolerant anode of solid oxide fuel cells (SOFCs) [38-40], oxygen sensors [41-43] and
integrated optoelectronic devices [44]. Furthermore, due to the ability to form high
quality interfaces with other crystals, it has been used for epitaxial growth of high-T,

superconductors and other oxide-based multilayered systems.

Recently much attention has been focused on synthesis, structural
characterization, and physical properties of perovskite oxide nanotubes (PONTS). The
TiO, nanotubes have been used as template for formation of several ternary metal oxide
nanotubes such as barium titanate nanotubes (BaTiOs3) via a hydrothermal reaction and
sol-gel process of TiO, nanotubes in Ba(OH), aqueous solution [45]. Other examples of
PONTSs include (Ba,Sr)TiOs (BST), Pb(Zr,Ti)Os (PZT), have been fabricated by using

different methods [17, 18] Lao_SSro,zMn03-5/Zr0_92Y0_0802 (LSM/YSZ) C0mp03ite nano-
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tubes are co-synthesized by a pore wetting technique as a cathode material for solid oxide
fuel cells (SOFCs) [46]. Similar to other perovskite materials at the nanoscale,
nanostructured SrTiO5; exhibit novel physical properties that are different from its bulk
and film counterparts. Recently, one-dimensional (1D) SrTiO; nanostructures have
shown to be very promising for use in photoelectrochemical applications such as dye-
sensitized solar cells and photocatalytic hydrogen production [47] and also in biomedical
applications as Sr delivery platform for osseointegration on Ti-based bone implants [48].
The use of high surface area 1D SrTiO3; nanotubes can also offer the possibility of
increasing the sensitivity and stability for various types of MEMS/NEMS-based
applications such as oxygen gas sensors. Besides, SrTiOz nanotube arrays (hereafter STO
NTAS) can serve as an excellent model material for a wide class of ABO3; perovskites
oxide nanotubes [17]. Despite recent progress in design and development of state-of-the-
art nanostructured materials and the efforts toward fundamental scientific understanding
of their intrinsic size-dependent properties, integration of such functional nanostructures
into silicon wafer is indispensable for utilization of these nanostructures as building
blocks of miniaturized microelectronic devices. Recently, intense experimental efforts
have been made in preparation of perovskite nanotubes via template approach followed
by the through exchange of cations by wet-chemical synthesis low-temperature
hydrothermal reaction route [37, 49, 50]. Thus, development of STO NTASs on silicon
wafer and investigation of its electrical properties at elevated temperatures can serve as a

key step toward utilization of such materials in variety of applications.
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Figure 2.4 SrTiO3 cubic structure: Pm3m space group with a = 3.90 °A. Reprinted with

permission from ref. [51].

2.2 Integration of Oriented Metal Oxide Nanotubes with Microdevices

The development of high performance portable electronic systems requires the
integration of power sources with other electronic components on the same silicon wafer.
Titanium dioxide (TiO,) is one of the most researched functional semiconductor
materials which finds versatile applications in sensors, optoelectronics, dye-sensitized
solar cells, photocatalysis, biomedicine, electrochemical and storage devices such as
batteries [52-55]. More recently, self-assembled 1D vertically oriented TiO, nanotube
arrays grown on different substrates has been shown to be an attractive component of
such devices due to its enhanced structural properties at the nanoscale [56-58]. Of many
routes that have been used to prepare 1D array of metal-oxide nanotubes, including

template and hydrothermal synthesis, electrochemical lithography, the electrochemical
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anodization process is the most promising technique with the potential for automation
relative to many other methods [5, 59-61]. This, it is highly desirable to grow as many

types of metal oxides nanotubes on the silicon wafer.

2.3 Solid Oxide Fuel Cells

Solid Oxide Fuel Cell (SOFC) is an electrochemical conversion device that
produces electricity directly from oxidizing a fuel. A single cell includes three major
components, the cathode, electrolyte and anode as shown in Figure 2.5 with the

corresponding primary figures of merit: E represents the potential induced across the cell
under open circuit conditions for a given R, gradient, i is the ionic transference
number, E, is the Nernst potential, R,,, R., Ry and R,are the internal cell, cathode,
solid electrolyte and anode resistances, respectively, J, is the oxygen permeation flux,
and L the thickness across which the R, gradient is imposed. All other terms have their

normal meanings [62]. The standard SOFC electrolyte material is 8% yttria-stabilised
zirconia (YSZ), strontium-doped lanthanum manganite such as Lagg Srp> MNnO3.5 (LSM)
as the cathode and the Ni-YSZ cermet as the anode. The cell operates when the fuel gas
(normally oxygen from air) is supplied to the porous cathode and is reduced to oxygen

ions while the current is being drawn, based on the following reaction:

1/20, +2e+V., < O, 2.1)
(0]
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In mixed ionic electronic conducting (MIEC) cathodes such as La;—x SrkCoO3
(LSCO), this reaction is accelerated as the cathode can provide both electrons as well as
oxygen vacancies. The LSCO is known as an attractive choice for SOFC cathodes as it
shows electronic conductivity of > 100S/cm and the oxygen ion conductivity of > 1S/cm
at temperatures above 800 °C. This ceramic compound has the best compatibility with
doped ceria electrolytes, such as Ce;—x My O,:M=Gd or Sm, for operation at reduced

temperatures of 550-750 °C [62].
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Figure 2.5 Schematic of a solid oxide fuel cell and the primary figures of merit.

Reprinted with permission from ref. [62].

2.3.1 Microstructure Design Based on the Use of Hetero-Nanostructures for

Micro- and Intermediate Temperature (IT-) SOFCs

2.3.1.1 Hetero-Nanostructures for SOFCs Electrodes

The goal of microstructure design is to improve the microstructure to render

enhanced properties in such a way that compensates the performance losses associated
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with lower operating temperatures. Up to now, several strategies have been used to
develop novel structures that demonstrate variety of advantages over other conventional
microstructures. For instance, development of functionally graded materials (FGMs) as
well as composite electrodes have been shown to be effective in enhancement of
functionality of individual layers at low temperatures as well as improvement of

electrodes performance in IT-SOFCs [11, 63].

Development of nanostructured electrode and electrolytes has been of great
interest in advancing the science and technology of SOFCs. It is also well known that the
physical and chemical properties of condensed matter differ at surfaces or interfaces
significantly from the volume phase. Recently, the use of heterogeneous nanostructures
(hereafter HNSs) in both electrolyte and electrode design has been of particular
importance in understanding the role of nanostructures in mediating bulk and
surface/interface ionic transport, gaseous molecular transport, and Kkinetics of O,

reduction in the vicinity of the three-phase boundary [64, 65].

Using a nano-particulate approach, infiltration process has been used to create
hetero-nanostructured cathodes [12, 66-68]. For instance, infiltration of yttria-doped ceria
(YDC) into the LSM-YSZ composite cathode is reported to decrease the polarization
resistance over 50% and thus increases the electrochemical performance of the cathode
[66]. A single cell with LSM cathodes infiltrated in multiple cycles with YSZ produces a
maximum power density of 1.13Wcm 2 at 750°C [69] while the maximum power density

of a cell with conventional LSM-YSZ composite cathode is only 0.14Wcm 2 [70].
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Figure 2.6 Schematic of the microstructure derived by two types of infiltration strategies.
Left: ionically conducting nanoparticles with electronically conducting backbone; right:
electronically conducting nanoparticles with ionically conducting backbone. Reprinted

with permission from ref. [64].

Figure 2.6 shows the morphology of the HNSs that can be derived by two types of
infiltration strategy. On the left, ionically conducting nanoparticles with electronically
conducting backbone and on the right the electronically conducting nanoparticles with
ionically conducting backbone are shown as if cathodes and electrolytes such as
perovskites (LSM, LSCF, etc.) can be used in composite with the electrolyte materials

such as YSZ, GDC, etc., with one or the other as the backbone of the electrode.

Despite the advances in design of novel hetero-nanostructures for SOFCs
cathodes, the use of such structures in the electrolyte has yet to be investigated. This
strategy is expected to be more promising when combined with the idea of reducing the
electrolyte thickness especially in miniaturized (micro) SOFCs, concerning the extensive

electrolyte contribution to the total resistance of the device.
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2.3.1.2 Hetero-Nanostructures for Improved lon Transport

The most impressive improvements in ionic conductivity in SOFC electrolytes
have been demonstrated in heterogeneous structures. In the case of ionic materials, faster
ionic transport is often found at the interface between two similar (homophase) and
dissimilar phases (heterophase). In a heterophase system, increase in conductivity at the
interfacial regions can be related to the existence of a region with a more defective lattice
structure caused by the structural mismatch between two different phases. Moreover, the
formation of a space charge region with an increased concentration of mobile point

defects may be responsible for such enhancement.

Recent studies on the contribution of interfacial transport to the overall transport
in heterostructures have been focused on the thin film multilayer oxide ion conductors.
Janek et al. have shown a strain dependence of the interfacial conductivity in multilayer
thin film systems of YSZ/Y,0s3 YSZ/Lu,O3; and YSZ/Sc,0;. Sata et al. [71] have
developed heterolayered films of CaF, and BaF, that exhibit ionic conductivity (parallel
to the interfaces) increasing proportionally with interface density- for interfacial spacing
greater than 50 nanometres. The results are in excellent agreement with semi-infinite
space-charge calculations, assuming redistribution of fluoride ions at the interfaces
(Figure 2.7). Azad et al. [72] have also synthesized layer-by-layer structures of gadolinia-
doped ceria and zirconia on Al,O3 (0001) using oxygen plasma-assisted molecular beam
epitaxy. They have shown that the oxygen ion conductivity greatly increased with an
increasing number of layers compared to bulk polycrystalline yttria-stabilized zirconia

and gadolinia-doped ceria electrolytes.
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Figure 2.7 (a) Parallel ionic conductivity of the films with various periods and interfacial
densities in the 430£16 nm range. The overall thickness is approximately the same in all
cases (~500 nm). o, conductivity; T, temperature. The different colors refer to different
site regimes (green: semi-infinite space charge zones; red: finite space charge zones)
[71]. (b) TEM micrograph showing a cross sectional view of an eight-layer Gd,O3-doped

CeO; and ZrO, film grown on Al,03 (0001). Reprinted with permission from ref. [72].

Barriocanal et al. have reported a colossal enhancement in the ionic conductivity
of up to 8 orders of magnitude near room temperature for yttria-stabilized zirconia
(YSZ)/strontium titanate (SrTiOz or STO) epitaxial heterostructures on STO substrates,
in which YSZ layers with thickness t ranging from 1 to 62 nm were sandwiched between
two 10-nm-thick STO layers. Such hetero-structures of STO/YSZ/STO achieved a very
large conductivity in YSZ layers that are strained to 7% to match the STO lattice. The

main reason is attributed to the near-interface region where mismatch between the YSZ

20



and STO oxygen sublattices is likely to result in either O vacancies or disorder in the

interfacial plane while being independent on the layer thickness [73].

A density functional theory study by Pantelides et. al that relates the origin of
such colossal ionic conductivity to a combination of lattice-mismatch strain and O-
sublattice incompatibility. In fact, strain alone in bulk YSZ enhances O mobility at high
temperatures due to extreme O disorder. However, the key note in multilayer hetero-
structures is the O-sublattice incompatibility which causes the same extreme disorder at
room temperature. Moreover, it is proposed that the coherent growth of strained
interfaces in hetero-structures of materials with different degrees of lattice mismatch may
promote ion diffusivity [65, 74]. Zhang et al. have also fabricated heterogeneous free-
standing films of ordered CeO,/Ni concentric nanostructures containing arrays of ceria
nanotubes (200 nm OD, 100 nm ID) coated with Ni/CeO, using template-assisted
electrodeposition method. They reported the use of such heteronanostructures as an anode
electrocatalyst/current collector of SOFCs with the interfacial contact area within the 3-
dimensional oxide nanotube/nickel matrix ~ 100 times greater than 2-dimensional thin

films of nickel and ceria of the same area (Figure 2.8) [75].
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Figure 2.8 (a) SEM image of Ni—-CeO, coaxial nanotube arrays after removal of the
AAO template; (b) phase maps of a Ni—-CeO, coaxial nanotube. Reprinted with

permission from ref. [75].

2.3.1.3 Impact of Ordered Metal Oxide Nanotubes on Micro-SOFC Applications

As mentioned in previous sections, the large surface area and the defined
geometry of vertically oriented metal oxide nanotubes can offer particular advantages
toward the use of such arranged nanostructures for various applications. For many types
these applications, diffusion and transport of chemical and charged species are critical
factors influencing the final device performance. The specific geometry of vertically
oriented metal oxide nanotubes can provide a non-tortuous and narrow distribution of
diffusion paths not only for entering the tubular depth (e.g., reactants and gas species to
be transported to the tube bottom) but also for charged species to be transported through
the tube walls, e.g., electrons, holes, ions. Therefore, the fast response of ordered
nanotube arrays due to their large interfacial contact areas, high electrical conductivities,
and short charge diffusion lengths dominates that of the conventional sintered porous

networks [22].
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Non-oriented metal Oxide nanotubes have been recently incorporated in SOFCs
electrode microstructures based on random distributions of the nanotubes in the
microstructure [76-79]. The vertical (columnar) orientation of the nanotubes on the
electrolyte allows rapid gas diffusion through the inner diameters of the nanotubes to the
TPBs and also provides a straight diffusion length (through the walls of the nanotubes)
for fast transport of the ions to the electrolyte. This will result in a significant reduction in
both gas concentration and activation polarizations. For instance, a lowest value of ASR
of 0.21 Qcm? at 700 °C is reported for LSCO nanotubes for IT-SOFC cathodes compared
to that of 0.4 Qcm? in conventional cobaltite-based cathodes [80, 81] Additionally, the
issues of percolation in the ion-conductor phase is inherently resolved with nanotubes, as
there are no “disconnected” regions as in conventional porous electrode-electrolyte
composite structures [67]. In addition to the improved performance, nano-tubular
structures have a lower tendency of sintering compared to nanoparticles in composites

which will improve the stability of the porous microstructure [78].
2.4 Thesis Outline

The experimental part of this thesis is divided into five chapters as summarized in

the following:

In chapter 3, a brief description of the experimental methods and materials that
are used in this work are summarized. The experimental work includes fabrication,
doping and coating processes of TiO, nanotube arrays on two types of substrates:
titanium foil and silicon. This part is followed by description of the photolithography-

based techniques that are used in this work for the development of the self-organized
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nanotubes membrane on silicon wafer as a platform for being used in p-SOFC
applications. Further, details of the surface and bulk sensitive characterization techniques
that were used for materials analysis are given. Finally, the optical and electrical test
measurements that were used for property analysis of fabricated materials are also

provided.

In an effort to extend the applicability of TiO, nanotube arrays for energy-
conversion micro-devices such as micro-fuel solid oxide fuel cells, the growth of self-
organized thin-film TiO, arrays on silicon substrate was studied using highly scalable and
controllable electrochemical anodization technique. Chapter 4 is focused on the
electrochemical growth of self-organized thin-film nanotube arrays (TF-TNAS) on silicon
substrate via anodization of sputtered Ti on silicon via two different routes. In addition,
the electrochemical growth mechanism of TF-TNAs on 3D FIB micropatterned isolated

islands is reported.

In chapter 5, fabrication and growth mechanism of Sr**-doped TiO, nanotubes via
one step electrochemical anodization technique is investigated. This chapter is mainly
focused on understanding the mechanism of lower valence doping in self-organized TiO,
nanotube arrays with a focus on the effect of strontium doping at various doping levels
and processing conditions on the bulk and lattice structure as well as the electronic
structure of the TiO, nanotubes. In addition, the effect of dopant and its level on
properties of the TiO, nanotubes are further studied through measurements of the optical
properties of the Sr**-doped TiO, nanotubes. Furthermore, the photocatalytic activity of
the doped nanotubes is investigated in regard with the application of this material for

water-splitting applications. The results from this part are provided in Appendix A.
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For the purpose of development of coaxial composite HNSs and along with the
observed effect from the doping of strontium on properties of TiO, nanotubes, and also in
light of excellent properties of SrTiOs in many other fields of applications such as
photoanode for hydrogen production through water splitting, the fabrication, growth
mechanism and electrical conductivity of SrTiOs; nanotubes on silicon is reported in
chapter 6. The effect of growth Kinetics parameters on effective control of the

nanotubular morphology is also discussed.

In chapter 7, the coating process of the doped TiO, nanotubes and SrTiO3
nanotubes is investigated. The growth mechanism of the YSZ on Sr-doped TiO;
nanotubes in the CVD process is identified. Also, the structural properties and thermal
stability of the composite YSZ/Sr-doped TiO, nanotubes are analyzed using different
characterization techniques. A novel design approach for development of nanotubular
multilayer system architecture is proposed for the electrolyte of uSOFCs. Based on the
proposed model, YSZ/STO heteronanostructures are fabricated and characterized. The
conductivity of STO and YSZ/STO NTAs composite system is measured by AC

impedance spectroscopy.
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CHAPTER 3

EXPERIMENTAL METHODS AND MATERIALS

3.1 Nanostructures and Their Fabrication Methods

3.1.1 Fabrication Techniques

3.1.1.1 Electrochemical Anodization and Thermal Annealing

The nanotube arrays were grown using the potentiostatic anodization process on

2cm x 2cm strips of polished pure titanium foil (0.25

that of sputtered titanium on silicon in a two-electrode cell configuration as depicted in

Figure 3.1. Prior to anodization, the strips were rinsed

cold DI water for 1 h and 15 min respectively. Pt mesh was used as the counter electrode

and located in 2cm distance from the Ti electrode immersed in the electrolyte (Figure

3.1).

Power Supply

Ti foil /Ti @
(anode) |

mm thick, Alfa Aesar, 99.9+%) or

in an ultrasonic bath of ethanol and

| Pt mesh
(cathode)

Figure 3.1 Schematic of the electrochem
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3.1.1.2 Hydrothermal Process

Hydrothermal process is used for processing SrTiOs nanotube arrays via phase
transformation of TiO, nanotube arrays in a bath of Sr(OH), solution at various
temperatures and reaction times. The TiO, nanotube samples on different substrates were
cut into pieces and submerged into the solution which filled up to 2/3 of an alumina
vessel. The vessel with closed cap was then moved into a stainless still autoclave and
transferred to the furnace which was previously heated up to the desired temperature.
After the hydrothermal treatment is terminated, the autoclave was moved out and kept at
room temperature for 4 hours for cooling. The samples were taken out and were washed
using ultrasonication in DI water for a few minutes to remove the white precipitates from

the surface. The samples were finally dried with nitrogen gun.

3.1.2 Thin-Film Deposition Techniques

3.1.2.1 Chemical Vapor Deposition (CVVD)

A lab-made (liquid-delivery) metal-organic chemical vapor deposition (LD-
MOCVD) system in vertical configuration (Figure 3.2 (left)) was used for conformal
coating of the nanotubes. This technique takes the advantage of using versatile liquid
solvents for dissolving different precursors which enables having more control over the
deposition. First, B-diketonate precursors (M(thd)s, M=Zr, Y, for deposition of Yttrium-
stabilized zirconia (YSZ)) dissolved in an organic solvent, and then the solution was

pumped into the vaporization reactor. The volatized precursor produced was transported
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with N, as the carrier gas to the reactor tube where the oxygen was mixed with the
vapors. Due to the pressure gradient the deposition occurs on the heated substrate. The
substrate temperature is kept constant at 580 °C. A combination of set of parameters such
as deposition temperature, carrier gas flow-rate, solution delivery pump speed (flow-rate)
and the vacuum pressure was varied to control the quality of the final coating and the

growth mechanism in the regime where it is more kinetically controlled and is ideal for

the film formation (Figure 3.2 (right)).

Massflow controlled
Gas phase  , Gas phase reactions
nuclcation /

_~ Kinetically controlled

) Surface reaction
InG

Figure 3.2 Left: Photo of the liquid-delivery chemical vapor deposition (LD-MOCVD)

system setup. Right: Schematic of CVVD growth regimes.

3.1.2.2 Sputtering

The deposition of Ti films onto Si substrates was carried out using a dc magnetron
sputtering (Denton Discovery) tool. The chamber was first evacuated to 2.0 x 10-7 torr
backpressure and the argon gas pressure was then maintained at 6.0 x 10-4 torr during the
deposition. The sputtering power and the deposition temperature were held constant at

125 W and 500 °C, respectively.
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3.1.2.3 E-Beam Evaporation

The deposition of Yttrium-Stabilized Zirconia (YSZ) was performed using an E-
Beam Evaporator (Denton Explorer) tool. The target was pressed YSZ pellets that were

annealed at 700 °C for 4 hours.

3.1.3 Etching Technique

3.1.3.1 Focused lon Beam (FIB)

The FEI Nova Nanolab 200 FIB/SEM was used for micro-patterning of sputtered
Ti thin film into 3D isolated cylindrical and cubic regions of Ti on the silicon substrate.
The ion beam voltage and current were set to 30 kV and 5 nA, respectively. The sputter
material was set to aluminum with a sputter rate value (0.3 um*/nC) closest to that of
titanium (0.37 pm*nC). In order to obtain the desired mill depth which is here the entire
thickness of the Ti thin-film, the Z value was calculated based on the relation between the
sputter rate, beam current and the volume of the material to be milled as in the following

Eq.:

volume

sputter rate =

(4.5)

chargs

where, the charge is the beam current multiplied by the sputter time.

The FIB micro-patterning of sputtered thin-film Ti was performed to realize high
resolution 3D (cylindrical and cubic) islands and investigation of the growth mechanism
of thin-film nanotube arrays on these isolated regions on Si substrate using

electrochemical anodization.
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3.2 Morphological, Compositional and Crystal Structure Characterization

The morphology and composition of the samples were examined using a field
emission scanning electron microscope (FESEM-Zeiss SEM Ultra60) equipped with EDS
(energy-dispersive X-ray spectroscopy) detector. The analysis of the atomic structure and
the chemical composition of the samples were carried out using a 200 KV atomic
resolution transmission electron microscope (JEOL, JEM-ARMZ200F). For TEM
observations, TiO, nanotube films were scratched off from the (titanium or silicon)
substrate and were dissolved in ethanol followed by grinding. The dried powder-like
samples were supported on Cu mesh with a carbon micro-grid. The TEM, high resolution
TEM (HRTEM) and the high angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) observations were performed using an aberration-corrected
cold field emission scanning transmission electron microscope. The electron energy loss
spectroscopy (EELS) and EELS spectrum imaging (EELS-SI) measurements were also
performed using a Gatan GIF Quantum spectrometer. Additionally, the doped nanotubes
were imaged using aberration-corrected atomic number contrast STEM (Z-STEM). All
the TEM image processing has been performed using Gatan’s Digital Micrograph

software.

For the bulk and lattice crystal structure analysis and the phase evolution during
annealing of the samples, X-ray diffraction (XRD) and in-situ high temperature glancing
incidence X-ray diffraction (HT-GIXRD) using X’Pert PRO MRD diffractometer with
Cu Ka radiation source were used. As a part of GIXRD optics, parallel-plate collimator
was used to eliminate all sources of error associated with the focusing circle etc. The
XRD data were analyzed and refined using Rietveld analysis with pseudo-Voigt peak

profile fitting using MDI Jade, X’Pert HighScore Plus and MAUD software. NIST 640A
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silicon was used as an external standard calibration sample to obtain instrumental peak
broadening and FWHM calibration. The peak-fitting process is performed using pseudo-
Voigt peak profile fitting algorithm in MDI Jade and MAUD softwares and is repeated to
obtain the patterns that best fit the experimental data based on the calibration curve as a
least-square fit of original patterns and the fitted ones. After the peak-fitting procedure is
completed for all samples, the two-theta peak position assignment is performed using a
peak-finding algorithm in MDI Jade software for all samples. Then, the Ti reference peak
position in the pure TiO, sample is used to align all doped patterns with respect to the
undoped one, and then the standard Ti peak position at 20 = 40.3 is used to obtain the
correct peak positions for all samples. The two-theta values obtained from this process

are used in calculation of d-spacings and the lattice parameters.

The surface properties, composition and electronic structure of the samples were
analyzed by X-ray photoelectron spectroscopy (XPS) using a Thermo Scientific K-Alpha
system with an Al anode and Synchrotron near-edge X-ray absorption fine structure
(NEXAFS). Analysis of photoemission lines was carried out after subtracting a Shirley-
type background using a combined Gaussian-Lorentzian line shape, using symmetric line
shapes for oxygen peaks for fitting. Additional constraint were applied for for fitting Sr
3d spectra with Sr 3ds, and Sr 3ds, doublet with energy separation of 1.8 eV and the
peak area ratio of 1.5. The details of oxygen and strontium peak fitting spectra are

provided in the Appendix B.

The NEXAFS was performed by acquiring peak intensities as a function of the
incident X-ray photon energy in the vicinity of the titanium L-edge (445-490 eV) and the
oxygen K-edge (520-590 eV) regions. The data were taken using a partial electron yield

(PEY) detector and a 270 V rejection bias at the NIST beam line U7A located at the
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National Synchrotron Light Source in Brookhaven National Laboratory. Simultaneous
reference signals were collected from a TiN mesh and used to energy-calibrate the partial
electron yield (PEY)) signals. A 1200 I/mm grating was used together with 30 um x 30 um
slits to energy select the incident beam. A 0.1 eV/ step energy resolution was used within
at least +/- 20 eV of the absorption edge. In order to probe the Ti-O bond directionality,
the NEXAFS data were collected varying the angle between the electric field vector of
the x-rays and the surface of the nanotubes arrays with the photon beam fixed at parallel,
in 55° and perpendicular to the surface normal of the sample. The final spectra were
generated by post-processing this intensity versus energy dataset within various regions

of the sample using the Athena program.

The dopant concentrations were measured in standard mode ICP MS (inductively

coupled plasma - mass spectrometer) PerkinElmer, model ELAN 9000.

3.3 Property Measurements

3.3.1 Optical Property Measurements

3.3.1.1 Light Absorption Properties

Light absorption properties were performed on Sr’*-doped titania nanotubes
samples using a Shimadzu UV-3101PC UV-vis-NIR spectrophotometer with a

wavelength range of 300-800 nm.

3.3.1.2 Photoelectrochemical Measurements

Photoelectrochemical properties were investigated in 1.0 M KOH solution using a

three-electrode configuration with Sr**-doped nanotube arrays photoanodes, saturated
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Ag/AgCI as a reference electrode, and platinum foil as a counter electrode. A scanning
potentiostat (CH Instruments, model CH 660D) was used to measure dark and
illuminated currents at a scan rate of 10 mV/s. Sunlight was simulated with a 300 W
xenon ozone-free lamp (Spectra Physics) and AM 1.5G filter at 100 mW/cm? (Figure

3.3).
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Figure 3.3 Schematic of photoelectrochemical water splitting apparatus.
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CHAPTER 4

SYNTHESIS AND CHARACTERIZATION OF THIN-FILM

TITANIA NANOTUBE ARRAYS ON SILICON

4.1 Overview

A key to the incorporation of high surface area, high crystallinity TiO, to
microelectronics applications, including micro-SOFCs, is the directed growth of TiO,
nanotube arrays on silicon. Such architecture will allow for the development of novel
micro/nano-electromechanical and electrochemical applications. Moreover, the high
degree of biocompatibility of TiO,-based nanostructures, combined with selective growth
of such organized nanoporous structures on silicon, make this material an attractive
model system to develop nano-sensors to study the response of cells. Photolithography,
selective wet etching and reactive ion etching have been widely used for making
patterned structures over large areas for various applications. Micropatterning and site-
selective growth of TiO, thin film, TiO, nanotubes on Ti foil and TF-TNAs on silicon
wafer have been reported using versatile approaches such as on superhydrophilic—
superhydrophobic template, applying a seed-layer based on the use of photolithography

techniques [82-84].

Recently, Schmuki and coworkers have reported the fabrication of
photolithography micropatterned TiO, nanotubes which enable highly selective bone-like
hydroxyapatite formation on defined lateral microstructures of the nanotubes [85].

Despite their potential capacity for generating large area of highly uniform periodic
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microarrays, photolithography-based techniques suffer from multiple complex steps. The
use of polymer photoresists and the difficulty of finding suitable etching conditions
particularly suited for realizing high resolution 3D patterns add drawbacks to the

implementation of such methods in several practical applications [86, 87].

Among all micro-nanopatterning techniques, focused ion beam (FIB) offers the
larger variety of patterning schemes over nanolithography methods by site specific
sputtering/milling as a resistless process with the capability of direct surface modification
[88]. Such superior resolution of an FIB compared with photolithography makes it a
suitable technique for specialty direct-write high resolution patterning with ever-higher
aspect ratios [89]. Recently, Chen, et al. have used the FIB method for the fabrication and
investigation of the growth mechanism of TiO, nanotubes on curved surfaces and in
different arrangements in a FIB-guided anodization process [90, 91]. However, to the
authors’ knowledge, there is no report on the growth mechanism of TF-TNAs on 3D
islands where the Ti film is only connected to the substrate from underneath and is

isolated from its surroundings.

In this chapter, the fabrication and growth mechanism of self-organized TiO,
nanotube arrays (TNASs) on silicon wafers and the growth mechanism of thin-film TiO,
nanotube arrays on net-shape 3D micro-patterned arrays on silicon substrates are
investigated. The 3D isolated growth of TF-TNAs on silicon using a one-step FIB
process shows great promise toward the use of the proposed approach for the
development of metal-oxide nanostructured devices and their integration with micro and
nano-electromechanical systems (MEMS/NEMS) and integrated-circuit (IC) devices. In

this paper, the synthesis of thin-film TiO, nanotube arrays (TF-TNAs) on silicon
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substrate using two different electrolyte systems is reported. The fabrication and growth
mechanism of TF-TNAs on three-dimensional (3D) isolated islands is demonstrated for
the first time using the focused ion beam (FIB) technique. FIB milling (with Ga* ion
beam) is used for micropatterning of thin-film sputtered Ti to create isolated regions of
different shapes for demonstration of the growth mechanism of TiO, nanotube arrays on
these isolated areas with different geometries as a suggestive platform for biological cell

growth studies and other types of micro-electrochemical/mechanical sensors and devices.

4.2 Synthesis and Characterization of Thin-Film TiO, Nanotube Arrays on

Silicon
4.2.1 Titanium Thin-Film Deposition on Silicon

The n-type (100) Si wafers were first degreased using a standard technique
followed by oxygen plasma cleaning prior to deposition. The Ti films of 800 + 10 nm and
1.6 £ 0.01 um thickness were deposited onto Si substrates using dc magnetron sputtering.
The chamber was first evacuated to 2.0 x 107 torr backpressure and the argon gas
pressure was then maintained at 6.0 x 10 torr during the deposition. The sputtering
power and the deposition temperature were held constant at 125 W and 500 °C,
respectively. The sputtering rate of titanium was found to be ~ 1 A/sec which results in
deposition of 800 £10 nm thick layer of titanium in ~ 135 min. Figure 4.1 sows the

surface morphology of the sputtered titanium film on the silicon substrate.
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Figure 4.1 FESEM image of the sputtered titanium on silicon.

4.2.2 Growth of Thin-Film Titania Nanotube Arrays on Silicon

Self-organized TiO, nanotube arrays were grown by electrochemical anodization
of Ti thin-films on Si substrates in two different electrolytes. In the first route, the TiO,
nanotube arrays were grown in a conventional two electrode cell in an aqueous solution
of 0.5 wt% HF and 1 M H,SO, and at a constant temperature of 4 °C. The anodization
voltage was held at constant voltage of 10 V during 30 min and 1 h. The second route
consisted of room temperature anodization of the Ti thin-film in an organic electrolyte
consisting of 96 wt. % ethylene glycol (EG) and 0.4 g NH4F dissolved in 3 wt. % DI
water, at the constant voltage of 40V and for the same durations. Both TF-TNAs samples
were annealed at 420 °C for 4 hours with a heating rate of 1 °C/s to form the crystalline

anatase phase.

4.2.3 Effect of Electrolyte on Morphology of TF-TNAs

The growth of the thin-film oxide nanotube layer was first monitored by studying
the current-time characteristics as reported elsewhere [92]. Figure 4.2 (a) and (b) show

the top-view FESEM images of the as-anodized and the annealed TF-TNAs (and the
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cress-section view of the backside of the nanotubes in inset), respectively. These
nanotubes are formed by anodization of 800 £ 10 nm thin-film Ti in HF-containing
aqueous electrolyte at 4 °C for 30 min and after annealing at 420 °C in air. As shown in
this image, the average inner diameter and the length of as-anodized and annealed
nanotubes was ~ 50 nm and ~ 300 nm, respectively; this diameter corresponds to that of
the TiO, nanotubes grown on titanium foil and anodized at 10 V for the same duration as

reported in the literature [57].

Spectrum 3

Spectrum 3

Figure 4.2 (a) and (b) FESEM top-view FESEM images of the as-anodized and annealed
TF-TNAs (inset: cross-section view of the nanotubes looking from backside) on silicon,
respectively. (c) EDS spectra showing the chemical composition of the thin-film and the

substrate.

Figure 4.2 (c) shows the FESEM image and the corresponding energy dispersive

X-ray spectroscopy (EDS) analysis of the as-anodized TF-TNAs layer on the silicon
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substrate which confirms the chemical composition of the film as well as the substrate.
The formation of high quality nanotubes in this work was shown to be only achievable
below 5 °C in the HF-based aqueous electrolyte solution. This is in accordance with the
findings of Macak’ et al., where the formation of nanotubes in similar HF-based

electrolyte has been observed at temperature of 2°C [58].

Figure 4.3 shows the schematic representation of the thin-film TiO, nanotubular
array under anodic conditions. The formation of nanotubes in electrochemical
anodization is a self-ordering process in which the degree of ordering is dependent on the
electrolyte (pH), voltage, temperature, and the presence of impurities in the material [93].
The mechanism of tube formation is shown in Figure 4.3 which is explained in detail in
the following. The first step of the growth is controlled by the applied field and begins
with TiO, formation (by oxidation of Ti layer as shown in Figure 4.3 (a) and based on
Eq. 4.1) and continues with solvatization of Ti*" (Eq. 4.2); The applied field acts as the
driving force for ionic transport through the barrier layer at the bottom of the pore [1].
Under the applied field, the Ti*" ions migrate outwards while O* ions migrate towards
the metal-oxide interface (Figure 4.3 (b)). Yasuda, et al. have found that
nanopore/nanotube diameters correlate linearly with the growth factor of the transition
metal oxide (the growth factor fgown = tam/4U in which tmm is the (compact) oxide
thickness that grows at a specific voltage in a metal and AU is the potential difference
through the film) [94]. In fact, due to local changes in the thickness of the oxide layer
over the surface, the distribution of electric filed is varied which results in anisotropy in
the field assisted oxidation/etching process. As the process proceeds, the pores start to

form locally through dissolution of the oxide at specific sites on the surface due to F" ions
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attack directed by the local field distribution correlated to the surface morphological
fluctuations as shown in Figure 4.3 (c). From these point sources, the oxide growth would
take place immediately in all directions resulting to a hemispherical oxide structure with
a certain radius R = fyownU. Repeated breakdown at the bottom of the pores would then
lead to an oxide tube diameter proportional to the oxidation factor of the metal [22]. As
the chemical dissolution proceeds in the barrier layer, the electric field in these thinned
regions increases, enhancing the field assisted oxide growth and oxide dissolution. Thus,
well-defined inter-pore cavities start forming as if the entire growth process has started
over in these regions as shown in Figure 4.3 (d). At this point, depending on the amount
of water in the electrolyte, the ripples start to appear as a result of such repeating field
assisted oxidation/thinning/dissolution process. Thereafter, both cavities and tubes grow
in parallel and form the tube walls. The nanotube length increases until the
electrochemical etch rate equals the chemical dissolution rate of the top surface of the
nanotubes. Such chemical dissolution is the key step for formation of the nanotube
arrays. At this step, the thinning process of the barrier layer is continued to keep the
electrochemical etching (field assisted oxidation and dissolution) process active. No

nanotubes can be formed if the chemical dissolution is too high or too low [1].
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Figure 4.3 Schematic representation of growth mechanism of TF-TNAs on silicon in
electrochemical anodization: (a) formation of the compact anodic oxide; (b) local field
distribution correlated to the surface morphological fluctuations; (c) initiation of the pore
growth due to the field-enhanced dissolution; (d) pore growth to form tubes in steady-
state conditions; (e) overall growth mechanism including oxidation and etching steps (f)
Current-time curve monitored during the electrochemical growth in aqueous solution and
the corresponding effect on morphology of the film shown in FESEM images. Images (a)
to (d) were reprinted with permission from Ghicov et al. [93]. Copyright 2009 RCS

Publishing group.

In later growth stages, reactions continue in a steady-state condition under a
competition between the tube growth at the bottom and chemical/electrochemical

dissolution (Eq. 4.3 and 4.4) at the top [93]. In the case of aqueous electrolyte, it was
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found that these two competing processes are dependent on the anodization temperature.
At this point the process becomes diffusion controlled and thereby the growth can
become affected by the viscosity of the electrolyte. At temperatures higher than 5 °C, the
surface of the nanotubes was found to be covered with some irregular features indicating
a higher dissolution rate of the oxide. At low temperature range of 2 to 5 °C, precipitate-
free nanotubes were found to be formed at sufficiently low rate of the chemical
dissolution of TiO,. A constant field gradient is established in the bottom of the tube that
determines ions transport resulting in development of the diffusion profile (D) within the
tube as shown in Figure 4.3 (e)). By monitoring the current changes during the
anodization process, one can control the growth process to the optimized condition. The

growth mechanism can be summarized in four steps as the following:

Field-assisted oxidation:

Ti + 2H,0 = TiO, +4H" + de™ (4.1)

Field-assisted migration:

Ti*" + 6F — [TiFg]* (4.2)

Field-assisted dissolution:

TiO, + 6F + 4H* = [TiFe]* + 2H,0 (4.3)

Chemical dissolution:

TiO, + 6HF = [TiFe]” + 2H,0 + 2H" (4.4)

Figure 4.4 shows the FESEM images of smooth as-anodized and the annealed TF-

TNAs formed by anodization of thin-film Ti in NH4F-containing organic electrolyte at
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room temperature for 1 h at 40 V and after annealing at 420 °C in air. As shown in Figure
4.4 (a), the TF-TNAs are grown to ~ 1.3 = 0.01 pum (out of 1.6 £ 0.01 pm) during 1 h
anodization time. The morphology of the annealed organic TF-TNAs is shown in Figure
4.4 (c-e). By looking from top to cross-sections near the bottom, slight changes in the
diameter to ~ 80 nm and the wall thickness to ~ 15 nm can be observed. This can be
related to lower concentration of fluoride ions in the electrolyte inside the tubes close to
the tube ends and the corresponding effect on the etching rates and thus the thinning
process at the tube walls. The inset in Figure 4.4 (e) shows a photograph of the annealed

TF-TNAs on a silicon piece.

Using organic electrolytes, well-shaped circular and longer nanotubes can be
obtained at room temperature as compared to aqueous electrolytes. In fact, lower
dissolution rates of the nanotubes in the presence of low water content organic electrolyte
results in the formation of smooth walls and allows for long growth times for the growth
of long nanotubes. This is particularly important in growth of thin-film nanotubes on a
substrate, as thin-film nanotubes are more prone to be dissolved in HF-based aqueous
solutions, thus, leaving less chance for the nanotubes to grow longer. This has been also
reported in the case of the growth of nanotubes on Ti foil due to very high rate of
chemical dissolution of TiO, which results in the growth of the nanotubes only up to a

maximum length of 1 um [95].
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Figure 4.4 (a) and (b) FESEM images of the as-anodized organic TF-TNAs showing the
topside, cross-section and backside of the nanotube arrays. (c), (d) and (¢) FESEM
images of the annealed organic TF-TNAs showing slight changes in the wall thickness
from top to cross-sections near the bottom. Inset is a photograph of the annealed TF-

TNAs sample.

As mentioned, the water content in the electrolyte affects both the growth (oxide
formation) and etching (oxide dissolution) rates of the nanotubes if the formed metal
fluorides are water-soluble. A striking effect of the water content is that smooth tube

walls are obtained for low water content, whereas side wall ripples are formed at higher
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contents [96]. As can be seen in Figure 4.4, the sidewalls of the organic TF-TNAs contain
some ripples formed approximately at 1/3 of the length from the bottom side of the
nanotubes. This is opposed to what is observed in aqueous TF-TNAs where the entire
nanotube (with shorter length) is continuously and uniformly exposed to F ions leading
to the formation of ripples at the entire sidewalls. This effect is clearly evident from the
TEM images of the aqueous and organic TF-TNAs samples shown in Figure 4.5. The
reason for this effect is that for higher water contents, the fluoride-rich layer between the
tubes shows a faster etching speed (chemical dissolution rate) than the growth speed of
the tubes into the underlying substrate; since the F ions are soluble in the water content
of the electrolyte and that water has lower viscosity than the ethylene glycol, such higher
fluoride containing medium can easily diffuse between the nanotubes walls and start the
formation of small cavities. Thus, owing to the higher migration velocity of fluorides
compared with O the chemical dissolution rate of the oxide is locally increased in those
thinned regions which results in additional local etching of the nanotubes at their

sidewalls leading to formation of bands/ripples in the walls of the nanotubes.
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Figure 4.5 TEM Images of (a) aqueous and (b) organic TF-TNAs and the corresponding

diffraction patterns.
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Figure 4.5 (a) shows the TEM image of the crystalline TF-TNAs formed in
aqueous electrolyte with ripples formed on the entire length of the tubes. In the case of
organic TF-TNAs (Figure 4.5 (b)), the sidewalls are formed as straight and smooth lines
with no gap in between. Note that the bottom sides of these nanotubes with small fraction
of ripple are not shown in this image. The diffraction patterns shown in the insets reveal
the polycrystalline nature of the nanotubes with the (101), (004), (200) and (105) planes
corresponding to the tetragonal titania anatase in both samples. In the case of aqueous
TF-TNAs, the diffuse diffraction spots in the pattern indicate the presence of lattice
disorder and defects in the structure. However, in the case of organic TF-TNAs, the

presence of distinct diffraction spots confirms the presence of perfect crystals.

In order to study the crystallization and annealing behavior of the anodized TF-
TNAs, in-situ high temperature glancing incidence X-ray diffraction (HT-GIXRD) was
used to detect the information about the crystalline phases only from the film. The as-
anodized organic TF-TNAs sample was heated from room temperature to 450 °C at
heating rate of 1 °C/min in air and the XRD patterns were recorded using a glancing
angle of 1° at different temperature increments from room temperature up to 450 °C. The
sample was then annealed at 450 °C for 4 hours followed by recording the XRD patterns
after annealing at 450 °C and cooling down to room temperature, at 25 °C. As shown in
Figure 4.6, the crystalline anatase TiO, starts to form at 350 °C with the main
characteristic peak of (1 0 1) plane at diffraction angle of 25°, and those of (0 0 4), (20 0)
and (1 0 5) planes shown at 36°, 48° and 54° (ICDD PDF 01-071-1176), respectively.

The XRD analysis on both aqueous and organic samples revealed that the onset of
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crystallization temperature in TF-TNAs is slightly lower than that of the TiO, nanotubes

(~ 450 °C) grown on Ti film [5].
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Figure 4.6 (a) HT-GIXRD patterns of organic TF-TNAs as a function of annealing

temperature.

Figure 4.7 (a) and (b) show high resolution XPS spectra of the Ti 2p and O 1s the
organic TF-TNAs sample after heat treatment. The Ti 2p with two peaks obtained
corresponding to Ti 2ps; and Ti 2p1, photoemission spectra observed at 459.5 and 465.2

eV, respectively, with a spin orbit splitting of 5.7 eV, indicating (as expected) the Ti**
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chemical state. Figure 4.6 (c) shows O 1s photoemission spectra at 531 eV which
corresponds to the oxygen bonded to Ti**. The shoulder peak on the higher binding
energy side of the main O 1s peak at approximately 532.5 eV originates from the
adsorption of hydroxyl groups on the surface [97]. The Ti 2p and O 1s peak positions
were found to be in agreement with the Ti-O binding energies in TiO, after annealing

confirming the formation of titanium oxide [98].
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Figure 4.7 (a) and (b) High resolution XPS spectra of the Ti 2p and O 1s peaks of

annealed organic TF-TNAs sample.

4.3 Growth Mechanism of Thin-Film TiO, Nanotube Arrays on 3D FIB

Micropatterned Isolated Islands

In order to investigate the growth mechanism of TiO, nanotubes on 3D isolated
islands, the sputtered Ti film was patterned using the FIB before the anodization. The
patterned thin-film was then anodized under the same conditions used for synthesis of the
organic TF-TNAs sample. Figure 4.8 shows the FIB micropatterned cylindrical and cubic

arrays of isolated 3D islands, each with a volume of ~78.5 and ~100 um®, respectively,
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on Ti films. The thickness of the Ti film is ~1.6 um which can be distinguished from the
Si substrate based on the contrast in the SEM image in Figure 4.8. The presence of small
cracks on the surface is due to the local heat generated from the high energy gallium ion

bombardment [99].

Formation of the TiO, nanotube array is influenced by three main factors. In 3D
isolated islands, the Ti layer is in electrical contact with conductive substrate (silicon)
only along the base and not at the sidewalls; thus, the growth is only guided by the charge
path combined with the distribution of the electrical field in the Ti layer underneath. The
EDS elemental map and chemical composition of the TiO; islands after anodization are
shown in Figure 4.9. According to this map, presence of Ti and O only on the patterned
areas versus the Si in the milled area confirms that the patterned regions are perfectly
isolated from their surroundings. A small non-uniformity in the Si map is observed which

is due to the presence of Ti debris inside the channels as a result of milling process.
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Figure 4.8 (a-d) Cross-section view FESEM images of the FIB micropatterned 3D

cylindrical and cubic arrays of isolated 3D islands at different magnifications.
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Figure 4.9 Top-view FESEM images and the corresponding EDS elemental map of as-
anodized TF-TNAs grown on (a) cylindrical and (b) cubic FIB micropatterned 3D islands

which confirms electrical isolation of the patterned region from the surroundings.
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Figure 4.10 shows the FESEM micrograph of the as-anodized TF-TNAs grown on
net-shape micropatterned cylindrical and cubic islands at different magnifications.
Uniform growth of the nanotubes can be observed on both types of geometries,
particularly, at the edges and the sidewalls of the islands. Moreover, the porous surface of

the nanotube arrays is extended from the top to the sidewalls of the islands.

Figure 4.10 (a-d) Cross-section view FESEM images of the as-anodized FIB

micropatterned 3D islands at different magnifications.
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In order to view the growth morphology of nanotubes at the sidewalls of the
islands, a close-view FESEM micrograph of typical annealed TF-TNAs on cylindrical
island is taken by making a cut-section in the middle of the island and at the edge. The
morphology of the nanotubes on the curved surface was seen to be strongly dependent on
the corresponding electric field distribution. As seen in Figure 4.11 (a), the cut-section
view in the middle of the island reveals the formation of vertically-oriented nanotubes as
expected. Clearly, due to the excess of O% and F ions in the electrolyte adjacent to the
surfaces of the 3D islands at the top and sidewalls, growth of TiO, nanotubes involves
initially with formation of porous structure via fast diffusion of the O% from the surfaces
and oxidation of Ti to Ti**; this step competes later with dissolution of TiO, by
incorporation of the F ions in the growing TiO; lattice which forms the water-soluble
TiF¢® complexes. Meanwhile, the growth is controlled by the distribution of electrical
field gradually from vertical to horizontal direction. It is known that at electrostatic
equilibrium, the electric field upon the surface of a conductor is directed entirely
perpendicular to the surface [100]. It is also known that on the surface of an irregularly-
shaped conductor, the charge density (o) is the highest at locations along the surface
where the object is most curved such as at sharp points or edges. According to Gauss's
Law, the field intensity (E) is high just above a sharp point with a small radius of

curvature (R). This can be shown through the following relations:

The potential on the surface of a sphere of radius R is:

__1Q
B 4re, R (4.6)
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The surface charge density (o) on the sphere is also related to the charge (Q) as

the following:
Q=47R%c (4.7)
Thus,

where, &g IS the permittivity constant of the dielectric material surrounding the charge.

Solving for o, we obtain:

o=—— (4.9

E=Z (4.10)

As the surface starts to curve on the edges, the nanotubes tend to gradually orient
according to the surface curvature while they are still interconnected at the roots. In fact,
this orientation results from deflection of the nanotubes on the walls of islands guided by
the change in the direction of electric field normal to the surface plane and outward to the
surface in such a way that the open side of the nanotubes is always in the direction of the
surface normal while its closed end is connected to the TiO, barrier layer (Figure 4.11

(c)). While the ion diffusion is uniformly possible from each side of the island walls, the
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larger electrical field at the edges of curved sidewalls of the islands results in
concentration of F ions at the edges between the sidewalls of the islands and their
surface; thus, the TiFs? dissolution competes with the TiO, formation and results in
formation of a strip of nano-porous structure at the edges [93]. Schematic of Figure 4.11
(d) illustrates the growth morphology of deflected nanotubes under applied electric field

as we get close to the sidewalls of the islands.

Figure 4.11 (a) Cross-section view FESEM micrograph of the marked line in (b) which
shows top view FESEM micrograph of the TiO, nanotube arrays in cylindrical island

after annealing. (c) High magnification FESEM micrograph of the marked area on (b)
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showing gradually deflecting nanotubes grown on the sidewall of the island. (d)
Schematic showing the mechanism of growth of deflected nanotubes under applied

electric field.

4.4 Conclusion

Electrochemical growth of self-organized TF-TNAs on silicon substrate via
anodization of sputtered Ti on silicon is shown through two different routes. Vertically-
oriented nanotube arrays with average diameter of ~30 nm and length of ~1.5 um are
synthesized at different potentials and growth times in aqueous and organic based types
of electrolytes. It was shown that the growth of TF-TNAs in aqueous HF based
electrolyte is only possible at temperature below 5 °C which adds to the complexity of the
process in comparison to the use of organic based NH4F electrolyte. The fabrication and
growth morphology of TF-TNAs on 3D isolated islands was successfully demonstrated
using a one-step focused ion beam (FIB) technique. The effect of electric field
distribution on the growth morphology of TF-TNAs on 3D isolated areas was studied. It
was found that the field-enabled transport of mobile ions results in formation of deflected
nanotubes on the sidewalls of the islands. This work demonstrates the use of the FIB
technique as a simple, high resolution and mask-less method for high aspect ratio etching
for creation of isolated islands and shows great promise toward the use of the proposed
approach for the development of metal-oxide nanostructured devices and their integration
with micro and nano-electromechanical systems (MEMS/NEMS) and integrated-circuit

(1C) devices.
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CHAPTER 5

FINE-TUNING THE ELECTROCHEMICAL PROPERTIES OF TiO;

NANOTUBE ARRAYS BY DOPING

5.1. Overview

Among different crystal structures and morphologies of TiO, materials, oriented
anatase nanotube arrays show the highest activity for photocatalysis as well as solar
energy conversion efficiency [1, 101]. One major challenge regarding the use of these
nanostructures in photochemical applications is the large band gap of TiO, which makes
it useful only for excitation < 400 nm [102]. Therefore, strategies have been applied for
realizing the TiO, for visible and thus solar light response. Two key approaches to
achieve this are dye-sensitization and so-called doping with species that essentially
reduce the band gap of the material [22]. By introducing dopants of similar or different
ionic radius, the lattice structure can be tuned which may further tune the electronic
structure and optical behavior by introducing electronic states in the gap. Generally, the
major challenge in analysis of doping mechanism in doped material is the detection of
dopant which is an extremely small fraction of the host material. The underlying
hypothesis in this chapter is that the incorporation of strontium in the TiO, lattice has
been made possible via one-step in-situ electrochemical anodization and annealing
process which has resulted in enormous enhancement in photocatalytic activity of the
material. Extensive study of the doped TiO, nanotubes has been accomplished through

the use of state-of-the art bulk analysis and surface spectroscopy techniques such as X-
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ray crystallography and X-ray absorption spectroscopies to understand the doping
mechanism. On the other hand, the use of microscopy techniques such as scanning
electron microscopy (SEM), and atomic resolution transmission electron microscopy
(TEM) has enabled reliable identification of success or failure of doping as well as the
mechanism involved. The experiments in this chapter will explore possible mechanisms
of the strontium doping into the TiO, structure, accompanied by investigation of the
induced nanostructural changes in the bulk and surface structure of the nanotubes. With
this aim, we compare the structural and optical properties of the un-doped and doped

TiO, nanotubes at different concentrations.

5.2 In-situ Synthesis and Characterization of Strontium-Doped TiO, Nanotubes

Arrays of closed-end highly-ordered vertically oriented TiO, and strontium doped
nanotube arrays (with an average inner diameter of ~100 nm) were grown using the
potentiostatic anodization process on 2 cm x 2 cm strips of polished titanium (0.25 mm
thick, Alfa Aesar) in a two-electrode cell configuration as described in section 3.1.1.
Prior to anodization, the strips were rinsed in an ultrasonic bath of ethanol and cold DI
water for 1 h and 15 min, respectively. Pt mesh was used as the counter electrode and
located 2 cm away from the Ti electrode immersed in the electrolyte. Samples were
anodized and doped in-situ in an electrolyte containing 0.1 M NH4F mixed with 0.02 M,
0.04 M, 0.06 M anhydrous strontium hydroxide (Sr (OH),), 99% (from Pfaltz and Bauer
Inc.) at 20 V for 3 h at 20 °C. The pH of the electrolyte was controlled by addition of 0.1
M H3PO, to the solution. Subsequently, samples were annealed at 450 °C for 4 h with
heating and cooling rates of 1 °C/min. After anodization, the samples were ultrasonically

rinsed in DI water and dried under a stream of nitrogen.
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Table 5.1 shows the Sr content in the TiO, nanotubes samples that are determined
based on ICP MS data averaged over two measurements on annealed samples and from
XPS measurements over 2 different spots on the surface of two sets of as-prepared and
annealed samples, respectively. The undoped TiO, and the lowest to the highest
strontium containing samples are named hereafter T, ST1, ST2 and ST3, respectively.
Note that the dopant concentrations determined based on XPS analysis are considered as
the basis for examination of surface sensitive properties while the ICP-MS results are

used for bulk properties evaluation.

Table 5.1 Sr content in (atomic %) in doped TiO, nanotubes samples from ICP MS and

XPS measurements shown over the full range.

Sample ST1 ST2 ST3
Method
Solution Concentration (M) 0.02 0.04 0.06
ICP-MS” (At. %) Annealed 15+0.1 3.0£0.2 8.0+0.1

(number of repeat measurements: 2)
As-anodized | 1.12 £0.02 3.9x0.2 46044

XPS (At. %)
(number of repeat measurements: 4) Annealed 0.82 +0.03 1.09 £0.03 1.34 +£0.09

“ICP-MS performed by Mr. Gene Weeks at UGA Lab for Environmental Analysis
It is worth noting that a particular discrepancy was observed between the effective
content of Sr®* within the samples before and after annealing with their initial

concentrations in the solution during the anodization process. Moreover, the as-anodized

samples show higher values of the dopant on the surface compared to the annealed ones
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(as measured by the XPS), which could be due to further diffusion and distribution of the

dopant from the surface toward inside the film along the nanotubes.
5.2.1. Effect of Processing Conditions on Morphology of Sr?*-Doped TiO, Nanotubes

Figure 5.1 shows a typical FESEM top-view image from the surface and backside
of the annealed Sr**-doped TiO, nanotubes grown in electrolyte containing 0.04 M
Sr(OH), at 20 V for 3 h. The surface morphology of the nanotubes was found to be
unchanged after doping. The tube diameter and the tube length were 100 + 10 nm and ~1

pm, respectively.

100 mm

Figure 5.1 (a) Typical top-view FESEM image of the surface and backside of an

annealed Sr**-doped TiO, nanotubes (ST2 sample).

However, cross-sectional characterization of the fabricated Sr-doped TiO,
nanotubes revealed that tube length is a function of the electrolyte pH and the dopant
content. This effect is shown in Figure 5.2 in which the length of Sr-doped nanotubes is
changing from about 0.7 um to 1.4 um in 0.02 M dopant concentration by changing the

electrolyte pH from 2 to 3 (Figure 5.2 (a) and (b)). This effect shows that increasing the
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pH of the electrolyte from 2 to 3 resulted in doubling the tube length which can be
considered as a factor in the preparation of doped nanotube arrays with different lengths.
Grimes and co-workers observed the same trend upon the fabrication of un-doped titania
nanotube arrays where longer nanotubes formed in higher pH solutions [5]. Also, slight
change (~ 30% decrease) in the length was observed when the dopant content is increased
from 0.02 M to 0.04 M. This can be attributed to the consumption of the F" ions by the
dopant atom via formation of SrF, (with solubility of 0.039 g/100 mL) in the water
electrolyte which finally results in decreased concentration of the reacting fluoride in the
electrolyte surrounding the nanotubes and as a result lowering the rate of tube growth

[103].
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Figure 5.2 FESEM cross-sectional views of the as-prepared Sr**-doped TiO, nanotubes

for(@) STL@pH=2,(b) STL@pH=3,(c) ST2@ pH=2and (d) ST2 @ pH =3.

5.2.2 Study of Doping Mechanism in Sr**-Doped TiO, Nanotubes

5.2.2.1. Bulk Structural Analysis of Sr**-TiO, Nanotubes: Effect of Dopant on the Lattice

Structure
5.2.2.1.1 TEM/HRTEM Analysis

Figure 5.3 shows a typical cross-section view TEM image and the EDS spectrum
and the corresponding EDS map of a single Sr**-doped TiO, nanotube along longitudinal

direction. The EDS spectrum reveals the presence of Ti K and Sr L peaks in the doped
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sample. Also, the EDS Sr L map extracted based on Sr L line reveals a homogenous
distribution of the Sr along the length of the tube. The relative concentration of the Sr

based on this peak estimated from the EDS is ranged from 0.2-1 atomic %.
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Figure 5.3 Cross-section view TEM image and the EDS spectrum and the corresponding
EDS map of a (annealed) single Sr**-doped TiO, nanotube (prepared in electrolyte

containing 0.04 M Sr(OH), and @ pH = 3) along longitudinal direction.

Figure 5.4 shows a closer view of an annealed Sr**-doped nanotube with the
corresponding diffraction pattern shown in inset (Figure 5.4 (a)). As shown in this figure,
the bulk of the nanotube is composed of a crystalline region in the middle with clear
lattice fringes indicating the crystalline structure of the nanotubes. The orientation of the
crystals is clearly observed from the diffraction pattern of the middle region with the
majority (101) oriented planes observed from the indexing of the fast Fourier transform

(FFT) as shown in the inset in Figure 5.4 (b). The HRTEM image and the FFT
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reconstructed image in the inset of Figure 5.4 (c) show the d-spacing of 0.35 nm which
correspond to (101) planes. However, as shown, the crystalline region is encompassed
with a fairly thick amorphous layer of ~ 15 nm that extends to the entire length of the
nanotube. This amorphous layer is thicker compared with the a few nanometer
amorphous layer typically seen in undoped TiO, nanotubes synthesized similarly in

aqueous solution (Figure 5.4 (d) and (e)).

Figure 5.4 (a) Cross-section view TEM image of annealed ST2 sample and the
corresponding diffraction pattern in the inset. (b) A magnified region of (a) showing the
preferred orientation of the (101) crystallographic planes in FFT. (¢) HRTEM image and
the FFT reconstruction of the crystalline region. (d) The TEM image of undoped TiO,

nanotube and the corresponding diffraction pattern of the outer layer in (e).

5.2.2.1.2 XRD Analysis
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In order to perform detail analysis of the bulk and surface of the doped TiO;
nanotubes, it is required to understand the unit cell and crystallographic structure of
anatase. Figure 5.5 shows the lattice structure of the anatase with the lattice parameters
denoted by a, b, and c, the TiOs octahedra and the Rax and Req (the distances between a

Ti*" ion and its nearest and next-nearest neighbor O* ions, respectively).

(c)

—@

Re= 193 A

Figure 5.5 Unit cell (left), crystallographic structure (center) and TiOg octahedrons
(right) of anatase with oxygen in (red) and titanium in (blue). The lattice parameters are
denoted a, b, and ¢, while Rz and Req are the distances between a Ti** ion and its nearest

and next-nearest neighbor O% ions, respectively [102].

Figure 5.6 shows the XRD patterns of the annealed undoped (pure) and Sr-doped
TiO, nanotube arrays prepared in electrolyte with three different dopant concentrations at
pH = 3. All patterns confirm with reflections from TiO, anatase phase which crystallizes
within the 14;/amd space group (tetragonal cell) after annealing. No evidence for phase
segregation was found from the XRD patterns. Note that the peak position of titanium at

20 = 40.5° was considered as the reference position for comparison of the undoped and
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doped TiO, samples. In general, as the dopant level is increased, gradual shifts in the
lattice parameters of the host material is observed due to the strain induced when the
dopant is incorporated into the periodic crystal lattice. According to Vegard’s law, the
average lattice parameter varies linearly with dopant concentration in the crystal, and
typically the deviations from linearity are indications of phase transitions or segregation

[104].

Inspecting Figure 5.6, it was found that the anatase (101) peak shifts towards
smaller 26 values with increasing Sr dopant concentration as observed in close-up view
of the (101) shown in Figure 5.6 (b). This shift can be attributed to the incorporation of
the Sr*? with larger ionic radius (1.18 A) than that of Ti** (0.605A) into the crystal lattice
of TiO,. The shift in (103), (004) and (200) peak positions are also shown in Figure 5.6
(c-d). As the concentration of the dopant increases, it is expected that more Sr*? ions are
incorporated into the TiO, crystal lattice and as a result the corresponding peaks are more
shifted to the higher angle side. In order to investigate the reproducibility of the XRD
measurements, the Table 5.2 shows the two-theta peak positions corresponding to (101)

and (004) planes that are obtained from repeated XRD experiments on all samples.
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Figure 5.6 XRD patterns of undoped and Sr** -doped TiO, nanotube samples obtained at

different Sr-dopant concentration and electrolyte pH = 3 shown in (a). Close-up view of

(b) (101), (c) (103) and (004), (d) (200) peaks.
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Table 5.2 Two-theta values (in degree) obtained from repeated XRD experiments
corresponding to (101) and (004) planes in all samples.

Experiments 1 2

Samples T ST1 ST2 ST3 T ST1 ST2 ST3

Planes
(101) 25.505 | 25.426 | 25.419 | 25.375 | 25.493 | 25.477 | 25.395 | 25.392
(004) 38.645 | 38.615 | 38.614 | 38.585 | 38.654 | 38.619 | 38.612 | 37.929

Based on Scherrer’s formula peak broadening is essentially associated with
crystallite size and non-uniform strain (micro-strain) due to shifts of atoms from their
ideal positions which result in structural strain and disorder in TiO; crystalline lattice
structure. The crystallite size of the undoped and the doped samples were calculated from
Scherrer formula. The calculated sizes of the crystallites were found to be changing in the
range of 25 nm to 35 nm; however, no trend was observed between the doped samples
with respect to the undoped one. The unit cell of anatase TiO, is illustrated in Figure 5.7
(a). The anatase with tetragonal crystal system is composed of Ti atoms (gray) and the O
atoms (red) with lattice parameters of a = b = 3.7845 A and ¢ = 9.5143 A. A 90° rotated
view of the unit cell is shown in Figure 5.7 (b) with octahedral interstitial indicated in

black circles and the (101) plane in blue.

69



352
(c)
(101)

49 - o
3.48
o (103)
2.36
L g1
=3
"-,5 2.34
o 004
2 am o
232
1.9
n 1.89 i -, (200)
Bragg's law: d = — N ‘
Be 25in @ e
187
.1 h2+k?2 12 @45 05 15 25 35 45 55 65 75 85
Tetragonal: o

Dopant concentration (Atomic %)

Figure 5.7 (a) Unit cell of anatase TiO,, Ti (gray) and O (red) spheres. (b) 90° rotated
view of unit cell shown in (a) with octahedral interstitial indicated in black circles and
(101) plane in blue [105]. (c) Plot of variation of calculated inter-planar d-spacing as a

function of doping concentration determined from ICP-MS measurements on the bulk.

The change in the d-spacing in (101), (103), (004) and (200) planes in doped
samples is calculated from the well-known Bragg’s law and shown as a function of
dopant concentration in Figure 5.7 (c). The main source of error in lattice parameters
determination, for X-Ray Diffractometers with Bragg-Brentano geometry, is related to
the alignment of instrument (zero 2theta offset and peak position) [106]. This effect is
taken into account in our measurements by alignment of the instrument before
performing the scans and by using the Ti peak corresponding to the metallic titanium in
the substrate as the reference peak for all samples. The accuracy of the measurements

was also determined based on the instrument precision of 0.02° measurement for the 2-
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theta angle in the Bragg-Brentano geometry, which allows an accuracy of 0.002 A for the
lattice parameters and determination of the error bars. Based on these calculations, it was
found that the values of d-spacing in all planes increase linearly with the amount of Sr
dopant. This can be related to random substitution of the dopant atom in the TiO, lattice,

either for Ti atom or in interstitial sites (black circles) as shown in Figure 5.7 (b).
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Figure 5.8 Plot of variation of lattice parameters a and ¢ as a function of doping

concentration determined from ICP-MS measurements on the bulk.

Figure 5.8 shows changes in the lattice parameters a and ¢ as a function of doping
concentration. It was observed that both a-axis and c-axis have slightly increased with
increasing the dopant content compared with that of undoped anatase. Such modification
of the lattice cell parameters is an indication of the effective accommodation of the
divalent Sr** cation by the lattice. This linear variation of the cell parameters along both

axes is in accordance with Vegard’s law which confirms successful incorporation of Sr**
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into TiO, lattice. Note that the a-axis and the c-axis values were calculated from (200)

and (004) planes, respectively.

By looking at the changes in the intensity of (004) peak with increasing dopant
content, it was observed that the intensity is increased from undoped sample to ST2.
However, a sudden change in the peak intensity can be seen in the (004) reflection in the
highest doped sample ST3 (Figure 5.6). Since the (004) reflection is related to changes in
dimension along the c-axis, it appears that the lattice has slightly distorted along the c-

axis in ST3 sample.

Based on the above observations from the XRD measurements and the changes in
the lattice parameters, it is suggested that the Sr’* has entered the TiO- lattice either in the
interstitial sites or as substitutional for Ti**. No other phase formation was observed from
XRD analysis. However, the possibility of grain-boundary segregation and surface phase
segregation may also be valid. As such, clustering of strontium in the form of SrO on the
sub-nanometer layers on the very top surface of the nanotubes is examined in the

following sections thorough surface sensitive techniques and HRTEM in detail.

When dopant ions are larger than those in the matrix, grain boundaries can often
accommodate such large ions much more easily because of their more open structures
and due to strain energy minimization [107, 108]. Charged dopants (acceptors or donors)
cations, during the interaction with the electrostatic fields, established in the near grain
boundary regions because of nonstoichiometry at the grain boundaries, tend to segregate
to or deplete from the grain boundaries depending on the charge polarity to minimize the

total electrostatic energy. On the other hand, if the size of the dopant ions is significantly
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different from that of the matrix cations on the substitutional site, considerable strain field
is created around the alien ions due to the large ionic mismatch. The high strain energy
has to be released in some way for the system to stabilize. Before the solid state solubility
of the dopant is achieved, those alien ions can be better accommodated in the grain

boundaries than in the bulk [107].

Ikeda and Chiang [109, 110] have investigated the GB segregation of TiO, which
were both explained theoretically and experimentally. Using a pure space-charge model
at high temperatures, it was predicted that segregation and grain boundary potential only
depended on the net bulk dopant concentration given constant individual defect formation
energies and the temperature. At a specific temperature, there existed an isoelectric point
where the boundary potential equaled to zero. With assumption of the individual defect
formation energies, they found this isoelectric point varied with temperature at specific
oxygen partial pressure and slightly lied at the donor-doped composition due to the

defects from reduction.

Ling, et al. have also reported the precipitation and identification of second
phase(s) in high temperature processing of strontium-doped TiO, materials [111]. Their
observations indicate that (< 0.5 mol %), strontium segregates to the grain boundaries to
form a second phase of SrTiO3; below the solubility limit. Above 1200 °C, this second
phase is continuous; shape instability causes it to break up into discrete particles below
1200 °C. At higher strontium concentration (about 2 mol % Sr), nucleation of SrTiO;
crystallites has shown to occur both inside the TiO, grains and at the grain boundaries

[111]. These observations reveal the possibility of GB segregation of Sr in TiO,, noting
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that high sintering temperatures provides sufficient energy as a driving force for

movement of the large ion to the GBs.

In our investigation of the incorporation of Sr dopant into TiO, lattice, the first
possible mechanism can be associated to the Sr substitution for Ti atom. The lattice
expansion in both directions in all doped samples as well as the slight linear increase in d-
spacing between (004) and (200) planes indicate uniform changes in the lattice. Due to a
significantly higher effective ionic radius of Sr** (1.18 A) than that of Ti** (0.605A), the
presence of Sr either as a substitutional or interstitial ion, seems very possible to result in

the lattice expansion in all directions.
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Figure 5.9 The 3D unit cell of anatase (a) with specified O-Ti-O bond length in the
middle and the void length along the c-axis. (b) and (c) Hard-sphere model of the anatase
lattice at different views showing the larger interstitial site. (d) Side views of the atomic
arrangements of the anatase TiO, (001)-2x2 structure. Ti and O atoms are denoted by
light gray and red (dark) balls, respectively. All bond lengths and angles on this image
are given in angstroms and in degrees, respectively. (e) (200) plane with O* anions and
Ti*" cations positions and the interstitial site in red. Image (d) reprinted with permission

from Mete et al. [112, 113]. Copyright 2012 from American Physical Society.

According to Steveson et al., there are two interstitial sites in anatase (All and
Al2 in Figure 5.9 (a)), both of which are surrounded by oxygen atoms in a distorted

octahedral arrangement [113]. In order to investigate the possibility of fitting a Sr ion in
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the interstitial site in the anatase structure, we performed a geometric calculation for
finding the size of the largest sphere that can fit into the interstitial space in the anatase
lattice structure. For this purpose, we considered the case if the Sr ion can be positioned
at the larger interstitial site (Al2). The geometric calculations have been restricted to
hard-sphere model system of molecules—i.e., idealized molecules that have finite size
but no forces involved (Figure 5.9). Based on the Shannon and Prewitt ionic radii, the
effective ionic radius of Ti*" and O% with six-fold coordination in anatase are 0.61 A and
1.40 A, respectively [114]. The cell structure around the interstitial site is the same as that
around the Ti atoms, except for the distances of the oxygen along the z-direction [115].
This distance was calculated to be (0.137 nm) knowing the radius of O (0.14 nm), the
length of O-Ti-O bond (0.396 nm) in the middle of the cell and the dimension of the cell
along the c-axis (0.948 nm). The results of these calculations revealed that the largest ion
that can fit in the octahedrally coordinated interstitial site is ~ 0.057 nm. This reveals that
the 6-fold coordinated with the effective ionic radius of 0.116 nm cannot fit the free space
of the anatase. Consequently, the insertion of such a large ion in such a small empty
space may enhance the possibility of the local lattice distortions associated with the

lattice modulations due to the presence of large dopant.

It has been reported that the photoreactivity of oxide semiconductors, such as
TiO,, is closely related to defect disorder [116]. Therefore, their photoreactivity and
related performance can be modified by shifting the defect equilibria. Table 5.2 and 5.3
show the Kroger—Vink [117] and traditional notations of defects for TiO, and Sr**-doped

Ti0O; and the basic defect equilibria in the TiO, [108].
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Table 5.3 Kréger—Vink and traditional notation of defects for TiO, and Sr**-doped TiO,

traditional
notation

44
Tiy;

.34
Tip,

description

Tip;* ion in the titanium lattice site

Tip" ion in the titanium lattice site

titanium vacancy

Ti*" in the interstitial site

Ti*" in the interstitial site

Oy’ ion in the oxygen lattice site

oxygen vacancy

Op~ ion in the oxygen lattice site

Srri?™ 1on in the titanium lattice site

Sri2* ion in the interstitial site

Kroger—Vink

notation

= X
Tiy;

’

[S

okt
Vi
Ti.***

Ti i a8 e
0y"
\.;D L 1]
h*

Srri

L 1]

Sri

Table 5.4 Basic defect equilibria in TiO, using Kréger—Vink notation
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Based on the results obtained from calculation of the interstitial site in the TiO,

lattice and the fact that interstitial Sr is unlikely to happen, the possibility of

incorporation of the Sr?* dopant substitution for Ti** in coordination number six with

charge compensating oxygen vacancies can be examined as the following:
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TiO,

SrO= S +0 +V;° (5.1)
in Kréger—Vink notation.

This defect disorder is governed by ionic charge compensation of strontium:
[Sril=V5 (5.2)

Thus, the residence of larger-sized Sr** in substitutional sites would also cause

volume-compensating oxygen vacancies as shown experimentally and theoretically
earlier. As such, defect clusters such as [Sr;—-V;"] could occur along different [hkl]

directions in the TiO; lattice resulting in alteration of the atomic distances [118].

5.2.2.2. Surface Analysis of Sr**-TiO, Nanotubes: Effect of Dopant on the Surface and

Electronic Structure of TiO,

5.2.2.2.1 XPS Analysis

In order to investigate the composition, surface properties and chemical states of
Ti, O and Sr in terms of the effect of dopant concentration, X-ray photoelectron
spectroscopy (XPS) analysis was performed on the as-anodized and annealed nanotube
arrays. All peak position numbers reported here are extracted from the XPS data and
corresponding fitted components with details of fitted peaks given in Appendix B. For
more clarity on the general trends due to the presence of the Sr dopant, the fitted peaks

are not combined with the overall XPS spectra in this chapter.
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Before performing the XPS measurements on the surfaces of the nanotube
samples, the XPS depth profile analysis was performed to obtain information about the
lateral elemental distribution along the length of the nanotubes in doped samples. Figure
5.10 shows a typical depth profile result of the Sr**-doped TiO, nanotubes displayed in a
2D colored map which was performed along the vertical axis of the nanotube arrays. The
etching rate of the instrument was calibrated using a Ta,Os standard (0.19 nm/sec for the
Ar” ion energy of 2000 eV). Based on the relative sputtering rates reported for the Ta,Os
and TiO; using the same ion energy in Ref. [119], the sputter rate of TiO, was estimated
to be ~ 0.14 nm/sec. The depth profiling was carried out on a spot size of 400 um and
every scan was performed after each etching cycle of 3 min on the sample. A total of 9
cycles were performed which resulted in etching of about 324 nm of the material (~1.3 of
the tube length) along the nanotubes. The O 1s, Ti 2p and Sr 3d scans were recorded on
the sample after each cycle. Based on the etching rate, the depth of each cycle was

estimated to about 25 nm.

The results of depth profiling are shown in Figure 5.10. As shown, a shift is
observed from the first scan to the next scans after etching the first layer which is related
to an actual difference between the charge conditions of the top layer, i.e., the unsputtered
layer of a sample and the subsurface sputtered layers. This shift is caused from a new

charge equilibrium occurring as the sputter gun ions interact with the surface.

Figure 5.10 (a) shows the O 1s map with a homogeneous distribution of lattice
oxygen along the nanotubes. The stacked depth profile plot of the O 1s photoemission
spectra is shown in Figure 5.10 (d). A comparison between the O 1s peak of the first and

the last scans revealed the presence of a broadened peak in that last scan. A careful peak
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fitting analysis of this broadened peak (as shown in Appendix B) revealed the Sr-O
contribution at 532.3 eV in a small portion to the O 1s peak in addition to two other peaks
occurring at 531.4 eV and 530.4 eV which can be attributed to the Ti-O contribution with
O and Ti at different chemical states (from the nonstoichiometry that is induced in the
TiO; structure by the presence of dopant). It should be noted that the attribution of the
shoulder peak at higher binding energy (~ 532 eV) to chemisorbed oxygen is not valid,
because the etching procedure is performed in the vacuum chamber and there is low

chance for the bombarded oxygen atoms making new bonds with on the surface.

Figure 5.10 (b) shows the Ti 2p map with a fairly noticeable change in the
distribution of Ti 2p core level photoemissions with respect to the binding energies and
the geometry of the nanotubes which reveals variation of the oxidation states of Ti from
the surface along the nanotubes. This can be well explained based on the stacked depth
profile Ti 2p photoemission spectra shown in Figure 5.10 (e). It can be seen from this
spectra (and from the deconvoluted peaks given in the Appendix B) that as we move
from the surface toward the bulk of the nanotubes, the pair peaks of Ti*" start to shrink
and shoulder pair peaks associated with Ti** and Ti** start to develop at 457.5 eV and 455
eV that correspond to the partial reduction of Ti** to Ti** and Ti?* states, respectively. It
should be mentioned that the depth profiling XPS experiment has been carried out in a
separate analysis chamber after annealing of the doped nanotubes; thus, the surfaces of
the nanotubes were further oxidized upon exposure to air during the transport from the
growth chamber to the analytical setup which may result in re-oxidation of Ti*" and Ti?*
back to Ti*" on the very top surface. Despite this surface oxidation, the reduction in

titanium along the nanotubes is still observed.
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Figure 5.10 XPS depth-profile elemental maps of (a, d) O 1s, (b, €) Ti 2p and (c, f) Sr 3d

showing the lateral elemental distribution along the nanotube length.

Figure 5.11 shows the XPS results as a function of dopant concentration for as-
anodized Sr**-doped TiO. in an electrolyte with pH = 2. The Sr 3d core level XPS
spectrum is shown in Figure 5.11 (a) which confirms the presence of strontium in all
doped samples while the peak intensities of the Sr 3d are shown to increase with
increasing the Sr dopant concentration. The main peak positioned at 133.7 eV is
attributed to Sr 3ds, and the shoulder peak positioned at 135.5 eV corresponds to Sr

3dsp,.

Figure 5.11 (b) shows O 1s photoemission spectra at 530.2 eV for un-doped TiO,
nanotube sample which is assigned to lattice oxygen in anatase TiO, (Ti-O bond). By
adding the strontium dopant atom to the compound and as the concentration is increased,

a shoulder peak at the higher binding energies side of O 1s starts to develop and grow to
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higher intensities in the sample with the highest dopant content. This shoulder peak
position in the highest doping content sample corresponds to the binding energy of 531.7
eV which is attributed to the undercoordinated TiOgg and is indication of formation of
oxygen deficient TiO, due to addition of lower valence Sr**. The other peak could be
attributed to surface bridging O atoms and hydroxyl O atoms. Also, as the dopant content
IS increased, the Ti peaks shifts to higher binding energies. Generally, chemical shift in
XPS peaks is related to the change in binding energy of a core electron (electrostatic
interaction between core electron and the nucleus) of an element due to a change in the
chemical bonding of that element. This binding energy (BE) is influenced by changes in
the electrostatic shielding of the nuclear charge from all other electrons in the atom
(including valence electrons) due to removal or addition of electronic charge as a result of
changes in bonding. Thus, the shift in O and Ti peaks in all doped nanotube samples
compared to undoped TiO, can be explained in the presence of Sr** in the TiO, lattice
and as a result the relocation of electron density from the Ti** and O% in its surroundings.
This result in the oxygen become more ionic and the Ti become more cationic. The Ti 2p
spectra with two peaks were obtained for all samples as shown in Figure 5.11 (c). These
peaks correspond to Ti 2py, and Ti 2ps, photoemission spectra occurring at 464.6 eV and
458.9 eV for undoped TiO, nanotubes sample respectively, and with a spin orbit splitting
of 5.7 eV in all samples. The shift toward higher binding energies in Ti spectra can be
explained similarly to that of oxygen. Note that sample ST2 with intermediate dopant
content is slightly off-trend from others in terms of peak position. Considerable change in

the peak intensities of Ti as a function of dopant concentration is also observed. This
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could be related to presence of metallic Sr or SrO on the surface which causes the

photoemission from Ti to be hindered.

Surface properties of the annealed (crystalline) Sr**-doped TiO, samples are
shown in Figure 5.12. A similar trend as discussed above was observed in the peak
intensities in terms of the dopant concentration in Sr 3d core level XPS spectrum as
shown in Figure 5.12 (a). However, there is no sign of metallic Sr accompanied by the
fact that all peaks in Sr spectra have shifted toward higher binding energies confirming
the presence of more cationic Sr** in the form of oxide in all doped samples. Also, a
shoulder peak at higher binding energy side of the main peak in Sr spectrum started to
form and grow as the dopant content is increased which is related to the oxygen bonded
to Sr. The peaks in Figure 5.12 (c) correspond to Ti 2py, and Ti 2psz;, photoemission
spectra occurring at 465.1 eV and 459.4 eV for undoped TiO, nanotubes sample
respectively, and with a spin orbit splitting of 5.7 eV in all samples which confirms that
both signals correspond to Ti*" and the titanium oxidation state have remained unchanged
by the doping at different levels. The change in the peak intensities of both O and Ti as a
function of dopant concentration in Figure 5.12 (b) and (c) is insignificant. Interestingly,
the change in peak intensities and the peak shifts as a function of dopant concentration in
both Ti and O photoemission spectra are precisely matched. Based on quantitative

elemental analysis from XPS data, the chemical stoichiometry of the TiO, was obtained.
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Figure 5.11 XPS spectra for as-anodized (amorphous) Sr**-TiO, nanotube samples
showing (a) Ti 2p, (b) O 1s and (c) Sr 3d as a function of Sr-dopant concentration in

electrolyte pH = 2.
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Crystalline Samples
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Figure 5.12 XPS spectra for annealed (crystalline) Sr** -TiO, nanotube samples showing
(@) Ti 2p, (b) O 1s and (c) Sr 3d as a function of Sr-dopant concentration in electrolyte

pH = 2.

It is known that withdrawal of valence electron charge increase in BE (oxidation)
and addition of valence electron charge decrease in BE (reduction). Comparing the XPS
data in amorphous (as-anodized) and crystalline (annealed) undoped and Sr**-doped TiO,
nanotube samples in Figure 5.11 and Figure 5.12 confirm formation of metal oxides

(Ti0,) as a result of annealing process.
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5.2.2.2.2 NEXAFS Analysis

In order to probe local changes in electronic structure and chemical bonding of the Ti and
O atoms in the doped TiO, nanotubes in the presence of the Sr dopant, the near edge X-
ray absorption fine structure (NEXAFS) soft X-ray absorption spectra is used, due to its
high sensitivity to the bonding environment of the absorbing atom. NEXAFS is an
element specific technique which encompasses the part of X-ray absorption spectrum
where the energy of the incident X-ray, E, is about the first 30 eV above the actual
absorption edge [120] (Figure 5.13). In this region, the ejected photoelectrons with low
kinetic energy (large wavelength) experience multiple backscattering events, not only
from the atoms constituting the first shell around the absorbing atom, but also from the
further shells at the nearest neighbors. These multiple scattering events create modulation
features in the NEXAFS region that are very sensitive markers of the local electronic and

geometric structure [21].

NEXAFS is also an ideal technique for investigation of the electronic states of
TiO,-based materials. NEXAFS spectra are clear fingerprints of titanium oxides which
show significant differences in the structure due to a change of the crystallographic phase
as well as to Ti reduction [121]. Due to high sensitivity of the O K-edge and Ti L-edge
peaks to the local bonding environment, this technique can provide diagnostic
information about the crystal structures and oxidation states of various forms of doped
and undoped titanium oxide compounds [122]. In addition, the directional electric field
vector (E) of the X-rays can be used to probe the direction of chemical bonds of the

atoms.
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Figure 5.13 An X-ray absorption spectrum, showing four different regions. Single
scattering of ejected photoelectron with high Kinetic energy creates the EXAFS features
whereas NEXAFS features are formed due to multiple scattering of low Kinetic energy

photoelectron [21].

Before we proceed to the analysis of the results, it is useful to note that the Ti Lj -
edge NEXAFS results from transitions from 2ps, and 2p;s, to the final state of Ti 3ds/,3
character in transition metals due to small spin— orbit coupling in the 2p shell of 3d and
crystal field when the Ti ion forms a compound. Single-crystalline TiO, spectra show
well resolved peaks in the range between 455 and 470 eV which correspond to the
transitions from the Ti 2p core level to the unoccupied Ti 3d state. The Ti L -edge shows
two groups of peaks arising from the spin-orbit splitting of Ti 2p core level into 2p3, and

2p1s2 levels (namely, L, and L3) with ~ 6 eV energy separation. These levels are further
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split due to crystal-field effects [121, 122]. The splitting within each edge into multiple
peaks is due to spin orbital and crystal effects. For example, the relative intensities of the
Ls-edge doublets a; and a, (similar for L,-edge) and their energy separation are related to
the strength of the crystal field. In general, the larger the crystal field, the more intense
the a; peak relative to ay, the larger the separation [123]. In TiO,, the second peak of the
L3 resonance further splits a, into a,- and a,-. In addition, the relative intensities of the a,

is larger than that of a,- in anatase and is smaller in rutile (Figure 5.14 (a)).

(b)

=1 (a) =
£ Ti,0, | £
2 ]
] mo | |
£

g T TiO, z
L 29 32” {rutile) E

. 1 .

530 540 550

Photon Energy (eV
gy (eV) Photon Energy (eV)

Figure 5.14 (a) Ti L3,-edge NEXAFS of annealed Ti,Og3, anatase and rutile structures,

(b) O K-edge NEXAFS of anatase [123].

On the other hand, the O K-edge probes the O 2p projected unoccupied density of
states in the conduction band. Due to hybridization between O 2p and Ti 3d or Ti 4sp.
transitions into the O 2p-Ti 3d hybridized bands which split into peaks a and b because
of the crystal field, and transitions into O 2p—Ti 4sp hybridized bands (peaks ¢ and d) as

shown in Figure 5.14 (b).
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In this work, NEXAFS with sampling depth of a few nanometers was performed
on the surface of the annealed doped and undoped TiO, nanotubes by acquiring peak
intensities as a function of the incident X-ray photon energy in the vicinity of the titanium
L-edge (445—490 eV) and the oxygen K-edge (520—590 eV) regions. The data here are
shown as normalized intensities versus photon energy of the incident beam. In order to
probe the Ti-O bond directionality, the NEXAFS data were collected varying the angle
between the electric field vector of the x-rays and the surface of the nanotubes arrays
with the photon beam fixed at parallel, in 55° and perpendicular to the surface normal of
the sample. Due to natural polarization of the Synchrotron radiation, NEXAFS has great
capability for identifying particular orientation on a surface. Thus, such angle dependence
of the X-ray absorption can be used to probe the orientation of resonant bonds due to
dipole selection rules. The structure of anatase is conceivable as a close packing of large
oxygen atoms with titanium atoms in every second octahedral interstitial site in a zigzag
alignment as shown earlier. Every titanium atom is thus surrounded by an oxygen
octahedron. The atoms have a pronounced ionic character, resulting in a strong crystal

field that distorts the octahedral symmetry.

The formation of TiOg octahedra is confirmed by analyzing the characteristic
spectral line shapes of the Ti L-edge features. Figure 5.15 shows the magic angle (55°)
NEXAFS spectra of the titanium 2p (L, 3-edge) and oxygen 1s (K-edge) for annealed
(crystalline) TiO, and Sr**-doped TiO, nanotube samples with three different dopant
concentrations. (For doping contents in the samples refer to XPS measured values for
annealed samples in Table 5.1). At this angle, there is no orientation preference. These

spectra represent the orbital character of the spectral features of the O 1s and Ti 2p
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unoccupied states in the conduction band and its hybridization with different orbitals such

as Sr in the doped system.

From Figure 5.15 (a), we observe that the Ti Ls,-edge NEXAFS of annealed Sr**-
doped TiO; and TiO;, nanotube samples exhibits an intensity pattern a, > a,» which is
similar to that of anatase. Likewise the XRD data from the bulk of the nanotubes, this
result confirms that no phase change has been also occurred on the surface of Sr**-doped
Ti0, nanotubes after annealing. Also, the Ti L-edge with two doublet peaks is observed
between 455 and 470 eV. In the TiO, anatase structure, the Ti 2p spin—orbit interaction
splits into the L3 (2ps2) and L, (2p1/2) levels with a separation of 5.5 eV. The L, and L3
adsorption edges are further split into two doublet peaks of t,q and eq4 as sub-bands which
is due to the crystal field effect. It was found that the shape of the L and K absorption
spectra in all data taken here is typical for titanium and oxygen of TiO; in the anatase
structure as reported in the literature with slight variations in the intensity and splitting in
the spectra of the doped samples compared to undoped TiO, nanotube that can be related
to the presence of strontium. In fact, along with the insertion of Sr** ion into the
interstitial sites in anatase TiO, nanotubes, electrons are doped into the lattice by filling
the empty conduction bands for the charge compensation due to presence of Sr?*. Hence,
such modification is expected to be reflected in the electronic structure of the anatase

TiO,, in the Ti L3 ,-edge and O K-edge spectra as shown in Figure 5.15.

As can be seen, the relative intensity of the main peaks and the crystal field
splitting to the tq and ey orbitals of ~1.8 eV in Ti L-edge and 2.5 eV in O K-edge spectra
in all samples strongly matches the known spectra for the anatase phase and confirms that

the oxidation states of Ti*" has remained unchanged which is strongly in agreement with
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the XPS data. Generally, owing to the localization of charge in Ti 3d orbitals in Ti**, a

shift the absorption peaks to lower photon energy is usually observed [123].

A change in intensity of t,; and ey peaks with respect to dopant concentration is
clearly seen. This change reveals whether or not the dopant atom is pulling the electrons
away from Ti atom. As shown in Figure 5.15 (a), the sample with highest dopant content
shows the highest intensity which is indicative of electrons leaving the Ti 3d orbitals due
to presence of neighboring Sr. Also, the relative intensities of the doublet in Ls- g which
is normally higher for the lower energy peak to the higher energy one in the anatase is the

same for all doped samples.

A close inspection of the O K-edge spectra reveals slight changes in the intensity
as well as the tyg- €4 splitting as shown in Figure 5.15 (b) with respect to doping. The
decrease in intensities of the doped samples is an evidence of a reduction in O 2p-Ti 3d
bands, which is consistent with the higher intensity of the corresponding XANES at the
Ti L-edge in doped samples compared to the undoped TiO; as shown in Figure 5.15 (a)).
In fact, this further implies charge relocation from Ti 3d to O 2p which results in Ti-O
bonds become more ionic. On the other hand, the magnitude of this splitting depends on
the strength of the field created by the point charges which is in turn affected by the point
charges distance from the central atom and from the overall magnitude of each charge.
The observed decrease in the magnitude of splitting relative to the amount of dopant
indicates that the presence of dopant Sr may cause the O atoms occupy sites at different
distance from the Ti as the center atom in the octahedra and therefore create different
degrees of distortion and/or different stacking of the octrahedra units from what is

observed from the symmetry in undoped TiO,. This effect may strengthen the hypothesis
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of the Sr atom occupying the interstitial sites on the surface of the nanotubes; since the
distance between the Sr and O atoms is less in this case than the Sr to Ti atoms, the O
orbitals are more likely to be affected by adjacent dopant atom. In summary, it can be
concluded that Sr®* doping only alters the Ti and O ions interaction in the TiO, lattice on

the surface and has no evident effect on their individual charge states.
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Figure 5.15 NEXAFS spectra of (a) titanium 2p (L, 3-edge) and (b) oxygen 1s (K-edge)
for annealed (crystalline) TiO, and Sr**-doped TiO, nanotube samples with three

different dopant concentrations taken at magic angle.
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The NEXAFS data were also measured at different incident beam angles on ST3
sample which is the Sr**-doped TiO, nanotube sample with the highest doping level.
Figure 5.16 illustrates the schematic of the relation between the X-ray incident beam and
the X-ray electric field vector (E) with respect to the nanotubes orientation in the sample
used for NEXAFS experiment. As shown, the data were collected varying the angle
between the electric field vector of the x-rays and the surface of the nanotubes arrays
with the photon beam fixed at parallel, in 55° and perpendicular to the surface normal of

the sample.

Figure 5.17 illustrates the NEXAFS spectra of titanium 2p (L2 3-edge) and oxygen 1s (K-
edge) recorded on the Sr'’-doped TiO, nanotubes with the highest dopant content
(sample ST3) in three different experimental geometries where the incident beam is
parallel, in 55° and perpendicular to the principal axis of the nanotube arrays. As can be
seen in Figure 5.17 (a), the Ti L-edge spectra for ST3 sample are similar to those reported
earlier for the TiO, anatase phase in terms of the shape of the peaks and the crystal field
splitting, but with the main discrepancy in the intensities with respect to the E direction.
Starting by the normal incidence, which has the highest intensity in the Ti L-edge spectra
of Figure 5.17 (a), the E vector which is normal to the incident beam has also the largest
projection in the direction normal to the tube wall. Therefore, the higher intensity of the
peaks in this direction implies the existence of a preferential orientation of the crystals in
a specific direction where E vector is highly involved in the promotion of the electrons
from occupied to unoccupied orbitals. The texture analysis of the ST3 nanotube sample

(repeated on two ST3 samples) revealed preferential orientation of the (004) planes
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almost parallel to the vertical axis of the nanotubes as shown in Figure 5.18. As shown in
this figure, the highest intensity if associated with (004) plane compared to (101) and
(200) planes. Thus, based on the observations from NEXAFS data at normal incidence on
the surface and the crystal orientation in the bulk, useful information about preferred
alignment of the octahedral units with respect to crystal lattice is be obtained which can
be further correlated to the orientation of the crystals on the surface to their orientation in

the bulk of the nanotubes.

At magic angle of 55°, where the orientation effect is minimal, the intensity of the peak is
decreased because the effect from different crystals with different orientations is canceled
out. At grazing incidence where the incident beam is parallel to the surface of the
nanotubes (which means also normal to the nanotube walls), the E has the larger
projection along the tube axis. Therefore, the crystal orientation along the tube wall is
mostly inspected in this case. The lowest intensity observed at this incident angle reveals
that only part of the orbitals contribute to intensity which is consistence with the

preferred orientation of the octahedral planes in the x-y plane.
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Figure 5.16 Schematic of the relation between X-ray incident beam and the X-ray
electric field vector (E) with respect to the nanotubes orientation in the sample used for

NEXAFS experiment.

As seen in Figure 5.17 (b), the O K-edge spectra for ST3 sample are observed to
be also similar to those reported earlier for the TiO, anatase phase in terms of the shape
of the peaks and the crystal field splitting, however, we do not observe as much of
variation in terms of orientation dependency for the oxygen by varying the incidence
beam direction from grazing angle toward the normal direction in this spectra. This could
be attributed to the fact that most of the information in the O K-edge spectrum is coming
from the amorphous layer at the outer layer and on the surface rather than the oxygen in

TiO, lattice structure.
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Figure 5.17 NEXAFS spectra of (a) titanium 2p (L, 3-edge) and (b) oxygen 1s (K-edge)
recorded on the Sr2-doped TiO, nanotubes (sample ST3) in three experimental

geometries: E parallel, in 55° and perpendicular to the principal axis of the nanostructure.
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Intensity | Color Intensity | Color Intensity | Color
1 0.901 1 127 1 1.149
3 1.006 3 1.922 3 1.814
5 1.111 S 2.716 S 2479
7 1.216 7 3511 7 31441
10 1.373 10 4.703 10 4142

Figure 5.18 XRD pole-figures of (101), (004) and (200) planes measured at fixed 26

angles of 25.38°, 38.5° and 48° on ST3 sample.

5.2.2.2.3 HRTEM, EELS and STEM Analysis

A clearer insight to understanding more details about the mechanism of doping at
the atomic scale is obtained from HRTEM and Z-contrast ADF-STEM imaging
combined with EELS spectra acquisition of the surface of the Sr**-doped TiO, nanotube
(sample ST3) in STEM mode. As mentioned previously, the structure of nanotubes is
composed of arrangement of several rings along the length. Figure 5.19 (a) shows the Z-
contrast ADF-STEM image of a single nanotube probed from the top surface. This image
is deliberately taken on a coarser length scale to observe the presence of any distributed
clusters. The Sr-Mys, Ti-L,3 and O-K edges are used to extract the EELS SI mapping
data with the details of background subtraction in Sr M-edge spectra provided in

Appendix C. Generally, the contrast in Z-contrast STEM images is the directly related to
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the atomic number. A significant contrast change in Z-contrast images was observed
between some regions on the surface of the ring. This means the brighter regions are
composed of heavier elements than Ti in the anatase structure. The method of G.A.
Botton [124] has been used here to extract the Sr M-edge map which matches well with
the Sr position edge and has become more pronounced after removing plural scattering
(see Appendix C for more details). The Sr M map also matches well with the bright
contrast in the Sl survey image. As can be seen from Figure 5.19 (a), the brighter area is
indicative of the Sr-rich region and reveals relatively non-uniform distribution of Sr on
the surface. From the EELS-SI map of oxygen, titanium and strontium, it appears that the
O and Ti are uniformly distributed on the surface whereas the Sr is mostly segregated at
the inner edge of the tube. This is clearly observable from the Z-contrast image taken at
higher magnification on the ring as shown in Figure 5.20. As can be seen from the STEM
SI maps, the bulk region of the ring is composed of a homogeneous distribution of Ti and
O; however, a nanometersize cluster of Sr-rich region is formed at the most interior

boundary of the nanotube surrounded by Ti and O containing medium.
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Figure 5.19 Top: Z-contrast STEM image of the surface of a single Sr**-doped TiO,

nanotube; bottom: the corresponding EELS-SI map of oxygen, titanium and strontium.
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10 nm

Figure 5.20 Top: higher magnification Z-contrast STEM image of the surface of a single
Sr**-doped TiO nanotube; bottom: the corresponding EELS-SI map of oxygen, titanium

and strontium.
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Figure 5.21 (a-c) Top view Z-contrast STEM image of the surface of a single Sr**-doped
TiO, nanotube at different magnifications; (d-f) the corresponding Ti L-edge EELS

spectra taken from two spots in the selected region on the STEM image on the ring.

Comparisons of Ti-L, 3 signals from different regions on the surface of the doped
nanotube is shown in Figure 5.21. As shown, the signal intensity of Ti-L,3 varies

between the scans over Ti-rich regions in the middle and the Sr-rich region at the edges
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on the ring. A significant change is observed for scans over the magnified Sr-rich region
as shown in Figure 5.21 (c) and (f). In certain cases, the segregation-induced enrichment
of the surface layer results in the formation of low-dimensional surface structures. This is
the case when the local concentrations surpass certain critical limits [108]. This result
reveals that in the highest doped nanotube sample, as we move toward the interior edge
of the nanotube, the Sr-rich region segregates into nanoclusters of a completely new
phase forming heteronanostructures (HNSs) that gradually merges into the TiO, lattice in

intimate vicinity of the interface.

Figure 5.22 (a) Z-contrast STEM image of the surface of a few rings of Sr**-doped TiO,

nanotubes. (b) and (c) High resolution images taken from specified regions in (a)
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showing segregation of cubic SrO at the edge with the lattice parameter of 0.26 nm in the

simulated image in inset.

Figure 5.22 shows the Z-contrast STEM images of a few rings of Sr**-doped TiO-
nanotubes. It is observed that from Figure 5.21 (a) that the Z-contrast intensity is
drastically changing between the two heterophases. The atomic structure of the
segregated nanoclusters was seen to be matching the cubic lattice of SrO with the
measured lattice parameter of 0.26 nm. The atomic resolution Z-contrast STEM images
of different regions on the rings are shown in Figure 5.23. The middle region of the ring
specified as b and shown in Figure 5.23 (b) shows the arrangement of the Ti atoms in the
anatase TiO, with tetragonal structure and the lattice parameters as measured in FFT
reconstructed image of a = b = 0.38 nm. A few bright spots can be also observed in this
image. As we go along the arrow to region c, a number of bright spots start to appear in
the vicinity of the TiO, lattice. These bright spots correspond to Sr atoms that are
randomly distributed in the lattice of TiO, and have caused displacement of some atoms
from their original position in the lattice. The nanoclusters were also observed to be
changing gradually to a similar structure to that of TiO2 matrix at the vicinity of the
heterointerface. However, as we get close to the interior edge of the ring, the segregated
SrO clusters with cubic structure are observed with the atomic arrangement in (111)
planes as shown in FFT reconstructed image. The d-spacings from these regions are
measured to be in a range from 0.293 to 0.298 nm, corresponding to the (111) planes. As
a result, it is concluded that such preferential growth of the SrO on the surface and at the
interior edges of the nanotubes can be related to the disordering and instability of the

surface atoms acting as nucleation sites for the growth of nanoclusters.
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Figure 5.23 (a-d) Atomic resolution Z-contrast STEM images of the surface of a ring of

Sr**-doped TiO, nanotube showing the distribution of Sr in different regions on the

surface.
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The significance of formation of SrO nanoclusters in the TiO, anatase matrix can
be regarded as the effect of the presence of the heterointerface between the SrO and TiO,
in photocatalytic efficiency of the material as reported by Chen et al. [125]. The authors
have investigated, for the first time, the photoactivity properties of TiO, nanotubes filled
with TiO, nanoparticles and further coated with a layer of strontium oxide. Their result
revealed that the SrO-coated TiO, nanotubes show higher solar-to-electricity conversion
efficiency () than the uncoated nanotubes. This improvement has been related to the
possible effect from the presence of the SrO as a thin potential barrier layer that inhibits
the charge recombination at the electrode/electrolyte interface, thereby increasing the
efficiency. It has been also suggested that there is a possibility that the treatment with
SrO can form a surface layer SrTiOs; on TiO, nanotubes, (with higher CB level than pure
TiO,), an effect that has been already shown to improve the efficiency of the entire

material system [30, 47].

5.3. Optical Absorption Measurements of Sr**-doped TiO, Nanotubes

In order to investigate the optical properties of the fabricated electrodes, UV-Vis
absorption spectra were measured for the synthesized Sr**doped nanotube arrays after
annealing. The absorption edge for each sample is also displayed in higher magnification
in inset. In the case of sample ST2 at pH = 3 and samples ST3 at pH = 2,3, the absorption
edge is mixed with some unwanted scattered components. The absorption edge in these
samples is determined similar to optical bandgap determination from Tauc plot; using a

moving average smoothing technique, the absorption edge was obtained by finding the x-
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intercept of a section of straight line at the most steep part of the curve (on the absorption

spectrum) extended to the x-axis (Figure 5.24 (a)) [126].
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Figure 5.24 (a) Smoothing UV-vis absorption spectrum of a typical sample (annealed
ST1-pH3) using the moving average technique; the slope of the most steep part of the
curve is shown in the inset. (b) Variation of the UV-vis absorption spectra of annealed
Sr**-doped TiO, nanotube samples with different Sr-dopant concentrations and pH

values. The absorption edge is observable in the magnified graph at the top.
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Figure 5.25 Variation of the absorption edge in samples with Sr-dopant concentration
and pH of electrolyte. Note that the red squares correspond to pH = 2 and the blue ones

relate to pH = 3.

Figure 5.24 (b) shows variation of the DRS UV-vis spectra of Sr**-doped TiO,
nanotube samples with different concentrations of the dopant. In general, the absorption
edge of the Sr**-doped TiO, nanotube samples shows a red shift with increasing the Sr
dopant concentration. Also, increasing the pH of the electrolyte results in red shifting of
the absorption edge of the material at given dopant concentration. In case of pH = 2, by
increasing dopant concentration, the absorption increases from 377 £ 2 nm to 379 £ 2 nm
and reaches the maximum value of 402 + 2 nm at the highest dopant concentration. When
the pH is changed to 3, increasing dopant concentration resulted in slightly enhancement
of the corresponding absorption edge values in samples ST1 and ST2; however, this trend
was not observed in sample ST3 as slightly lower absorption edge value of 400 + 2 nm

was obtained compared to that of 402 + 2 nm for the same dopant concentration at pH = 2
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(Figure 5.25). The overall trend observed in all samples can be attributed in detail to the
relation between processing parameters and the morphological and electrochemical
properties of the synthesized nanotubes. As seen in this Table 5.4, both processing
parameters such as dopant concentration and the pH of the electrolyte affect primarily the
tube length of the samples. The error bar for the absorption edge values indicate the
maximum typical error in the absorption edge for reference materials following internal
calibration and spectral processing. As mentioned earlier, the change in tube length in
terms of pH is much more significant in the samplesST1 and ST2, while in the case of the
sample ST3, although the tube length is not doubled, still 300 nm increase in the length is

observable when the pH is changed from 2 to 3.

Table 5.5 Summary of the Properties of Sr-doped TiO, nanotube samples in terms of

processing parameters.

Processing Parameters Properties

Sample pH  Average Tube Length Abs. Edge
(£0.05pum) (£2nm)

ST1 2 0.7 377

3 1.4 382

ST2 2 0.5 379

3 1.0 399

ST3 2 11 402

3 1.4 400
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5.4 Conclusion

In this chapter, fabrication of Sr**-doped TiO, nanotubes via one step
electrochemical anodization technique was reported. Self-organized nanotube arrays of
Sr**-doped TiO, have been fabricated and characterized at various concentrations of
Sr(OH), and at different electrolyte pHs. Characterization of the as-anodized nanotubes
revealed that dopant concentration, up to the solubility limit of Sr(OH),, and pH of the
electrolyte significantly influence the morphology and length of the doped nanotubes.
The doping mechanism of highly ordered Sr**-doped TiO, nanotube arrays were
discussed by detail analysis of the bulk structure and surface characteristics of the doped
nanotubes using XRD, XPS and NEXAFS measurements. At low dopant concentrations,
it was shown that the Sr-doping results in expansion of the tetragonal lattice of the TiO,
nanotubes. Furthermore, the insertion of the dopant was shown to change the oxidation
states of Ti along the length of the nanotubes. The NEXAFS surface analysis of the
doped nanotubes revealed that Sr** doping only alters the Ti and O ions interaction in the
TiO,, lattice on the surface and has no evident effect on their individual charge states. In
addition, from NEXAFS experiments at different incident beam angles, a relation was
obtained between the preferential crystal orientation in the highest doped nanotubes
sample obtained from texture analysis of the bulk and the orientation of the octahedral
units on the surface. The combination of high-resolution Z-contrast imaging and EELS SI

mapping also revealed possible phase segregation of SrO on the surface of the nanotubes
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at highest doping level. Formation of such heterointerfaces between the SrO and TiO,
phases observed in the highest doping content in Sr**-doped TiO, nanotubes can be also
considered as a key feature in evaluation of the possibility of enhancement in
photocatalytic properties and thus, the use of such material as a functional nanomaterial
for other applications. The results of the surface and bulk analyses suggested that the
structural modification from Sr dopant in the TiO, nanotube structure was strongly
sensitive to the dopant concentration as well as the growth conditions. It was also
revealed that Sr doping of TiO, nanotubes up to the concentration close to the salt
solubility limit can red shift the absorption edge of the material to as long as 402 nm. The
incorporation of the Sr in the TiO; lattice as well as the formation of Sr- rich TiOz2 clusters
on the surface may have contributed to a decrease in the bandgap and the enhancement in

the photocatalytic activity as discussed in Appendix A.
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CHAPTER 6

DEVELOPMENT OF THIN-FILM STRONTIUM TITANATE

NANOTUBE ARRAYS ON SILICON

6.1 Fabrication and Characterization STO NTASs

In this chapter, the fabrication, characterization and growth mechanism of thin-film

SrTiO3; (STO) nanotube arrays on silicon is reported for the first time.
6.1.1 Titanium Thin-Film Deposition

The n-type (100) Si wafer (500 um in thickness) was cut into 1 cm x 2 cm pieces
and was used as substrate for thin-film deposition. Prior to deposition, the Si substrates
were degreased by sonication in acetone, methanol and isopropanol and rinsed with
deionized (DI) water and dried in a nitrogen stream followed by oxygen plasma cleaning.
The Ti film was then deposited onto Si substrate using dc magnetron sputtering. The
chamber was first evacuated to the pressure of 2.0 x 10 torr and the argon gas pressure
was then maintained at 6.0 x 10 torr during the deposition. The sputtering power and the
deposition temperature were held constant at 125 W and 500 °C, respectively. The
sputtering rate of titanium was found to be ~ 1 A/sec. Based on this rate, the sputtering

time was set to obtain a maximum sputtered thickness of 6 pum for titanium.
6.1.2 Growth of Thin-Film TiO, Nanotube Arrays on Si Substrate

To evaluate the effect of starting TiO, material on growth mechanism of STO

NTAs, self-organized TiO, nanotube arrays were grown by electrochemical anodization

112



of Ti thin-films on Si substrates in two different electrolytes as explained earlier. In the
first route, the TiO, nanotube arrays were grown in a conventional two electrode cell in
an aqueous solution of 0.5 wt% HF and 1 M H,SO, and at a constant temperature of 4
°C. The anodization voltage was held at constant voltage of 10 V during 30 min and 1 h.
The second route was followed by room temperature anodization of the Ti thin-film in an
organic electrolyte consisting of ethylene glycol (EG) and NH4F, at the constant voltage
of 40V and for the same durations. Both TF-TNAs samples were annealed at 420 °C for 4

hours and the heating rate of 1 °C/s to form crystalline anatase phase.

6.1.3 Synthesis and Characterization of Thin-Film SrTiO3; Nanotube Arrays on Si

Substrate

The two types of annealed thin-film TiO, NTAs were used in hydrothermal
treatment for synthesis of thin-film STO NTAs on silicon. A 0.025M strontium
containing solution was prepared by fully dissolving 0.151 g of anhydrous Sr(OH); in 50
mL DI water. The annealed thin-film TiO, NTAs on Si substrates were immersed in the
solution in a 45 mL Teflon-lined autoclave and heated at 180 °C for different reaction
times. After the hydrothermal treatment, the autoclave was subsequently cooled down to
room temperature. The samples were ultrasonicated in DI water to remove the residues
and dried in air for characterization and electrical measurements. The pH of the starting

solution was measured to be 12.
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Figure 6.1 (a) FESEM images of (a) aqueous intact TiO, NTAs and (b) partially

converted organic- derived TiO, nanotubes to SrTiOs at T = 150 °C after 5.5 h.

Figure 6.1 shows the FESEM images of the aqueous and organic TiO, NTAs that
were hydrothermally treated in Sr(OH); solution at T = 150 °C and for 5.5 h. As can be
seen in Figure 6.1 (a), it was found that at the same reaction temperature and time, the
nanotubes prepared in aqueous route have remained intact and did not undergo the
reaction and further the surface was instead covered with precipitates of the strontium
oxide nanoparticles. However, in the case of organic nanotubes, the initial stages of the
nucleation process has occurred (Figure 6.1 (b)). (For the comparison of the morphology
of the annealed aqueous and organic TiO, NTAs on silicon, the reader is referred to

section 4.2.2.)
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Figure 6.2 (A) and (B) FESEM image of the bottom and top side of annealed TiO, NTAs
on silicon. (C) Schematic of a single nanotube showing the hexagonal-like morphology

of the tubes.

Figure 6.2 shows more details about the morphology of the organic-derived
nanotubes, including back and top side of annealed TiO, NTAs on silicon. As can be
seen, the backside of the nanotubes is closed and the top side is composed of an ideal
close-packed arrangement of the tubes of uniform diameters (~ 50 nm) which gets
smaller from the top to the bottom. A schematic of a single nanotube is shown in Figure
6.2 (C) which reveals the morphology of each single nanotube is composed of several
hexagonal plates that are stacked on top of each other to form the entire nanotube. As

opposed to aqueous route, such morphology is generally a characteristic of the TiO,
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NTAs synthesized in organic solutions. Surprisingly, it was found that the arrangement of
these plates with sharp edges at the outer circumference of the tube assists the formation
of highly crystalline SrTiOs crystals as compared to TiO, NTAs that are formed in
aqueous solution where the nanotubes are composed of stacked rings with relatively
amorphous structure around the tube. It has been also reported that the morphology of
TiO, affects the growth of cubic SrTiOz [127]. Figure 6.3 shows TEM and FESEM
images of the TiO, nanotubes prepared in aqueous and organic solutions for comparison
of the crystallinity of the outer layers of the TiO, nanotubes. As can be observed from
FFT of the selected areas on the outer edges of the nanotubes, the aqueous nanotube is
composed of an amorphous layer whereas the organic nanotube has straight walls in
which the grains with preferred orientation of the crystallographic (101) planes are
extended to the outer layer of the tube walls. Such a single crystal type of diffraction
pattern can only be produced when all nanocrystals are aligned in more or less identical
crystallographic orientation. Such a difference in the crystallinity as well as the
orientation of the grains at the exterior walls of the starting TiO, NTAs was found to be
effective in crystallization mechanism of SrTiOs in terms of the growth rate and the final
morphology of the nanotubes. Thus, the organic nanotubes were used as the template and
the titanium source for synthesis and investigation of the growth mechanism of SrTiO3

NTAs.
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Figure 6.3 (a) TEM and FESEM images (shown in insets) and the corresponding FFT

taken from the edges of the TiO, nanotubes prepared in (a) aqueous and (b) organic

solutions.
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Figure 6.4 (a) FESEM images of (a) TiO, NTs, (b) partially converted nanotubes to

SrTiOz at T = 150 °C after 5.5 h and (c) partially converted nanotubes to SrTiOz at T =

180 °C after 5.5 h and (d) and cubic SrTiOz at T = 180 °C, after 18 h.
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Figure 6.5 GIXRD pattern of organic TiO, NTAs converted to cubic SrTiOz at T = 180

°C for 18 h and the quantitative phase analysis in the inset table.
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Figure 6.4 shows the FESEM image of the pure and hydrothermally treated TiO,
NTAs at various reaction times and temperatures. The corresponding GIXRD patterns of
the SrTiO3 at T = 180 °C after 18 h is also shown in Figure 6.5. It can be inferred that the
reaction temperature, and more importantly the reaction time, can significantly change
the morphology of the final structure. Based on the results of quantitative analysis of
GIXRD data, it was found that 83 wt. % (~79 % volume fraction) of the TiO, anatase has
completely converted to cubic SrTiO5; according to SrTiOs after 18 h at 180 °C (JCPSD
card No. 89-4934). The average crystallite size of the SrTiO3 was found to be 23 nm by
Scherrer analysis [128]. Small peaks corresponding to SrO and TiO, with weight fraction
of ~1% were detected. No evidence of other phases was detected from GIXRD apart from
SrTiOz confirming that there is no appreciable chemical reaction between the SiO,
substrate and the SrTiOj at that temperature and time. The lattice spacings of the SrTiO3
(100) and (110) planes are calculated to be 0.396 nm and 0.281 nm, respectively. SrTiO;
samples were further analyzed by TEM. Figure 6.6 shows a low-magnification bright-
field TEM image and the SAED pattern of the STO NTAs that were synthesized on
silicon. The polycrystalline nature of the STO NTAs with rings indexed to (100), (110),
(111) and (200) planes are observed. This reveals the formation of NTAs of cubic SrTiO;

after hydrothermal treatment of organic TiO, NTAs at 180 °C for 18h.
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Figure 6.6 (a) Top view TEM image of STO NTAs prepared at 180 °C for 18h and the
corresponding SAED pattern showing the polycrystalline sample with rings indexed to

(100), (110), (111) and (200) planes.

Figure 6.7 shows the XPS core level photoemission spectra for O 1s, Ti 2p, and Sr
3d in for synthesized SrTiO3 NTAs on silicon and the corresponding binding energies
summarized in Table 6.1. Results from peak fitting on all spectra additionally confirmed
the complete exchange of Sr?* ions as well as formation of SrTiO3 with the elements in

chemical states associated to SrTiOs.
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Figure 6.7 XPS core level photoemission spectra for O 1s, Ti 2p, and Sr 3d in for

synthesized SrTiO3; NTAs on silicon.

Table 6.1 XPS core level binding energies of O 1s, Ti 2p, and Sr 3d in for synthesized

SrTiO3; NTAs on silicon.

Sr3ds,  Sr3dsp

OIattice OIattice Ti 2pl/2 Ti 2p3/2

Binding Energy
530.225 532.226  459.085 464.830 133.750 135.485

Q%
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Table 6.2 EDS chemical composition of the SrTiO3 NTAs obtained from different

regions on the surface.

= e | App Intensity Weight% Weight%  Atomic%
Conc. Corrn. Sigma

17.74 0.5343 32.19 0.51 67

23.10 0.9118 24.55 0.29 17

39.93 0.8948 43.26 0.42 16

100.00

= e | App Intensity Weight% Weight%  Atomic%
Conc. Corrn. Sigma

15.68 0.5223 30.29 0.52 65

22.93 0.9155 25.28 0.30 18

39.60 0.8993 44.43 0.43 17

Totals 100.00

Table 6.2 shows the EDS chemical composition of the SrTiO; NTAs at two
different areas and at various magnifications on the surface. As can be seen, the
composition of the film is very close to stoichiometric ratio, i.e., Sr/Ti = 1. Figure 6.8
shows the cross section FESEM images of the SrTiO3; nanotubes from top and bottom
sides. As seen, the surface of the nanotubes is composed of cubes oriented around the
nanotubes whereas the walls of the nanotubes are composed of brick-like morphology

that are oriented along the longitudinal direction.
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Figure 6.8 Cross section FESEM images of the SrTiO3 nanotubes from (a) top and (b)

bottom views.

6.2 Growth Mechanism of Thin-Film SrTiO3; Nanotube Arrays on Si Substrate

Generally, two major parameters control the morphology and composition of the

final product in the hydrothermal process. One of these parameters is the reaction
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temperature. It has been reported that the optimal reaction temperature of preparing cubic
SrTiO3 perovskites is about 180 °C [127]. This has been also observed in our
hydrothermal process especially when the SiO, is present in the reactive environment.
Below this temperature, the structure is found to be mostly composed of tiny particles
forming around the SrTiO3 cubes, while above this temperature, the agglomeration of the
cubes results in collapse of the nanotubes structure. The other parameter is the reaction
time. Different annealing times were found to influence the degree of SrTiO3
crystallization. It has been reported that well-distributed cubic crystals of SrTiO3z with
smooth surfaces can be obtained after 12 h of the hydrothermal annealing at 180 °C
[127]. By stabilizing the reaction temperature and the reaction time, we found a challenge
in synthesis of cubic SrTiO3z nanocrystals while preserving the shape of the nanotubes. As
such, we found it necessary to investigate the growth mechanism of the thin-film SrTiO3
nanotube arrays to understand the critical steps for controlling the tubular morphology
during the crystallization and growth process. The growth mechanism involves three

major steps that is supported by the FESEM images and schematics shown in Figure 6.9.

Likewise for the processing of other ternary oxides via a template reaction
approach with a hydrothermal process, the architecture and composition of the final
product is a consequence of typical dissolution-precipitation reactions that take place as
the following. The formation of SrTiO3 in hydrothermal treatment of TiO, is also very
sensitive to the solution pH and it takes place when properly alkaline conditions (pH >
12) are attained [129, 130]. The process starts with breaking Ti-O bond via hydrolytic

attack to form a soluble [Ti(OH)g]  complex [48]:

TiO, + 20H + 2H,0 — [Ti(OH)e]? (6.1)
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Then, the precipitation of SrTiO3 takes place according to the following reaction:
Sr®* + [Ti(OH)g] 2 = SrTiOs3 + 3H,0 (6.2)
These two reactions result in the following total reaction:

TiO, + SI'(OH)Z —=+SrTiOs; + H,O (63)

Dissolution of TiO, and precipitation of SrTiOs; occur in the vicinity of the
nanotube surfaces. Since free surfaces and, hence, free [Ti(OH)s]? groups are mainly
more available at the top and inside of the 1D tube channels, the precipitation process
starts by preferential nucleation of SrTiO; at the top layer as well as the inner surface of
the nanotubes. It is observed that the nucleation rate is the highest at the top surface and it

drops towards the end of the nanotubes.

The phase conversion takes place via reaction (6.2) until continuous nucleation
and crystallization of the SrTiO3 nanocrystals is occurred through the entire thickness and
along the nanotube walls (Figure 6.9 (A)). As can be seen in this figure, after the second
reaction has elapsed for some time, due to the small diameter of the nanotubes,
transportation or diffusion of Sr* and OH to the reaction sites away from the surface
becomes more difficult, and hence, reaction 1 and then reaction 2 will be retarded [48].
This is very well evidenced from Figure 6.8 wherein the crystals are larger and relatively
more oriented along the tube axis at the very top and close to the open side of the
nanotube arrays while they become smaller and quite randomly oriented at the end side of
the nanotubes. The crystallization stage is followed by a change in the shape of the
crystallites starting from the exterior side of the nanotubes walls rather than the interior

side. At this step, the shape of the SrTiO3 nuclei starts to gradually change to cubic-type
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of crystals at the top surface and then along the walls of the nanotubes. In fact, the
crystallization takes place by formation of facets in the crystallites at the exterior side of
the nanotube walls while the interior side of the crystallites still remains curved as shown
in Figure 6.9 (C) and (D). It appears that the presence of a single crystalline type of
grains with preferential orientation of (101) planes at the outer surface of the starting
(organic-derived) TiO, nanotubes walls facilitates the phase transformation and therefore
the faster growth of SrTiO3 cubic facets at the outer side. This can be due to the preferred
adsorption of hydrated OH anions on the stoichiometric anatase (101) surface as
reported elsewhere [131]. When the cubic crystallites at the exterior side of the nanotube
walls enter into the growth step, continuous nucleation inside the pore region inside the
nanotubes (due to more availability of the reactants in this area) is still taking pace. This
results in formation of “L” shape crystallites with a concave interior and the straight

facets at the exterior composing the SrTiO3 crystal structure at this stage.
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Figure 6.9 Cross section and top view FESEM images of SrTiOs; nanotubes at (A)
nucleation and (B) after the growth; (C-F) STO crystallites formed around the nanotubes
showing different morphology of the inner and outer surfaces. (G) Schematic showing
three consecutive stages of the growth mechanism. (Black arrows show the nucleation

sites at the inner side of the crystallites).

As the nucleation completely stops, the growth step is further accompanied by
self-assembly of the cubes around the nanotube walls to produce highly organized arrays
of cubic nanocrystals. The last step of such self-alignment takes place when the size of
the crystals becomes comparable with the curvature of the nanotube. Due to steric

constraints crystals start to self-organize in order to most efficiently fill the available
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surface of the pore walls [132]. This process leads to the formation of large number of
self-aligned cube domains (as shown in Figure 6.9 (E)) which tend to grow to single
larger cubes (Figure 6.9 (F)). The smallest crystallite size at the early stages of the growth
was estimated ~ 20 nm from XRD data. However, after completion of the growth, the
cubes were found to grow to a size as large as 100 nm. At this point when the size of
these cubes becomes comparable to the size of the pores, the nanotube structure starts to
collapse into a randomly porous structure. A summary of the three stages of the growth

mechanism is shown in the schematic of Figure 6.9 (G).

6.3 Conclusion

The fabrication, characterization and growth mechanism of SrTiOs; nanotube
arrays on silicon was investigated. Using a simple hydrothermal method, the growth
morphology of STO NTAs on previously fabricated TiO, NTAs on silicon was
investigated at various reaction times and temperatures. It was assumed that the
nucleation starts from the exterior side of the nanotube walls where surface morphology
and crystal orientation of the planes plays an important role in the growth rate as well as
the final morphology. The as-synthesized STO NTAs were found to be crystalline with ~
80 wt. % transformation of TiO, to stoichiometric SrTiO3 at 180 °C and 18h. The size of
crystallites was found to change from ~20 nm at the early stages of the growth to as large
as 100 nm cubes. This is the critical point at which the cube size becomes comparable to
the size of the pores and as a result the nanotubular structure starts to alter into a

randomly porous structure.
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CHAPTER 7

DEVELOPMENT OF COAXIAL HETERO-NANOSTRUCTURES

FOR MICRO-SOFCS

7.1 Overview

As discussed in previous chapters, the tubular arrays of metal oxides offer a large
surface area and highly defined paths for diffusion of species (e.g., electrons, holes, ions)
through the tube walls and interfaces. Moreover, the functionality of ordered tube arrays
can be improved when combined with the effects of heterointerfaces and the charge
transfer at the nanoscale. Hence, a high surface-area nanotubular array of metal oxide that
is conformally coated from inside and outside by another metal oxide is introduced as a
new design scheme for more efficient charge transfer over the classical thin-film

approach- for example thin-film electrolyte layers in applications such as SOFCs.

In this chapter, the development of hetero-nanostructures (HNSs) of YSZ/Sr-
doped TiO,/ and YSZ/STO is discussed. Arrays of vertically-oriented nanotubes of Sr-
doped TiO, and STO nanotubes were chosen as the backbone structure with the wall
thickness on the order of 5 nm to 20 nm to act as the support and one of the oxide layers
of the HNSs. By coating the nanotubes with the second oxide layer (the best-known
oxygen ion conductor oxide for SOFC electrolyte, i.e. YSZ.), a HNS will be developed
that is composed of numerous parallel interfaces between the two materials that can
provide arranged vertical paths for ion diffusion through the entire electrolyte layer. Here,

the Sr-doped TiO, material system is going to be first used as a potential material system,
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analogous to SrTiOgs, for investigation of the effect of dopant content on the extent of
interfacial mismatch and strain generated when combined with YSZ layer as a

heterolayer.

7.2. Fabrication of YSZ/Sr-Doped TiO, Hetero-Nanostructures

Sr-doped TiO, nanotubes with different doping levels were used as the backbone
layer for coating of YSZ. (The preparation of Sr-doped TiO, nanotubes was discussed in
detail in chapter 5.) Using a lab-made (liquid-delivery) metal-organic chemical vapor
deposition (LD-MOCVD) system, the nanotubes were coated with the YSZ as an ion-
conductor phase to form the HNSs (for details about the method refer to section 3.12.1 in
Chapter 3). A combination of set of parameters such as deposition temperature, carrier
gas flow-rate, solution delivery pump speed (flow-rate) and the vacuum pressure
(summarized in Table 7.1) controls the quality of the coating and the growth mechanism
in the regime where it is more kinetically controlled and is ideal for the film formation.
At low temperatures, low pressures, low concentration of reactants and high gas flow-
rates, the surface kinetics control the reaction leading to formation of an oxide film that
uniformly coats the grooves and corners of the substrate. By variation of the deposition
parameters such as deposition flow rate, solution concentration and deposition time, the
thickness of the coating can be controlled from a few nanometers to fully fill the

nanotubes gaps that are estimated about 100 nm as shown in Figure 7.1.
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Table 7.1 summarizes the CVD deposition parameters and the YSZ coating properties

CVvD Tsawn  Solution N,flow O,flow Y(TMHD) Zr(TMHD) Precursor
parameters (°C) flow rate rate rate (mg) (mg) (ml)
(ml/sec)  (sccm)  (sccm)

580 0.01 40 200 6 50 25

Sr-doped TiO, nanotube arrays YSZ/Sr-doped TiO2 HNS

cross-section view
top view

CVvD @YSZ coating /:

Figure 7.1 Schematic illustrating CVD coating procedure for fabrication of Sr-doped

TiO»/YSZ nanotubular HNSs.

7.2.1 Microstructure Growth and Characterization of YSZ/Sr-Doped TiO, HNSs

Figure 7.2 (a) shows FESEM image of the annealed Sr-doped TiO, nanotubes

before deposition (inset) and after deposition of YSZ. As seen in the SEM images, the
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diameter of the uncoated nanotubes is ~ 100 nm and their wall thickness is ~ 5 nm. The
inner and outer diameters of the original (uncoated) Sr-doped TiO, nanotubes have
changed to smaller (~ 50 nm) and larger (~ 150 nm) values, respectively. Such changes in
the inner and outer diameters of the nanotubes reveal that the coating has covered the
walls of the nanotubes from inside and outside. The reproducibility of the fabrication of
YSZ coating with the LD-MOCVD process was confirmed by performing the deposition
on several nanotubes samples in a similar processing condition. The FESEM cross-
sectional image of the sample (Figure 7.2 (b)) shows the full coverage of the nanotubes.
From the EDS analysis, the chemical composition of the YSZ coating was obtained with
the Y/Zr ratio of ~ 0.17 which revealed the composition of the coating is close to
stoichiometric ratio (that was used in the precursor solution). Figure 7.2 (c) shows the
schematic illustration of the conformal coating of YSZ on the nanotubes. As shown in
this schematic, the nanotubes are composed of several rings that are arranges in top of
each other to form the structure. In order to achieve a uniform coverage of the rings, the
deposition was carried out at low pressure range (0.6-1 kPa), low solution concentration
and at a low solution flow rate. However, at the same deposition temperature, increasing
the solution concentration as well as its flow-rate was found to change the morphology of
the coating from a uniform thin coating to a much coarser and a rough layer that results in
non-uniformity of the final coating when full coverage of the nanotubes structure is

desired [133].
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TiO, NTs before coating

TiO, NTs after
YSZ coating

Figure 7.2 (a) FESEM image of the annealed Sr-doped TiO, nanotubes before deposition
(inset) and after deposition of YSZ. (b) Cross-section FESEM image and the
corresponding EDS show the morphology of the nanotubes after coating and the chemical
composition of YSZ coating. (c) Schematic illustration of the conformal YSZ coating

around the rings as the component of the nanotubes structure.
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In the CVD process, the deposition temperature is very critical parameter in
determining the type of reactions. The substrate temperature is controlled using a very
accurate temperature controller to hold the temperature in £ 1 °C range. In particular at
the low temperature range, the growth rate is strongly temperature dependent and is
driven by surface reactions such as heterogeneous nucleation and adsorption processes.
The critical factor in all these growth kinetic studies is the growth rate. Typically, at
deposition temperatures below 550 °C, the reaction in the MOCVD process is kinetically
controlled; also, the process is entirely kinetically controlled at very low deposition
pressure (<1 kPa), even though the deposition temperature is relatively high [134]. Based
on the experimental conditions applied in this work, such as the deposition temperature
(550-580 °C) and the deposition pressure (0.6-1 kPa), it was expected that the deposition
is kinetically controlled. This was experimentally demonstrated by the conformal
coverage of the nanotubes. In fact, if the CVD process was carried out at higher
temperatures in a diffusion controlled regime, the openings of the nanotubes must have
been immediately filled without any deposition on the inside and outside of the
nanotubes. It is also known that the growth rate in the kinetically controlled surface
reaction regime decreases with decreasing the deposition temperature [134, 135]. This is
shown in the Arrhenius plot of the logarithm of growth rate vs. inverse deposition
temperature in Figure 7.3. The growth rate is determined based on the overall change in
thickness of the coating from inside and outside and is measured on the SEM image taken
from the top surface of the nanotubes (Figure 7.2 (a)). The Arrhenius plot in Figure 7.3
indicates that the kinetically controlled deposition mechanism is operating within the

range of deposition temperature.
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Figure 7.3 Arrhenius plot of growth rate vs. temperature for precursor concentration of

Y/Zr = 0.15 with observed activation energy of 99.5 + 15 KJ mol™ K™,

The activation energy was determined from an Arrhenius plot of growth rate vs.
inverse deposition temperature as in Eq. 7.1

~E,
RT

S

GR(T,) = Aexp(—2) (7.1)

where GR is the film growth rate, A is a constant, R is the universal gas constant, Tsis the
substrate temperature, and E, is the activation energy. As seen in Figure 7.3, the
activation energy calculated for the B-diketonate precursor used at the deposition reaction
temperatures of 550 °C-580 °C was 99.5 + 15 KJ mol® K™. Krumdieck, et al. have
reported the activation energy of 45 KJ mol® K* for YSZ films deposited using

Zr(OCsHi1)4 precursor [135].
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Furthermore, in a certain temperature range, where the evaporation characteristics
of the precursor solution results in a satisfactory deposition, increasing metal-organic
precursor concentration will result in higher growth rates. This effect is shown in FESEM
images of Figure 7.4 in which partially coated to fully filled nanotubes of ~ 1 um long

were achieved by increasing the growth rate via increasing the solution concentration at

580 °C.

Massflow controlled
Gas phasc (as phase reactions

nucleation

Kinetically controlled
face reaction
InG

Figure 7.4 Variation of coating thickness with precursor concentration (a) 20 min, (b) 30

min, (c) 60 min at deposition temperature of 580 °C.
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Figure 7.5 shows the TEM image of a pair of YSZ coated Sr-doped TiO,
nanotubes with the individual and combined EDS elemental color mapping obtained in
scanning TEM mode wherein elements are distinguished by color: Ti (yellow), O (dark
blue) and Zr (red). Note that the Zr map represents the YSZ coating and its fairly uniform
spatial distribution along the nanotubes. As can be seen, YSZ layer has an approximate

thickness of 10 nm and its distribution is mostly observed on the surface of the

nanotubes.

Figure 7.5 (a) TEM image of a pair of YSZ coated Sr-doped TiO, nanotubes with the
individual and combined EDS elemental color mapping: Ti (yellow), O (dark blue) and

Zr (red) shown in (b-e).

137



7.2.2 Thermal Stability of YSZ/Sr-Doped TiO, HNSs

In order to study the thermal stability of the nanotubes, while annealing the coated
nanotubes to crystallize the YSZ coatings, high-temperature glazing angle x-ray
diffraction (HT-XRD) has been performed. It is known that annealing the TiO, nanotubes
above ~ 650 °C results in conversion of the anatase to the rutile phase as well as partial
destruction of the nanotubular structure. The same effect was observed in the structure of
Sr-doped TiO, nanotubes annealed at 700 °C (which results in collapse of the nanotubes
due to phase transformation, Figure 7.6 (a)). However, after coating of the nanotubes
with YSZ, the structure of the nanotubes as the backbone remained unchanged after
annealing at the same temperature, (i.e., 700 °C for 4 h, Figure 7.6 (b)). High temperature
XRD (HTXRD) results also confirmed insignificant transformation of anatase to rutile
phase in coated nanotubes. This observation reveals that the presence of YSZ coating
around the nanotubes acts as a support and results in shifting of the anatase-to-rutile
phase transformation temperature up to 700 °C and hence prevents the collapse of the

nanotubes at up to this temperature (Figure 7.7 (a)).
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Figure 7.6 FESEM images of (a) Sr-doped TiO, nanotubes annealed at 700 °C, (b)
coated with YSZ and annealed at 700 °C and (c) coated with YSZ and annealed at 750

°C.

Results from the HTXRD analyses revealed improvement in the crystallinity of
YSZ layer to cubic phase confirmed with (111) peak observed after heat treatment of the
coated sample at 750 °C for 4 hours (Figure 7.7 (b)). However, characterization of the
heat-treated samples showed that the supporting nanotubes are prone to some structural
changes after increasing the annealing temperature from 700 °C to 750 °C under oxygen
flow due to the phase transformation in the TiO, sacrificing layer underneath the
nanotubes from anatase to rutile. Inspection of the phase-diagram of YSZ as a function of
temperature (Figure 7.8) reveals that zirconia with less than 8 mol% Yttria forms the
cubic YSZ phase above 1900-2700 °C, at equilibrium. At 750 °C, both cubic and
tetragonal phases are retained at equilibrium. It is known that the maximum oxygen ionic
conductivity can be obtained a at ~ 8.0 mol% Y,03 with cubic phase. A lower absolute
ionic conductivity is also found for the high density YSZ amorphous solid, relative to
crystalline YSZ [136]. Thus, based on the information obtained from the phase-diagram,

one can achieve the crystalline cubic phase at temperature range below 700 °C by
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controlling the precise amount of Y,03 dopant in the material. A new Y to Zr ratio (Y/Zr
= 0.21) is therefore used in the precursor for deposition of YSZ on STO nanotube arrays

in the following section.

( a) —— Sr-TiO,nanotubes-700 C
Sr-Tio nanotubes- 780°C

900 ®  anatase
O rutile
o SrTi0,

nts)

400 4

Intensity (cou

—_— Sr-TiOznanumbustn"C

—— YSZ-coated Sr-TiOz nanotubes-760°C

Intensity (counts)

YSZ (111) .

Figure 7.7 HTXRD of (a) Sr-doped TiO, nanotubes annealed at 700 °C and 750 °C (b)

Sr-doped TiO, nanotubes and YSZ coated Sr-doped TiO, nanotubes annealed at 750 °C.
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Figure 7.8 Phase-diagram of YSZ as a function of temperature.

7.3. Fabrication of YSZ/STO Hetero-Nanostructures

As mentioned in previous chapters, multilayer systems have shown to enhance
ionic conductivity due to spectacular behavior of the interfaces between two different
ionic conductors [73]. In these systems, epitaxial thin layers of ionic conductors are
grown on top of each other to make at most a few hundreds of nanometers think

electrolyte layers. However, such systems are not a practically useful electrolyte system
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for u-SOFCs mainly due to processing factors such as the number of interfaces that is
limited by manufacturing constraints in thin-film processing techniques. Thus, a new
approach has been sought in this work which utilizes the geometric properties of
nanotube arrays in design of new multilayered systems for electrolytes of p-SOFCs. In
this approach (see Figure 7.9), it is suggested that a vertically oriented nanotubes array of
an of ionic/insulator can be coated from inside and outside walls with a second ionic
oxide film to form a hetero-nanostructure with increased density of interfaces
perpendicular to the surface of the electrolyte membrane that can enhance the transport of
ionic species along the vertical direction from one side to the other. Such a system can be

also considered as a viable architecture for other applications.

< 100 nm
Multilayer System

urrent collector

—

—_— — Silicon
Fast ion conduction need many layers/support
Figure 7.9 Schematic of the designed hetero-nanostructure composed of an ionic

conductor oxide coated on inside and outside walls of vertically oriented nanotube arrays

of another ionic conductor.

To form the HNSs, the 5.5 um STO NTAs with highest crystallinity fabricated on
silicon substrate (as explained in chapter 6) were used as the backbone structure. Then,

YSZ was deposited on the nanotubes using CVD method at 580 °C for 30 min with more
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details explained in section 7.1. Figure 7.10 shows the top and cross section FESEM
images of the YSZ coated STO nanotubes. The coating thickness can be tuned by the
time of deposition. Therefore, the HNSs can be made in partially or fully coated

membranes.

Figure 7.10 Top and cross section FESEM images of the YSZ coated STO nanotubes

prepared at 580 °C for 30 min.

From the SEM images, the average thickness of the walls was estimated ~ 50 nm.
The cube-on cube morphology of the STO remained the same. However, the sharp edge
of the cubes seems to be rounded. A HRTEM image from the surface of the YSZ coated
STO NTAs is shown in Figure 7.11. The chemical composition of the composite is
determined through EDS analysis in the TEM system which is shown in Figure 7.12. All
elements present in the backbone material and the coating (such as Ti, Sr, Zr and Y) were
detected by EDS. The ratio of Sr/Ti and Y/Zr were 0.8 and 0.21 which is close to the
stoichiometric composition. As evident from the SAED pattern and HRTEM

investigations, the STO backbone is composed of large square grains formed from
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arrangement of oriented (110) planes. The smaller grains are also observed forming from
arrangement of other planes such as (100) planes as evidenced from diffraction spots.
Also, the arrangement of small grains of cubic YSZ at the outer layers with the highly
crystalline large grains of cubic STO is clearly observed. There is no evidence of
amorphous structure in the SAED pattern. Thus, it was concluded that the as-deposited
YSZ grows crystalline on the STO similar to PLD grown YSZ films on STO substrates.
The crystallinity of the YSZ film is also confirmed by XRD analysis as shown in Figure

7.13.
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Figure 7.11 HRTEM image and the SAED pattern in the inset from the top section of the
YSZ coated STO NTAs showing arrangement of small grains of cubic YSZ at the outer

layers on top of highly crystalline large grains of cubic STO.
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Figure 7.12 EDS spectra taken from cross section of the YSZ/STO NTAs with the

chemical composition shown in inset.
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Figure 7.13 XRD pattern of the STO and YSZ/STO NTA:s.
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Figure 7.14 shows the TEM image of a typical YSZ coated STO nanotube and the
distribution of elements in the composite from EDS measurement. Inspecting the colored
map, a sharp interface between the Zr coating (representing YSZ) and the STO backbone
can be clearly observed. Moreover, conformal coating of the nanotube around its wall can
be observed. From this observation, it appears that the coating has mostly covered the
outer surface of the nanotubes rather than its inside. This can be related to the
accessibility of the outer surface to the precursor gas in the CVD process. Furthermore, it
can be seen that Ti is predominantly localized at the center part of the nanotube and its
concentration decreases toward the outer wall of nanotube; whereas the Sr shows more
homogeneous distribution over the entire structure. This is very well in accordance with
the mechanism of phase transformation of TiO, to SrTiO3 in which the diffusion of Sr
ions into TiO, structure takes place mostly from the outer wall of the nanotube as

explained earlier.

147



Figure 7.14 TEM image of a YSZ coated STO nanotube with combined and individual

EDS elemental color mapping for Ti (sky blue), Sr (light yellow) and Zr (red).

7.5. Conclusion

In this chapter, the coating process of the Sr-doped TiO, nanotubes and SrTiO;
nanotubes is investigated. The fabrication, characterization and thermal stability of the
composite YSZ/Sr-doped TiO, nanotubes are analyzed using different characterization
techniques. The growth mechanism of the YSZ on Sr-doped TiO, nanotubes in the CVD
process showed that in the deposition temperature range of 550 °C-580 °C the film
growth mechanism follows the kinetically controlled regime, where the growth rate of the

coating increases with increasing the deposition temperature. Post-annealing process of
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the YSZ/coated Sr-doped TiO, nanotubes was shown to result in crystallinity of the film
above 750 °C. It was also observed that the YSZ coating acts as a thermal barrier coating
for Sr-doped TiO, nanotubes, thereby, improving the thermal stability of the Sr-doped
TiO, nanotubes up to 700 °C. It was also found that by modification of the composition
of the YSZ film to the higher Y doping level, cubic YSZ can be achieved at lower

temperatures.

In the second part, YSZ/STO heteronanostructures were fabricated and
characterized. It was found that the YSZ coating grows crystalline on the highly
crystalline STO nanotube backbone. Consequently, this eliminates the need for post
annealing step for crystallization of the coating and results in less complexities in the
processing of the HNS on silicon and thermal stability issues that arise from phase

transformation in the nanotubes as discussed earlier.
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CHAPTER 8

CONCLUSION AND FUTURE WORK

8.1 Conclusion

This work has provided further knowledge about fundamental understanding of
the growth, doping and coating mechanisms of the TiO, nanotubes structures on different
substrates for energy conversion micro-devices. To this end, electrochemical growth
mechanism of the TiO, nanotube arrays as well as the issues involved with their self-
organization on silicon substrate via anodization has been highlighted. In addition, the
growth of thin-film TiO, nanotube arrays on 3D isolated islands through the use of the
FIB technique as a simple, high resolution and mask-less method for high aspect ratio
etching for creation of isolated islands is demonstrated for the first time which shows
great promise toward the use of the proposed approach for the development of other
metal-oxide nanostructured devices and their integration with micro and nano-

electromechanical systems.

The insight gained from the investigation of the doping effect on the structure of
TiO, nanotubes has led to better understanding of the doping mechanism in terms of the
role of dopant on the bulk and surface properties of the TiO, nanotubes with the

following key outcomes:

e Up to the solubility limit of Sr(OH),, variation of the pH of the electrolyte and the
doping content significantly influenced the length and quality of the doped

nanotubes while the surface morphology remained intact.
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Two major contributions were distinguished from the overall mechanism of Sr-doping

into TiO, structure:

Sr contribution to the bulk properties: at different dopant concentrations, the Sr-
doping resulted in expansion of the tetragonal lattice of the TiO, anatase from
XRD data. Additionally, the insertion of the dopant was found to change the
oxidation states of Ti along the length of the nanotubes. No evidence of phase

segregation was found along the tube axis.

Sr contribution to the surface properties:

0 The NEXAFS surface analysis of the doped nanotubes confirmed no phase
change (from anatase to rutile) due to insertion of the dopant. It also
revealed that Sr** doping only alters the Ti and O ions interaction in the
TiO,, lattice by modifying the surroundings of the Ti atoms on the surface
and has no evident effect on their individual charge states as observed
from the XPS study results. In addition, from NEXAFS experiments at
different incident beam angles, a relation was obtained between the
preferential crystal orientation in the highest doped nanotubes sample
obtained from texture analysis of the bulk and the orientation of the

octahedral units in the tetragonal lattice of anatase on the surface.

0 The combination of atomic-resolution Z-contrast imaging and EELS SI
mapping also revealed possible phase segregation of SrO on the surface of
the nanotubes at highest doping level. This is a key achievement toward

understanding of the doping mechanism for similar materials in TiO;
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nanotube structure. Formation of heterointerfaces between the SrO and
TiO, phases observed in the HRTEM analysis of Sr**-doped TiO,
nanotubes can be also considered as a key factor in evaluation of the

functionality of this material system for photocatalytic applications.

These results strongly suggest that the distribution of Sr dopant in TiO, nanotubes is

sensitive to the dopant concentration as well as the growth conditions.

It was also revealed that Sr doping of TiO, nanotubes can red shift the absorption
edge of the material to as long as 402 nm. The incorporation of the Sr in the TiO, lattice
as well as the formation of Sr- rich TiOz clusters on the surface are suggested being the
main factors contributing for the observed decrease in the bandgap and the enhancement

in the photocatalytic activity.

The exploration of insertion of Sr atom into the TiO, nanotube structure is further
investigated by processing of SrTiO3; nanotube arrays (STO NTAS) using hydrothermal

heat treatment with the following results:

e The as-synthesized STO NTAs were highly crystalline. Besides, the growth rate
and morphology of STO NTAs were found to be dependent on the surface
morphology of the stating TiO, nanotubes due to the nucleation starts from the
exterior of the nanotube walls where surface morphology and crystal orientation

of the planes play an important role in shaping the final morphology.

e The size of crystallites was found to change from ~20 nm at the early stages of
the growth (nucleation) to as large as 100 nm cubes after completion of the

crystallization and growth. This the critical point at which the cube size becomes
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comparable to the size of the pores and as a result the nanotubular structure starts

to alter into a porous structure.

In the last part, coating process of the doped TiO, nanotubes and SrTiO;
nanotubes has been investigated. The fabrication, characterization and thermal stability of
the composite YSZ/Sr-doped TiO, nanotubes were analyzed using different
characterization techniques. The growth mechanism of the YSZ on Sr-doped TiO;
nanotubes in the CVD process showed that in the deposition temperature range of 550°C
- 580 °C the film growth rate follows the kinetically controlled regime, where the growth
rate of the coating increases with increasing the deposition temperature. Post-annealing
process of the YSZ/coated Sr-doped TiO, nanotubes was shown to result in crystallinity
of the film above 750 °C. It was found that YSZ coating can improve the thermal stability
of the Sr-doped TiO, nanotubes by shifting the anatase-to-rutile phase transformation
temperature to 700 °C. It was also found that by modification of the composition of the

YSZ film (> 8 % Y,03 doping), cubic YSZ can be achieved at lower temperatures.

In the second part, YSZ/STO heteronanostructures were fabricated and
characterized. It was found that the YSZ coating grows crystalline on the highly
crystalline STO nanotube backbone. Consequently, this eliminates the need for post
annealing step for crystallization of the coating and results in less complexities in the
processing of the HNS on silicon and thermal stability issues that arise from phase
transformation in the nanotubes as discussed earlier. The results from this part of the
dissertation have paved the path for development and implementation of the coaxial
nanotubular arrays as a new heterostructure composite architecture in many fields of
application. In particular, such proposed platform can contribute in less-
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expensive/practically productive construction of micro-SOFCs as well as other micro and

nano-scale ionic devices.

8.2 Future Work

8.2.1 First Principle Study of the Structural stability and electronic Structure
of Sr-Doped TiO,

As mentioned in chapter 5, doping of TiO, nanotubes will result in modification
of the electronic structure and thus the bandgap of the material. The results of this work
were essentially obtained on a foundation of a comprehensive experimental investigation
of the dopant atom and where it is mainly incorporated in the lattice structure of the
anatase. However, in order to further strengthen the hypothesis, one needs to investigate
theoretically the plausible sites of Sr atoms doped into anatase in more detail. As a
preliminary work, it was proposed that the Sr (due to its large ionic radius) tends to go
into interstitial sites rather than substitutional for the Ti or O atoms in the lattice structure.
Moreover, the calculated lattice parameters of the supercells in the presence of Sr dopant
were shown to be supporting the XRD data. However, more extensive theoretical analysis
is required to obtain the favored structure in the presence of dopant and also gain more

information about the density of states as well as the bandgap of the material.

8.2.2 Incident Photon to Charge Carrier Efficiency (IPCE) Measurements

The photoelectrochemical response of these Sr-doped TiO; electrodes needs to be
evaluated in response to monochromatic light irradiation in terms of incident photon to
charge carrier efficiency (IPCE). For this purpose, IPCE measurements need to be

performed in order to find the band gap energy of the material as well as to proof the
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charge separation in this structure. The results from these measurements will extend the
fundamental evaluation of the efficiency of the material in terms of photon to charge

carrier conversion.

8.2.3 Optimization of the YSZ/STO NTAs for Micro-SOFC Applications

The developed STO NTASs can be considered as a great candidate for being used
as porous electrode of SOFCs mainly due to their potential applications as a sulfur
tolerant anode material. Thus, the work should be expanded to take the advantage of such
a porous nanostructure of STO NTAs with such well-defined defined non-tortuous paths
for diffusion of hydrogen gas and charge species by doping this system with other
transition metals, such as La and Y to enhance the electronic conductivity of the system.
In another effort, the STO NTAs can be coated with nanoparticles of an ionic conductive
material to for a 2D nanocomposite with a large area of heteronanostructures.
Optimization of the fabricated YSZ/STO NTAs in this work would be essential for the
use of this system as electrolyte of micro-SOFCs. Also, further attempts need to be made
for development of a measurement setup designed for accurate evaluation of the electrical

properties of such systems.
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APPENDIX A

ENHANCED PHOTOELECTROCHEMICAL WATER OXIDATION

CHARACTERISTICS OF SR-DOPED TI10, NANOTUBES

Photoelectrochemical measurements has been performed on Sr-doped TiO,
nanotubes with different dopant level fabricated in this work for the purpose of using
these nanostructures for water splitting applications. | was shown that Sr doping also
improves the photoconversion efficiency of the nanotubes. The obtained photoconversion
efficiency of Sr-doped nanotubes was shown to be about 0.69% which is by far among
the highest reported values in the literature for TiO,-based photoelectrochemical cells.

Figure A.1 shows the steady-state photocurrent density (ipn) versus applied
potential obtained for the Sr-doped TiO, nanotube samples fabricated in pH = 3 at
various dopant concentration in 1.0 M KOH solution under AM1.5G (100 mW/cm?)
illumination. We chose the samples fabricated in solutions of pH = 3 because they
showed higher dopant concentrations compared to those fabricated in solutions of pH = 2.
It is observed that, in general, photocurrent increases with increasing the Sr-doping
concentration. Note that the dark current in all cases is approximately 5 pA. The highest
photocurrent (~ 1 mA/cm?) obtained for the sample fabricated in electrolyte containing
0.06 M Sr(OH); in the electrolyte with pH 3. This sample also shows the highest negative
shift in the onset potential (-0.803 V). In fact, the trend observed in increasing the
photocurrent with Sr dopant concentration is analogous to that of the absorption edge
discussed earlier.
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The corresponding light energy to chemical energy conversion (photoconversion)
efficiency n was calculated using Eq. 1 [137]:

n(%) = [(total power output-electrical power input)/light power input] x 100

= Jp[(123_ Emeasured -E )/ IO]X].OO (1)

ocp
where J, is the photocurrent density (MWem ™), Emeasured IS the electrode potential (versus
Ag/AgCI) of the working electrode at which the photocurrent was measured under
illumination. Eocp is the open circuit potential and lo is the intensity of the incident light
(mWem ™). Figure A.2 shows the corresponding (three electrode) photo-conversion
efficiency (#) the highest photo-conversion efficiency of 0.69% was recorded for sample
with the highest concentration of Sr dopant, i.e 0.06 M in electrolyte with pH = 3. The
enhancement in »# among all doped samples can be related to the difference in tube
length. Longer NTs have larger surface areas enabling more light harvesting and larger
active sites accessible to reactants in the aqueous environment. These factors lead to a
higher efficiency which is strongly in agreement with the results of Sulaeman and co-
workers where ip, activity under visible light irradiation is enhanced by designing
strontium titanate with high Sr/Ti atomic ratio [138]. According to Liu and co-workers,
the highest peak energy conversion efficiencies reported to date have been 0.60% or less
over the whole solar spectrum [139]; thus, the obtained photoconversion efficiency of
0.69% for Sr-doped TiO, nanotubes in this work shows promising improvement towards

a higher photoconversion efficiency.
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Figure A.1 Variation of photocurrent obtained from the PEC cell measurement for S-

doped TiO, nanotube electrodes at different Sr dopant concentration and @ pH = 3.
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Figure A.2 Photoconversion efficiency versus voltage characteristics for Sr-doped TiO;

nanotube electrodes at different Sr dopant concentration and @ pH = 3.
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APPENDIX B

XPS DATA ANALYSIS

The following plots show the details of XPS profile peak fitting for the undoped
and Sr-doped TiO2 nanotube samples before and after heat treatment. The O 1s and the
Ti with Ti 2p1/2 and Ti 2p1/2 photoemissions with the corresponding binding energies,

area, full width at half maximum (FWHM) and the ratios are shown for each single peak

next to the spectrum.
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Figure B.1 Peak fitting on XPS spectra for as-anodized (amorphous) TiO, nanotube

sample showing O 1s.
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Figure B.2 Peak fitting on XPS spectra for as-anodized (amorphous) ST1 sample

showing O 1s.
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Figure B.3 Peak fitting on XPS spectra for as-anodized (amorphous) ST2 sample

showing O 1s.
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Figure B.4 Peak fitting on XPS spectra for

showing O 1s.
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Figure B.5 Peak fitting on XPS spectra for annealed (crystalline) TiO, nanotube sample

showing O 1s.
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Figure B.6 Peak fitting on XPS spectra for annealed (crystalline) ST1 sample showing O
1s.
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Figure B.7 Peak fitting on XPS spectra for annealed (crystalline) ST2 sample showing O
1s.
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Figure B.8 Peak fitting on XPS spectra for annealed (crystalline) ST3 sample showing O

1s.
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Figure B.9 Peak fitting on XPS spectra for a typical annealed (crystalline) Sr**-doped

TiO, nanotubes (sample ST2) showing Ti 2p as a result of depth profiling.

163



PWHM 6L
16048 4%

S0
Direding Dy |4

Figure B.10 Peak fitting on XPS spectra for a typical annealed (crystalline) Sr**-doped

Ti0; nanotubes (sample ST2) showing O 1s as a result of depth profiling.
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APPENDIX C

EELS SPECTRA ANALYSIS

The low energy Sr M, 5 -edges from EELS spectra has been used instead of taking
high energy Sr L s-edges at 1940 eV to identify the Sr in the nanoclusters. The reason for
this is that the intensity of EELS signal drops substantially at high energy region.
Therefore, to get sufficient signal at higher energy region, longer exposure may be
needed. The lower energy Sr M-edge requires much shorter exposure time to get

sufficient signal without damaging the sample.

In the various series (K, L, M, N, O) the edges show different profiles. They can
be saw-tooth, delayed, white lines or mixture. It is known that M, 5 -edges (3d excitation)
are typically rounded with delayed maxima. While, low energy M-edges such as the Sr
M, 5 -edges have large cross-sections for energy loss events, the delayed nature of the M
edge results in poor signal-to-background ratios [140]. This is a result of the effective
centrifugal barrier when the final states show a quantum number > 1. In the case of Mg,
Al, Si, the L, 3 -edge appears about 20 ev beyond the start of the ionization edge. Some
elements' edges such as M-edges tend to appear as delayed signals even further away
from the start of the ionization edge [141]. Two standard SrO spectra have been taken
from Gatan's EELS atlas as the reference [142]. The first one shows the Sr My s -edge
with a two humps around 160 eV and 190 eV and the second one after background
subtraction [143] (Figure C.1). Here, the method of G.A. Botton [124] for extracting Sr

M-edge map for standard SrTiO3; has been used to extract the Sr M-edge map for doped
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sample (Figure C.2). The obtained peak matches well with the Sr position edge and has

become more pronounced after removing plural scattering.
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Figure C.1 EELS spectra of Sr M-edges in (a) and (b) Sr M-edge with background

subtraction [142, 143]. Reprinted with permission from EELS Atlas.
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Figure C.2 EELS spectrum of Sr M-edges [143]. Reprinted with permission from JEOL

News.

Figures C.3 and C.4 show Z-contrast STEM images from the surface of a single

Sr**-doped TiO, nanotube and the corresponding Sr M-edge EELS spectrum taken from
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the selected region on the image and extracted by power-low background subtraction.

The line map of Sr M-edge and the EELS-SI color map of Sr M-edge are also shown.

S1 Survey Image Spliced spectrum, without deconvolution

* 1044

Figure C.3 (a) Top view Z-contrast STEM image from the surface of Sr**-doped TiO,
nanotube (sample ST3) and the corresponding Sr M-edge EELS spectrum taken from the
line scan on the nanoparticle (c) line map of Sr M-edge and (d) Sr M-edge spectrum after

background subtraction.
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Figure C.4 Top view Z-contrast STEM image from the surface of a single Sr**-doped
TiO, nanotube and the corresponding Sr M-edge EELS spectrum taken from the selected
region on the ring after background subtraction. The corresponding EELS-SI map of Sr

M-edge is shown in color.
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