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Abstract
Heteroepitaxial Growth of Nanobranches on SnO2
Nanobelt for Electrochemical Devices
Sangbaek Park
Department of Materials Science & Engineering
College of Engineering
Seoul National University
Three dimensional (3-D) heteroepitaxial nanoarchitectures composed of transparent
conducing oxide (TCO) backbone and metal oxide branch were designed and
synthesized to enhance the electrochemical properties in energy conversion and
storage devices. The synthesized heteroepitaxially nanostructured electrodes were
practically applied to electrochemical devices. Additionally, the correlations between
structural factors of 3-D electrode and device performance were explored. In
particular, photoelectrochemical (PEC) cells and Li-ion batteries, which are accepted
as representative electrochemical conversion and storage devices in the hydrogen
energy system by renewable solar energy conversion, were studied. These PEC cells
and Li-ion batteries currently face significant challenges in low efficiency and longterm stability, respectively. Since metal oxide electrode materials are essential in
charge transfer and transport of the PEC cell and Li ion battery, efficient structure
control and design provide high efficiency and long-term stability. Nanostructures,
especially 3-D nanoarchitectures, are efficient at charge transfer and transport.
However, novel approaches are needed to further improve charge transfer and
transport, since metal oxide nanoarchitecturing almost reached the limit in both
fabrication method and structure modification. Therefore, this thesis suggests two
strategies for the charge transfer and transport in PEC cells and Li-ion batteries. The
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first employs the 1-D TCO backbone for effective charge extraction and transport
from metal oxide branches. The second fabricates the 3-D heteroepitaxial
nanostructures that can lead to defect-free interface and self-assembled array, which
enhance the electrochemical device performance.
In order to systematically study the epitaxial growth in 3-D nanoarchitecturing, a
rutile based heteroepitaxial structure was selected and explored. Thermally and
chemically stable rutile SnO2 was developed for 1-D TCO backbones through Sb
doping. Sb:SnO2 (ATO) nanobelts were found to grow vertically on both FTO glass
and Ti substrate with metallic conductivity attributed to the unique Sb doping
behavior. To understand the fundamental aspects of heteroepitaxial growth on
nanobranching, various metal oxides – TiO2, Fe2O3, and VO2 – were synthesized on
ATO nanobelts by the facile solution process. TiO2 and Fe2O3 nanorods were grown
on all four ATO nanobelt sides like wheel spokes while VO 2 nanorods were linearly
grown on only two ATO nanobelt sides. The structural analysis showed that both the
dendritic and linear growth modes are attributed to interfacial lattice mismatch. For
TiO2 and Fe2O3, the lattice mismatch between backbone and branch was minimized
through tilted nanobranches that induce dendritic growth. For VO 2, the lattice
mismatch was minimized though strained nanobranches that induce linear growth.
Furthermore, the epitaxial strain of nanorods reduced the VO2 metal-insulator
transition (MIT) temperature, which is due to compressive strain along the c-axis
(~0.2%).
In addition, this thesis examined the heteroepitaxial nanoarchitecturing on the charge
transfer and transport properties of metal oxide electrodes for PEC cells and Li-ion
batteries. A comparison of the TiO2–ATO core-shell and heteroepitaxially branched
structures found that the branched structure had better charge transfer properties due
to the well-aligned nanorods that result in a branched structure twice as effective than
core-shell structures. The CdS–TiO2–ATO multi-junction nanostructures were
developed to realize the structural-factor-optimizable nanostructure and achieved a
saturated photocurrent density of 7.75 mA/cm2 at 0.4 V/RHE under AM 1.5 solar
illumination. To control both the morphology and electronic properties of Fe 2O3
nanorods simultaneously, Fe2O3–ATO was further post-annealed. The Fe2O3 nanorod
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flat band potential and carrier density was effectively improved by diffusing Sn 4+
from SnO2 nanobelts into α-Fe2O3 nanorods, which provided enhanced charge transfer
properties.
Finally, TiO2–ATO and VO2–ATO heteroepitaxial structures were proposed to
improve the long-term stability of Li-ion batteries. A combination of ATO nanobelts
and decorated TiO2 branches produced great synergistic effects that enhanced cycle
retention and rate capabilities in anodes due to the advantageous geometrical and
structural features. Interestingly, the specific capacities originating from only TiO 2
nanorods were almost near the theoretical value of rutile TiO 2 and were maintained
even after 150 cycles. In the same manner, outstanding rate capabilities and cycling
stability were evaluated in the cathode VO2–ATO. These excellent TiO2–ATO and
VO2–ATO electrochemical properties are attributed to superior charge collection
properties due to conductive 1-D backbone and effective Li transport from 1-D
diffusion along the [001] direction.
This thesis focused on synthesis and control of heteroepitaxially branched metal
oxide based on the 1-D TCO backbone to improve charge transfer and transport in
PEC cells and Li-ion batteries. It also tried to suggest a possibility to resolve problems
and create breakthroughs in energy conversion and storage devices.
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vapor-liquid-solid mechanism, chemical bath deposition,
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Chapter 1. Introduction
1.1 Energy conversion
sustainable development

and

storage

devices

for

The development of economic and environment-friendly energy resources
is essential and urgent for sustainable growth. The world currently uses energy
at a rate of 4.1 × 1020 J per year (13 terawatts). Due to population increases,
fast technology development, and rapid global economic growth, the energy
demand will double to 30 TW by 2040 and triple to 46 TW by the end of the
century [1]. Unfortunately, 80% of the energy now depends on fossil fuels,
which leads to inevitable environment problems such as CO2, as shown in
Figure 1.1. Over the last 150 years, CO2 concentrations in the atmosphere
have already risen from 280 to 380 ppm, leading to serious global warming
and climate change [2]. Thus, one of society’s major challenges for the future
is in finding sufficient clean energy supplies.
Over the past few decades, hydrogen has received a great deal of attention
as an ideal and clean fuel. Hydrogen is the most-abundant gas and the
simplest element in the universe. It can easily be used for fuel cell electricity
generation without any CO2 emission. The amount of energy produced from

1

hydrogen gas is 122 kJ g-1, which is 2.75 times higher than that from
hydrocarbon fuels, and 5 times greater than that from methanol and ethanol
[3]. Therefore, hydrogen is an alternative fossil fuel as a promising energy
carrier for the future. Hydrogen fuel can be generated from renewable and
clean energy sources like solar energy, indicating that its life cycle can be the
same [4]. Hydrogen can be produced from solar energy by various processes:
thermolysis by solar heat, electrolysis by wind or solar cell electricity,
thermochemical & biological conversion by biomass, and photolysis by solarlight [5]. If part (1.5%) of the Pacific Ocean sunlight can be used with 5 %
efficient solar water splitting and 50 % fuel cell conversion, 30 TW of energy
can be produced and stored [6]. Hence, hydrogen energy system development
by renewable solar energy conversion is an important challenge that has been
of great interest to both scientists and engineers. Figure 1.2 is a simple
schematic of the hydrogen energy cycle using a hydrogen fuel cell vehicle
divided into four categories: (i) photon to hydrogen conversion, (ii) hydrogen
storage, (iii) hydrogen to electricity conversion, and (iv) electricity storage
and usage. Most of the steps (first, third and fourth) are electrochemical
reactions, so efficient and stable electrochemical conversion and storage
devices are required for an effective hydrogen energy cycle. The
photoelectrochemical (PEC) cell and Li-ion battery have been accepted as
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representative electrochemical conversion and storage devices, respectively.
They have been widely studied since the 1970s, but the PEC cell and Li-ion
battery still face significant technical hurdles regarding the low efficiency and
long-term stability, respectively, in the hydrogen energy industry. Therefore, a
novel and effective approach to the electrochemical conversion and storage
device is needed for sustainable development.

3

Figure 1.1. Environmental and energy problem induced by use of fossil fuels.
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Figure 1.2. Schematic representation for hydrogen energy cycle based on hydrogen
fuel cell vehicle.

5

1.2 Nanoarchitecturing for electrochemical devices

1.2.1 Nanoarchitecturing for efficient electrodes
Charge transfer and transport in electrochemical devices are critical for
determining energy conversion and storage efficiency. Typically, the principle
of PEC water splitting is based on solar energy conversion into electricity
within a cell containing two electrodes immersed in an aqueous electrolyte. At
least one of the two electrodes is made of a semiconductor to absorb light. For
a PEC cell with photoanode (Figure 1.3), solar light induces n-type
semiconductor ionization over the band gap that generates electron-hole pairs.
The photo-generated holes result in water molecule oxidation into oxygen gas
and hydrogen ions. Because this reaction occurs at the photoanode/electrolyte
interface, the charge transfer property at the anode interface is important for
conversion

efficiency.

Simultaneously,

photo-generated

electrons

are

transported over the external circuit to the counter electrode (typically Pt) to
reduce hydrogen ions into hydrogen gas. Thus, charge transport property from
anode surface to cathode is also important, so numerous researchers have
made efforts to improve the photon to hydrogen conversion in terms of charge
transfer and transport [7-12]. This trend is also confirmed in a Li-ion battery
(Figure 1.4) where the negative electrode (anode) is typical1y composed of
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graphitic carbon with theoretical capacities of 372 mAh g-1. The positive
electrode (cathode) is typically made of a layered oxide (e.g. LiCoO2) with
theoretical

capacities

of

274

mAh

g-1.

During

battery

cycling

(charge/discharge reaction), lithium ions move back and forth though the
electrolyte between the anode and cathode. This is accompanied by electron
transfer and transport through the electrode/electrolyte interface and circuits,
respectively. Many efforts have been made to improve the electrochemical
performance of Li-ion batteries by controlling charge transfer and transport
[13-17]. Recently, nanomaterials and novel designs based on nanoarchitecturing have demonstrated very promising energy conversion and
storage results by enhancing the charge transfer and transport property in
electrodes [18-21]. The oriented and controlled nanostructured electrodes are
strongly expected to promote charge generation, transfer, and transport in PEC
cells and Li-ion batteries to overcome their low efficiency and stability.
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Figure 1.3. Structure of a typical PEC cell with photoanode (n-type semiconducting
materials), cathode (Pt), an aqueous electrolyte and a separator.
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Figure 1.4. Scheme of a typical Li-ion battery with negative electrode (graphite on
copper current collector), positive electrode (LiCoO2 on aluminum current collector),
a nonaqueous liquid electrolyte (LiPF6, EC:DMC) and a separator.

9

1.2.2 Metal oxide-based 3-D nanostructures
Along with the rapid nanotechnology development, a variety of
nanomaterials and nanostructures have proved promising in diverse electronic
and optoelectronic applications due to their unique size and physicochemical
properties [22]. Recently, there has been growing interest in the development
of three-dimensional (3D) nanostructures in an effort to utilize the remarkable
properties of one-dimensional (1D) objects in a 3D space. For instance, 3D
integrated circuits fabricated by sequential metal-oxide nanowire-contact
printing steps represent the important advantages of the integration density,
power consumption, and operation speed compared to their two-dimensional
counterpart circuits [23-25]. In recent energy technologies involving
photovoltaic devices and Li-ion batteries, better light absorption and charge
collection properties have been reported through the use of 3D architecture
[26-30]. Therefore, 3D nanoarchitecturing is a worthwhile and fascinating
approach to enhance the nanoscale devices performance. Among the 3D
nanostructures, branched 1D structures have been widely studied because
these structures can be easily fabricated by modification of previously
developed 1D structures. They apply to a wide range of compounds such as
SnO2-Fe2O3, In-ZnS, TiO2-ZnO, TiO2-NiO, and SnO2-TiO2 [31-42].
In particular, extensive studies have been performed to increase solar water
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splitting performance in PEC cells [12,34,40,43-45]. Solar-to-hydrogen (STH)
efficiency can be divided into four steps: absorption, exciton diffusion, charge
transport, and charge collection/reaction [12]. Modifying charge transport and
collection properties with three-dimensional (3D) nanoarchitecturing have
shown the potential for enhancing STH efficiency [34,40,43-45]. 3D nanowire networks are expected to effectively translate the remarkable properties
of one-dimensional (1D) objects into a 3D space [33]. For instance, 3D
integrated circuits fabricated by sequential steps of metal oxide nanowire
contact printing are advantageous in integration density, power consumption,
and operating speed when compared to two-dimensional (2D) circuits [23-25].
Photoconversion devices equipped with 3D architecture have led to better
light absorption and charge collection properties [29,30,34,44,45].
In the past decade, nanomaterials have been extensively studied to satisfy the
next generation device condition of Li ion battery electrodes for high energy
density at high rate capabilities [46-48]. Their small sizes provide high
reactive surface-to-volume ratio. The short path lengths of Li ion and buffer
space release the stress related to volume change during the charge/discharge
process, all of which benefit the Li ion battery [46-48]. However, singlephased nanomaterials limit the demands of future device conditions since their
intrinsic characteristics (e.g. slow kinetics, low conductivities, and weak
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mechanical stabilities) and extrinsic characteristics (e.g. side reaction increase
with electrolyte and agglomerization due to high surface energy and surface
area) lead to a poor cycle life [49]. In order to overcome the limitations,
heterogeneous nanostructures have been introduced to show the synergic
performance by combining the merits of each component [46-49]. In this
respect, 3-dimensional (3-D) branched nanostructures are promising for PEC
cell and Li ion battery.

1.2.3 1-D conductive backbone
Various 3D nanostructure fabrication methods have been reported, such as
growing branches on a nanowire backbone by depositing seed particles
[33,39], using thermal evaporation to synthesize a hyper-branch structure
[32,38], forming a nanowire network using a templated electrodeposition
technique [50], and integrating heterogeneous nanowires using a shear
printing process [23-25]. These approaches indicate that most researchers
have focused on 3D nanostructure fabrication using 1-D backbones. Although
the 1-D transparent conductive oxide (TCO) nanowire is also promising for
electronic and photonic applications [51-55], less attention has been paid to
developing 1D TCO nanowire-based 3D nanostructures. The reasons are: 1)
1D TCO nanowire deposited on Si or oriented substrates (e.g. sapphire and
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yttrium-stabilized zirconia (YSZ)) that problematically block the light and are
impractical for photonic application [51-53]; and 2) vertically aligned 1D
TCO nanowires, which transmit light better, have only been studied under
oriented substrates [51,52]. As a preliminary, the ITO(Sn:In2O3)/TiO2
core/shell structure was fabricated and revealed that 1-D ITO could enhance
the charge collection property in electrodes. This implies that 1-D TCO is
effective as a backbone in the photo-conversion devices [27,56]. However,
ITO has very low stability in acidic condition, which is not suitable for
branching synthesis in the wet-chemical route. An alternative TCO material is
required for 3-D nanoarchitecturing based on 1-D TCO. The first aim of this
thesis is to propose a method to fabricate the hybrid 3-D nanostructures using
a combination of 1-D TCO backbone and nanobranches. In this study, the Sbdoped SnO2 (ATO) nanobelt was selected as the 3-D architecture backbone
since SnO2-based TCO materials are cheap [53] and chemically stable [57],
which allow them to withstand various chemical conditions during reaction.

1.2.4 3-D heteroepitaxial branch
The syntheses and characterizations of heterostructures such as core–shell,
coaxial nanowire/nanocable, and one- and two-dimensional (1D and 2D)
heterojunction structures have attracted great attention due to the improved
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properties and/or synergistic effects [28,58-61]. Among these structures, 1D
nanostructure-branched heteronanostructures based on epitaxial growth can
enhance electronic device performance through facial electron transport from
defect-free interface between different materials. In the past few years, the
various 1D nanostructure-branched heteronanostructures such as SnO2-Fe2O3,
In-ZnS, TiO2-ZnO, TiO2-NiO, and SnO2-TiO2 have been investigated for
wider

applications

[31,35,37,42].

However,

reliable

and

systematic

investigations on the epitaxial growth of such heteronanostructures have been
limited to few materials due to difficulty of synthesis and analysis for
heteronanostructures [31,62,63]. For example, although several reports have
been published on SnO2-TiO2 heteronanostructures acting as anodes for Li ion
battery [64-67], the reversible capacities of the heteronanostructured
electrodes exhibited very low values (< 200 A h cm-2) in most situations
since TiO2 was more dominant in the electrode capacity contribution.
Therefore, new metal oxide nanoarchitecturing that improve electrochemical
performance are required. On the basis of the foregoing, it is expected that the
electrochemical performance of heteronanostructures composed of different
metal oxides can be enhanced by epitaxial growth between materials. This
thesis mainly focuses on the synthesis and control of heteroepitaxially
branched metal oxides on the 1-D TCO backbone to improve charge transfer
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and transport in the nanoarchitectured electrodes of electrochemical devices,
especially PEC cells and Li-ion batteries.

1.3 Aim and approach
3-D nanoarchitectured electrodes can enhance efficiency and improve longterm stability in electrochemical conversion and storage devices in PEC cells
and Li-ion batteries. In particular, charge transfer and transport abilities
through nanostructured electrodes are important for efficient and stable PEC
cells and Li-ion batteries. The aim of this thesis is to develop and design 3-D
heteroepitaxially branched electrodes with high efficient charge transfer and
transport properties. Furthermore, the goal is to provide background on the
epitaxial growth mechanism of nanobranches on the 1-D backbone in order to
control and optimize the shape and morphology for high efficiency and longterm stability.
This thesis suggests two strategies for efficient charge transfer and transport
in PEC cells and Li-ion batteries. The first is fabricating 1-D TCO backbones
with high conductivity and good thermal and chemical stability. Typically,
planar metallic substrates (including TCOs) have been used for charge
collection and transport, but their role is restricted to the charge transport to
the external circuit. In this study, this role is expanded (i.e., charge extraction
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and transport of 1-D TCO backbone or participation in an electrochemical
reaction as the 1-D conductive metal oxide). The second is a heteroepitaxial
growth of 3-D branched metal oxides on the 1-D backbone. Epitaxial growth
leads to a defect-free interface between different materials, which enhance the
electrochemical device performance. Moreover, metal oxide branches can be
self-assembled during growth by an epitaxial relationship between branch and
backbone that lead to optimized structure. In order to achieve these two
strategies, rutile materials were selected as branch and backbone compounds
since they are the most stable transition metal oxides.
In chapter 2, heteroepitaxy and 3-D branching methods are reviewed in order
to design and develop heteroepitaxially branched nanoarchitectures for
efficient electrodes of PEC cells and Li-ion batteries. In addition, rutile
materials in the PEC cells and Li-ion batteries are reviewed in terms of high
efficiency and long-term stability.
Chapter 3 describes the synthetic procedures for 3-D nanoarchitecturing,
PEC cell and Li-ion battery electrode fabrication, and characteristics analysis
methods.
In chapter 4, vertical Sb:SnO2 (ATO) nanobelt array with high conductivity
on arbitrary substrates (FTO glass substrate and Ti foil) is fabricated by the
vapor transport method. The vertical growth behavior and conductivity by
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doping in defect-free single crystalline ATO nanobelts are also discussed.
Chapter 5 expands upon various metal oxides – TiO2, Fe2O3 and VO2 – as
they grow on ATO nanobelts by wet-chemical routes in an epitaxial
relationship between branch and backbone. TiO2 and Fe2O3 nanobranches are
synthesized on ATO nanobelts with dendritic growth behavior due to lattice
mismatch minimization. A TiO2 branching mechanism is described in detail as
a representative structure. Interestingly, VO2 nanobranches are synthesized on
ATO nanobelts with linear growth behavior, which is interpreted as an
epitaxial strain effect. The detailed strain behavior of the preferred-oriented
VO2 nanobranches is described by crystal structure and metal-insulator
transition (MIT) temperature.
In chapter 6, electrochemical performances of heteroepitaxial 3-D
nanostructures (TiO2‒ATO, Fe2O3‒ATO and VO2‒ATO) for PEC cells and Liion batteries are evaluated. ATO core-TiO2 branch 3-D structures applied-PEC
cells show high charge transfer properties compared to ATO core-TiO2 shell 1D structures applied-PEC cells. To absorb visible light, quantum dot
sensitized TiO2‒ATO are fabricated and the PEC cells are characterized in
terms of light harvesting as well as charge transfer and transport. In order to
improve charge transfer property, a Sn self-doped 3-D Fe2O3‒ATO is
proposed by using a SnO2 nanobelt array as a dopant source. TiO2‒ATO is
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also fabricated as a Li-ion battery anode and the cycle performance is
examined for long-term stability. Finally, VO2‒ATO as a Li-ion battery
cathode exhibits high capacity and cycle stability compared to conventional
VO2 nanoparticle applied-cathodes, which is described in terms of charge &
ion transport along the open-channel structure.
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Chapter 2. Background and literature review
2.1 Heteroepitaxial growth
2.1.1 Heteroepitaxy
Definition
Epitaxy is defined as the growth of one crystal on the surface of another
crystal, where there is a fixed orientation relationship between the lattices of
two crystals [68]. In fact, as to all forms of crystal growth, epitaxy is a wellcontrolled phase transition leading to a single crystalline solid [69]. The term
epitaxy has origins in Greek roots with epi meaning ‘on’ and taxis meaning
‘arrangement’ [70]. When a crystal is grown on another crystal of the same
material, then the epitaxial growth process is usually referred to as
homoepitaxy. On the other hand, when the two-phase system is
heterochemical in composition, the epitaxial growth process is termed
heteroepitaxy.

Principle
Heteroepitaxial is accomplished by nucleation and growth relationship
between substrate and epilayer, which enable the epilayer to be grown in a
structure-dependent matter on a substrate of given structure [71]. In general,
19

a chemically and structurally inhomogeneous interface is developed. A twophase system exists at the end of epitaxial growth, which consists of two
adjacent heterochemical parts (epilayer and substrate) [72]. When a system
has zero or small misfit in which all atom positions are in exact register, the
interface is referred as coherent [68]. As strain energy increases, coherence
breaks down and the interface accommodates the lattice-mismatch with an
array of dislocations, which is described as semi-coherent. When two
crystals have different lattice fringes meet with no apparent coincidence at
an interface, both crystals retain their bulk lattice and atomic arrangement
becomes a linear function of position, which is termed incoherent. From the
experimental data, Royer suggested the rule of epitaxy: epitaxial growth
occurs only when the misfit, defined as δ = (le - ls)/ls, where ls and le are the
in-plane lattice constants of the substrate and epilayer, respectively, is no
greater than about 15% [70]. This geometrical approach has remained
prominent to the current.
Epitaxial growth is based on several key processes. Figure 2.1 indicates the
key processes related to heteroepitaxy as a schematic illustration of the
epitaxial growth system [71]. First is the phase transition between the
epilayer and the metastable phase, which is related to mass transport of the
components from the metastable bulk to the growth front. Second is the
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Figure 2.1. Scheme of the geometrical configuration for the epitaxial growth in
different stages; (a) before growth, (b) in the nucleation stage related to the first
monolayer growth, (c) at the early stage of growth, and (d) in the stage for regular
epitaxial growth proceeds [71]. (Figure continued next page)
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Figure 2.1. (continued)
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driving force of crystallization which keeps the process running, such as the
supersaturation of the metastable phase. Atomic ordering, a surface kinetic
process dependent on the chemical and the structure activity of the substrate
surface, is also an important factor in the growth process in epitaxy. It leads
to formation of the first molecular monolayer of the growing epilayer.

Phenomena in heteroepitaxy
The important phenomena of heteroepitaxy are related to lattice mismatch.
Misfit refers to the disregistry of the interfacial atomic arrays of the substrate
and epilayer [73]. It is attributed to differences in d-spacing of lattice
symmetries as shown in Figure 2.2 [71]. In the simple case, the misfit δ may
be defined as
δ = (𝑙𝑒 − 𝑙𝑠 )/𝑙𝑠
where the le and ls are the lattice constants normal to the growth direction in
the epilayer and substrate, respectively. When the misfit between a substrate
and an epilayer is sufficiently small, the first monolayers will be strained to
fit with the substrate [74]. However, as the thickness of epilayer increases,
the strain energy increases, inducing the misfit dislocations to release the
strain energy (Figure 2.3) [71]. Thus, overall strain decreases but the
dislocation energy increases at the same time.
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Strain plays a significant role in determining various physical properties of
epilayer. For examples, it is well known that the energy of the electronic
bands could be modulated by the strain [75]. Splittings of the valence band
(or conduction band) depend on the strain direction and magnitude. The
shifts of the heavy hole (hh), the light hole (lh), and the split-off (so) band
for strain along the [001] direction are as follow [76].
𝐸𝑣,ℎℎ =

Δ0 1
− 𝛿𝐸
3 2 001

𝐸𝑣,𝑙ℎ = −
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9 2
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6 4 001 2
4

where Ev is the valence band energy and Δ0 is the spin-orbit splitting. Also,
δ𝐸001 = 2𝑏(𝜀𝑧𝑧 − 𝜀𝑥𝑥 )
with the b is the shear deformation potential for biaxial strain, and ε xx and εzz
are the in-plain strains. The effect of strain along the [001] direction is
shown in Figure 2.4 [77]. In general, the bandgap energy increases by
compressive strain.
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Figure 2.2. Schematic illustrations of interfacial atomic registry in the epilayer and
substrate with different crystallographic symmetry [71]. Black dots: the substrate
atoms, Empty circles: epilayer atoms
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Figure 2.3. Schemes of (a) strained and (b) relaxed epitaxial layers [71].
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Figure 2.4. Effect of strain on the valence bands and the lowest conduction band [77].
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2.1.2 Applications of heteroepitaxy
Heteroepitaxial growth can be widely used for crystallization of overlayer
structures of different material systems. Above all, epitaxially grown layers
show high perfection, satisfying the device-quality demands [71]. Therefore,
they have been applied in various high technology parts, especially
electronics, optoelectronics, and photonics [78].

Low-dimensional heterostructures
Size quantization in low-dimensional heteroepitaxial structures belongs to
the most fascinating issues, such as quantum dots, quantum wells, and
quantum wires [79]. They show distinctive physical properties originating
from the modification of the electronic density-of-states (DOS) generated by
the confinement of charge carriers. Figure 2.5 illustrates the low-dimensional
heterostructures and their DOS of electrons as the quantization dimension
increases [77]. The quantum well structures have been already well-studied
from high electron mobility transistors to quantum well lasers and
photodetectors [80]. Also, quantum wire and quantum dot structures have
been reported for efficient optoelectronic devices [81].
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Figure 2.5. Electronic DOS in semiconductors with different dimensionalities: 3-D
bulk, 2-D quantum well, 1-D quantum wire and 0-D quantum dot.
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Epitaxial layers for device structures
Manufacturing single crystalline layered structures is an important issue for
device applications. Up to this day, almost all kinds of optoelectronic and
electronic devices have been developed in single crystalline layered form by
epitaxial growth [82]. Performance of device is crucially dependent on the
morphological and electrical quality of epilayer and interfaces [71]. For
instants, heterojunction lasers, photodiodes or high electron mobility transistor
require pure materials, smooth and defect-free interfaces. In early 1960s,
GaAs devices of high complexity were developed by heteroepitaxially grown
structures. In the half of the 1990s, as semiconductor based industry was
booming, heteroepitaxial growth started to be used in all of semiconducting
devices, such as semiconductor chips, light-emitting diodes, III-V compound
lasers and III-V solar cells, for efficient and stable performance.

2.1.3 Heteroepitaxy for 3-D nanoarchitecturing
Recently, growth of heteroepitaxial structures including combinations of
metals, semiconductors and insulators also have been demonstrated as an
effective approach to 3-D device integration [68]. In this chapter, scientific
backgrounds and engineering issues for introduction of heteroepitaxy to 3-D
nanoarchitecturing were investigated.
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Merits of heteroepitaxy for nanotechnology
The heteroepitaxial growth for nanotechnology has several advantages [83]:
(1) The great variety of combinations is possible [84].
(2) A better match of lattices ensures a lower stress and a greater stability
at the interface, which are desirable for reliable and stable Ohmic and
Schottky contacts [85].
(3) A low density of defects would improve the conductivity of epilayer
and charge transfer at interface [83]. Heteroepitaxy is known as the
only way for formation of defect-free structures.
(4) Grain boundary effects are greatly relieved, which makes it possible for
nanostructures that have a single grain boundary in them. Also, the
degradation of contacts induced by inter-diffusion can be reduced [83].
(5) Self-organized formation of nanostructures could be induced during
heteroepitaxial growth. The driving force for the self-organization is
the misfit between the lattice of the epilayer and that of the substrate
[86]. In semiconductor heteroepitaxy, the epilayer frequently undergoes
a series of strain relief processes including surface reconstruction,
faceting, and formation of misfit dislocations [87]. These mechanisms
and their interplay could lead to self-organized nanostructure arrays
with a high uniformity under certain conditions.
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(6) Various physical properties, such as optical, electrical and magnetic
characteristics, of epilayer can be modulated by epitaxial strain effect
with change of lattice parameter and crystallographic symmetry. It was
reported that dielectric and ferroelectric properties are changed by very
thin strain layers [88]. The magnetic anisotropy of thinfilms is largely
controlled by epitaxial strains [89]. Epitaxial thin films of VO2 on TiO2
substrate suppresses the metal-to-insulator transition and sustains the
metallic phase at room-temperature [90].
Among advantages, (1) ~ (4) have been well known and studied for high
performance of electronic and optoelectronics. Thus, this thesis focused on
merits of (5) and (6), self-organization and epitaxial strain effect, in order to
obtain a 3-D nanoarchitecture with a high degree of uniformity and superior
performance.

Liquid phase epitaxy
Liquid phase epitaxy (LPE) is the deposition method by using a liquid
phase [91]. In LPE, an epilayer usually grows from a supersaturated liquid
solution onto a substrate. LPE has a many advantages as comparison with
other growth techniques [71]:
(1) LPE allows for heteroepitaxy at relatively low temperature.
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(2) It enables growth of epilayers with an extraordinary high structural
perfection.
(3) It leads to crystallization of epilayers with lower densities of defects.
(4) High growth rates can be applied.
Because LPE operates near thermodynamic equilibrium, atoms can
efficiently migrate to the interface and find optimum positions. It means that
mass transport and diffusion effects are more important than surface reaction
and incorporation phenomena in LPE process. On the other hands, there are
some shortcomings [77]:
(1) The interface quality depends on lattice misfit very strongly.
(2) Rough interfaces are obtained frequently due to back-dissolution.
(3) Miscible materials at growth temperature are limited.
Generally, in LPE method, the substrate is immersed into the supersaturated
solution due to growth from a solution on the substrate. An LPE procedure is
consists of four steps as follow [71].
(1) Fabrication of supersaturated solution
(2) Introduction of the substrate to the solution
(3) Control of the morphology, perfection and uniformity of the epilayer
(4) Removal of the solution from the substrate.
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Growth modes
Epitaxy is sometimes considered as a post-nucleation phenomenon in
which the rearrangement of stable clusters occurs by migration and rotation
[92]. Thus, whether crystal growth is 2-D or 3-D is one of important factors
for heteroepitaxial nanoarchitecturing. Three possible modes of epitaxial
growth may be distinguished in heteroepitaxial systems; 2-D layer-by-layer
growth identified by Frank and van der Merwe (FM) [93], 3-D island growth
revealed by Volmer and Weber (VW) [94], and a combination of FM and
VW mechanisms described by Stranski and Krastanow (SK) in which layerby-layer growth initially occurs followed by islanding [95]. Three growth
modes are illustrated schematically in Figure 2.6 [68]. The equilibrium
growth mode is determined by the balance between the relative free energies
of the substrate surface (γs), the epilayer surface (γe) and the interface (γi)
[96]. According to Young’s relation for the absolute tension values in balance,
𝛾𝑠 = 𝛾𝑒 + 𝛾𝑖 𝑐𝑜𝑠𝜃
For 0 < θ < π, island growth is driven by a low substrate surface energy and
a high interface energy. In other words, it is more favorable for attach atoms
to stick together than wet the substrate. Thus, non-wetting results in 3-D
drops. For θ = 0, layer-by-layer growth is driven due to the droplet wetting
the surface. The deposited atoms are more attached to the substrate rather
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Figure 2.6. Schematic of the three epitaxial growth modes. (a) 2-D layer-by-layer
(FM-mode), (b) 3-D island (VW-mode) and (c) layer-by-layer growth followed by
islanding (SK-mode) [68].
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than to themselves. For θ ≥ 0, SK growth occurs. In SK mode, the growth
changes from FM mode to the VW mode at some critical coverage thickness,
which is caused by the gradual strain accumulation in the epilayer.

Thermodynamics and kinetics in formation
Interface formation [71]
Solid surfaces can vary their energy in two approaches. One way is
increasing the physical area of the surface, such as cleaving a surface or
attaching atoms to the surface. This case includes simply creating more or less
surface area, which is independent of the surface nature. Other way is
changing the position of atoms through elastic deformation at the surface,
such as surface relaxation or reconstruction. This case includes the detailed
arrays of atoms on a surface, which may involve the straining.
Let us consider a crystalline body with a surface Si, specific surface free
energy σi and the central distances hi to the different faces. According to Wulff
theorem,
𝜎𝑖 𝜎𝑗
∆𝜇
= =⋯=
ℎ𝑖 ℎ𝑗
2𝑉1
When the crystal A and B are contacted with each other in epitaxial
orientation, the gained work is equal to –β. Thus, specific interfacial free
energy σ* is defined as Dupre’s relation,
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𝜎 ∗ = 𝜎𝐴 + 𝜎𝐵 − 𝛽
where the separation work refers to the specific adhesion free energy. When a
crystal A grows on B, the formation balance can be written as follow.
𝑖

Δ𝐺3𝐷 (𝑛) = −𝑛Δ𝜇 + ∑ 𝜎𝑖 𝑑𝑆𝑖 + (𝜎 ∗ − 𝜎𝐵 )𝑆𝐴𝐵
1

Also, the variation of volume can be written as follow.
𝑖

1
dV = (∑ ℎ𝑖 𝑑𝑆𝑖 + ℎ𝐴𝐵 𝑑𝑆𝐴𝐵 )
2
1

in which hAB is the distance from center to the interface. Therefore,
𝑖

𝑖

1

1

∆𝜇
d∆𝐺3𝐷 (𝑛) = − ( ) (∑ ℎ𝑖 𝑑𝑆𝑖 + ℎ𝐴𝐵 𝑑𝑆𝐴𝐵 ) + ∑ 𝜎𝑖 𝑑𝑆𝑖 + (𝜎 ∗ − 𝜎𝐵 )𝑑𝑆𝐴𝐵
2𝑉1
Thus, equilibriums of the interface and the free face of A are evaluated as
follow.
(

𝜕∆𝐺
)
= 0,
𝜕𝑆𝐴𝐵 𝑆,𝑇,∆𝜇

(

𝜕∆𝐺
)
=0
𝜕𝑆𝑖 𝑆,𝑇,∆𝜇

From these conditions, generalized Wulff theorem is derived:
(𝜎 ∗ − 𝜎𝐵 ) (𝜎𝐴 − 𝛽)
∆𝜇 𝜎𝑖 𝜎𝑗
= = =⋯=
=
2𝑉1 ℎ𝑖 ℎ𝑗
ℎ𝐴𝐵
ℎ𝐴𝐵
When β = 0, homogeneous case is yielded. It means that both surfaces are just
in contact (ℎ𝐴𝐵 = ℎ𝐴 ) and they have no affinity with each other (𝜎 ∗ = 𝜎𝐴 +
𝜎𝐵 ). When the adhesion energy (β) has same value of 𝜎𝐴 ( 𝜎 ∗ = 𝜎𝐵 ),
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ℎ𝐴𝐵 = 0, indicating that the polyhedron is reduced by a half in comparison
with the homogeneous case. In the case of 𝜎𝐴 < β < 2𝜎𝐴 (ℎ𝐴𝐵 < 0), the
polyhedron grow flat. When β = 2𝜎𝐴 ( 𝜎 ∗ = 𝜎𝐵 − 𝜎𝐴 ), ℎ𝐴𝐵 = −ℎ𝐴 is
derived, which means that the lateral faces are evanescent. In this point, 3D
phase of A is suppressed and 2D phase begin to fall on the substrate B.
According to thermodynamic consideration, two important conclusions can
be derived:
(1)

Epitaxial 3D nucleation can occur on a substrate only when ∆𝜇 > 0,
indicating that the phase has to be supersaturated.

(2)

Epitaxial 2D nucleation can take place on a substrate only when
∆𝜇 ≤ 0 (undersaturation condition of the phase).

Also, epitaxial growth modes (3D or 2D) can be defined as the characteristic
surface quantities:
(1)

In the case of β < 2𝜎𝐴 (𝜎 ∗ > 𝜎𝐵 − 𝜎𝐴 ), 3D growth mode occurs.

(2)

In the case of β > 2𝜎𝐴 (𝜎 ∗ < 𝜎𝐵 − 𝜎𝐴 ), 2D growth mode occurs.

These conclusions are summarized in Figure 2.7 [71].

Effect of strain on heterogeneous nucleation [77]
In epitaxial nucleation stage, the strained nucleus accumulates strain energy.
Thus, the volume term ΔGV is diminished by increase of chemical potential
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Figure 2.7. Free energy (ΔG) of (a) 3D epitaxial formation and (b) 2D epitaxial
formation as a function of the number of the particles (n) at the supersaturation Δμ
[71].
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in the nucleus which originates from the strained atomic bonds. On the other
hand, the surface term ΔGS is increased due to the effect of elastically relaxed
facets (as shown in Figure 2.8 [77]) and the anisotropic nature of the strain.
Therefore, the heterogeneous nucleation energy ∆𝐺𝑁∗ for formation of a
nucleus of critical size is increased by the presence of strain as follow [97].
∗
∗
∆𝐺𝑁,𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑
= ∆𝐺𝑁,𝑢𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑
(1 −

𝜀 2
2𝜀 −2
) (1 − )
𝐸1
Δ𝜇

where E1 is the first neighbor bond interaction between two adjacent atoms, ε
is strain, and Δμ is the supersaturation.

Strain-induced self-ordering [77]
According to Stranski-Krastanow growth mode, the transition of 2D to 3D
growth is induced by strain originated from different lateral lattice constant
between 2D layer and substrate. As thickness of epilayer increases, strain
accumulates and may be relaxed elastically below critical thickness in which
misfit dislocations occurs by reorganization of flat surface, e.g. the formation
of 3D surface structures (Figure 2.8) [77], in order to minimize the strain and
surface energy [98]. Elastic strain relaxation induces to an energy diminish of
the structure. Let us consider epilayers composed of (001) surface and and
{011} facets (Figure 2.9) [77]. When the surface energy γ011 satisfy the
condition of √2γ001 < γ001, (001) surface will obtain energy upon a faceting
40

Figure 2.8. Schematic illustration of elastic strain relaxation in 3D self-ordered arrays
[77].
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with {011} facets. More generally, when a 2D epilayer with thickness θ0
reorganizes to a faceted 3D island on a layer with thickness θ, the gain energy
per unit volume can be derived as [99]
𝐴𝛾𝑓𝑎𝑐𝑒𝑡 − 𝐿2 𝛾𝑊𝐿 (𝜃0 )
𝐸𝑡𝑜𝑡𝑎𝑙
𝑒𝑙𝑎𝑠𝑡
𝑒𝑙𝑎𝑠𝑡
= 𝜀𝑖𝑠𝑙𝑎𝑛𝑑 − 𝜀𝑙𝑎𝑦𝑒𝑟 +
𝑉
𝑉
1
𝛾𝑊𝐿 (𝜃) − 𝛾𝑊𝐿 (𝜃0 )
+ ( − 𝐿2 )
𝜌
𝑉
where an island is given by the pyramid shape with length L, εlayer and εisland
are the elastic energy densities of the uniformly strained layer and the island,
respectively, γWL is the surface energy of wetting layer, γ facet is the surface
energy of the facets of island and A is their area. Here, V is expressed as
V=

1
1
(𝜃0 − 𝜃)𝑑𝑀𝐿 = 𝐿3 tan 𝛼
𝜌
6

Where ρ is the areal density of the islands, dML is the thickness of a
monolayer and α is the tilt angle of the facets. The energy gains per unit
volume by island formation are calculated as shown in Figure 2.10 [77]. It
indicates that the major contributions may originate from the elastic energy
relief. Also, as shown in Figure 2.10, the total energy density has a minimum
energy which determines a particular island size. Such minimum is important
for achieving a narrow size distribution for arrays of islands.
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Figure 2.9. Faceting of a (001) surface to a surface with {011} facets [77].

Figure 2.10. Total energy gain from island formation in which ρ=10 10 cm-2 and θ0 =
1.8 monolayers. Arrows indicate the minimum of the total energy curves [77].
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2.2 Preparation of 3-D heteroepitaxial nanostructures
Various methods have been attempted for the realization of 3-D
heteroepitaxial nanoarchitecturing. Different fabrication strategies for 3-D
heteroepitaxial nanostructures are summarized in Table 2.1. As shown in
Table 2.1, representative methods are subsequent solution growth,
subsequent vapor growth, Vapor-solution combination growth and one-step
self-catalytic growth.

2.2.1 Subsequent solution growth
Solution methods, such as hydrothermal, suspension, electrodeposition and
chemical bath deposition, have been widely employed for epitaxial growth
of nanobranch (nanodots, rods, wires or plates) on 0-D, 1-D, 2-D or 3-D
nanostructures. Solution methods have several advantages for epitaxial
growth of nanobranch as follow.
(1)

High yield and large-scale homogeneity at low temperature.

(2)

Facile control of the length and density of nanobranch, which is
particularly beneficial to the study for growth mechanisms and
kinetics.

(3)

Growth of epilayers with an extraordinary high structural
perfection.
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As shown in Table 2.1, numerous heteroepitaxial structures have been
synthesized by subsequent solution growth due to several advantages. Thus,
growth of epilayer by solution technique may be feasible and inevitable
approach. Chemical bath deposition (CBD) is a low-temperature (30 to
100 °C) and surfactant-free technique in which semiconductor nanoparticles
are deposited on substrates immersed in solutions [100,101]. This method
has been used for preparing additional thin layers or attaching minute
particles of several nanometers to a substrate surface [100-103]. For example,
in the case of dye-sensitized solar cells (DSSCs), a TiO2 electrode was
frequently surface-treated in a diluted TiCl4 solution by CBD to improve the
efficiency of the electrode [102,103]. Other articles have reported that TiO2
and ZnO nanorods can be grown on substrates by CBD at ~ 100 °C with a
surfactant or a nucleation seed needs [104-106]. Meanwhile, it was reported
that in the presence of HCl, rutile TiO2 nanorods can be precipitated by the
thermal hydrolysis of TiCl4 at a relative low temperature (~ 40 °C) [107]. On
the basis of this information, it is expected that metal oxide nanorods can be
grown on 1-D backbones at a low temperature with the acidic medium and
without seeds or surfactants. However, up to now, there is no report on the
synthetic

procedure

by

CBD

method

for

3-D

heteroepitaxial

nanoarchitecturing. In this thesis, CBD method was adopted for deposition
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of various binary compounds on 1-D Sb:SnO2 nanobelt arrays.

2.2.2 Subsequent vapor growth
There are diverse methods for deposition of heteroepitaxial layer on
nanostructure, such as atomic layer deposition, molecular-beam epitaxy and
vapor-liquid-solid. Among them, vapor-liquid-solid (VLS) process is wellknown approach for facile synthesis of 1-D nanowires, nanobelts or
nanorods. According to this mechanism, the anisotropic growth is promoted
at the liquid alloy/solid interface. In order to induce the liquid alloy/solid
interface, metal nanoparticles are generally required for catalysts in VLS.
For example, under Si-Au binary phase diagram, the eutectic point
composed of Si and Au alloys exists, which leads to Si-Au liquid alloy that
is a preferred deposition site for incoming Si vapor. After the liquid alloy
becomes supersaturated with Si, Si nanowire grows by precipitation at the
solid-liquid interface [108]. Thus, 3-D nanoarchitecturing can be realized by
the growth of secondary nanowire branches onto the primary nanowire
surfaces via two-step VLS growth. However, compared with the
homobranched nanostructures, heteroepitaxial growth of branches by
sequential catalyst-assisted VLS are much less reported due to limits of
combination of materials [109]. Also, as shown in Table 2.1, there are little

46

reports on the synthetic procedure by only using vapor growth for 3-D
heteroepitaxial nanoarchitecturing. Thus, this method may be not proper to
synthesis of 3D heteroepitaxial architecturing.

2.2.3 Vapor-Solution Combination Growth [109]
Recently, various types of 3D branched metal oxide heterostructures have
been fabricated by a combination of VLS growth for the backbones and the
subsequent solution growth of the branches. VLS-grown SnO2 nanowires are
very stable and are an ideal candidate for this approach. Some 3-D
heterostructures have been achieved, such as ZnO-SnO2, Fe2O3-SnO2,
MnO2-SnO2 and TiO2-SnO2. Interestingly, non-perpendicular orientation was
induced by the lattice mismatch minimization at heterojunction interfaces at
Fe2O3-SnO2. In this case, 6-fold-symmetry FeOOH branches were first
formed on surfaces of rutile SnO2 nanowires. A subsequent thermal
treatment transformed the FeOOH into Fe2O3 nanorods without destroying
the overall morphology.

2.2.4 Summary
Overall, solution-phase and vapor-phase are competitive methods in terms
of advantages and drawbacks. The vapor-phase method provides fine tuning
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of the branches but requires high temperatures and complicated growth
facilities. The obtained 3-D heteroepitaxial structures by vapor-phase
method are useful in electronic and optoelectronic applications, for which a
well-defined interface and a high crystalline quality is required. The
solution-phase method can carry out at low temperatures with low cost and
high yield. It enables the production of 3-D branched nanostructures with a
variety of morphologies by controlling the precursor conditions. However, in
most cases of the 3-D nanostructures fabricated by solution method,
branches tend to be grown with random orientation, which means that
epitaxial

growth

doesn’t

occur.

Therefore,

in

order

to

obtain

heteroepitaxially nanobrached structures, merits of vapor and solution-phase
methods have to be properly combined. Thus, in this thesis, VLS and
chemical bath deposition methods are selected for high crystal quality of
backbone and slow growth rate of epilayer, respectively.
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Table 2.1 3-D heteroepitaxial nanostructures sort by growth methods and their
compounds, morphology and applications.

Materials

Morphology

Growth
Method
Backbone Epilayer

Subsequent
Solution
Growth

Backbone Epilayer

Deposition
Method of
Epilayer

Application

Ref

TiO2

ZnO

Rod

Rod

Hydrothermal

-

[110]

CuO

ZnO

Wire

Rod

Hydrothermal

-

[111]

MnO2

SnO2

Wire

Dot

Hydrothermal

-

[112]

Fe2O3

SnO2

Tube,
Rod

Rod

Hydrothermal

Photocatalyst

[113]

CuO

ZnO

Wire

Rod

Hydrothermal

PEC cells

[114]

CdS

CdS

Rod

Rod

Hydrothermal

PEC cells

[115]

TiO2

TiO2

Wire

Rod

Hydrothermal

DSSCs

[116]

MnO2

Fe2O3

Rod

Rod

Hydrothermal

LIBs

[117]

Co3O4

Fe2O3

Wire

Rod

Hydrothermal

LIBs

[118]

SnO2

Fe2O3

Sheet

Rod

Hydrothermal

Gas sensors

[119]

SnO2

Fe2O3

Hollow
Fiber

Rod

Hydrothermal

Gas sensors

[120]

CdSe

CdS

Plate

Plate

Suspension

-

[121]
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SiO2

SiO2

Particle

Branch

Suspension

-

[122]

ZnO

ZnS·
(HDA)0.5

Rod

Plate

Suspension

-

[123]

CuGaO2

ZnO

Plate

Wire

Suspension
with heat

Diodes

[124]

TiO2

ZnO

Belt

Rod

Suspension
with heat

PEC cells

[125]

CdSe

ZnSe

Wire

Rod

Solutionliquid-solid

-

[126]

Si

Au

Wire

Dot

Galvanic
displacement

-

[127]

Si

ZnO

Wire

Rod

Atomic layer
deposition

-

[128]

Si

GaAs

Wire

Rod

Molecularbeam epitaxy

-

[129]

W

WO2.72

Wire

Rod

Self-catalyst
vapor-solid

ZnO

ZnO

Rod

Rod

Vapor-liquidsolid

-

[131]

GeS

GeS

Wire

Sheet

Self-catalyst
vapor-liquidsolid

-

[132]

VaporSnO2
Solution
Combination
SnO2
Growth

TiO2

Wire

Rod

Hydrothermal

PEC cells

[41]

Fe2O3

Wire

Rod

Hydrothermal

LIBs

[31]

GaSb

Wire

Nanorod

Chemical
beam epitaxy

-

[133]

Subsequent
Vapor
growth

One step
selfCatalyzed
Growth

GaSb
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Field emission [130]

2.3 Materials
2.3.1 Rutile
The rutile structure is one of most common and the simplest structural
types among metal dioxides [134]. At least ten metal dioxides have a rutile
phase at room temperature. In some cases the rutile structure is the most
stable oxide (TiO2, RuO2, IrO2, SnO2, PbO2), whereas for others the rutile is
a metastable form produced under high temperature and pressure conditions
(RhO2, SiO2, GeO2) [135]. The rutile has edge-shared octahedral (MO6)
which form chains along the c-axis. Each chain is connected to four adjacent
chains and cross-linked by corners sharing as shown in Figure 2.11. The
MO6 octahedra are tetragonally distorted, which includes different M–O
bond lengths. Also, O–O bonds in MO6 are not equal (the shared edge is
shorter than the edge parallel to the [001] direction). The crystal structure
information, such as lattice parameters and bond distances, for representative
rutile materials are summarized in Table 2.2 [134]. Although metal oxides
with rutile-structure have very similar lattice parameters, they show
pronounced differences in their physical properties [136]. For example, SnO2
and GeO2 are insulators, which have no dielectric singularity whereas TiO2 is
an incipient ferroelectric. Such diverse physical properties and similar and
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Table 2.2 Structural data for representative rutile materials [134].
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Figure 2.11. The rutile structure viewed along the [001] direction, where the metal
atoms and oxygen atoms are located at the center and edge of octahedra.
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stable structures could lead to several advantages in 3-D heteroepitaxial
rutile structures, i.e. wide variety of combinations, synergetic effects
between two other rutile phases, easy fabrication of heteroepitaxial
structures and systematical study for 3-D epitaxial growth. From these
reasons, in this thesis, rutile materials are selected as candidates for epitaxial
heterostructure. Most famous rutile structures – SnO2, TiO2 and VO2 – are
reviewed and discussed in aspects of electrochemical energy conversion and
storage characteristics in following sections.

2.3.2 SnO2
SnO2 is an n-type wide-bandgap semiconductor with 3.6 eV. Its electrical
conduction is originated from the existence of point defects which act as
donors or acceptors [137]. Some unique properties of SnO2 enable the
material to be used in many applications including dye-sensitized solar cells,
gas sensors, and field emission, and so on [138-141]. Also, SnO2-based TCO
materials have the advantages of being low cost [53] and thermal and
chemical stable [54], allowing them to withstand various chemical
conditions during reaction.

Sb doped SnO2 (ATO)
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The degenerated SnO2 by doping the impurity, such as antimony (Sb),
fluorine (F) or indium (In), have been widely used as TCO materials. A
degenerate semiconductor is formed by increasing the doping concentration
(> 2%), exhibiting high conductivity ( > 100 Ω−1 cm−1). Also, doped-SnO2
thin films are transparent for visible light at low doping level (2~4%), which
makes them useful for a optoelectronic device application [142]. The
conduction behavior of Sb:SnO2 can be explained by the energy band
diagram as shown in Figure 2.12. Two shallow impurity states exist below
the conduction band: one is an ionization energy of 0.03 eV due to oxygen
vacancies, and the other is an ionization energy of 0.039 eV due to
interstitial Sb [143]. Thus, the free carriers result from ionized oxygen
vacancies and Sb impurities. In pure SnO2, oxygen vacancies (VO) and
interstitial Sn atoms (Sni) can be generated as follow [137].
1
4+
Sn𝑂2 ↔ 𝑆𝑛𝑆𝑛
+ 𝑂𝑂2− + 𝑉𝑂2− + 𝑂2
2
Sn𝑂2 ↔ 𝑆𝑛𝑖4+ + 𝑂2 (𝑔)
Doubly ionized oxygen vacancies in SnO2 follows the reaction with the
neutrality condition.
𝑉𝑂 ↔ 𝑉𝑂∙∙ + 2𝑒 ′
2[𝑉𝑂∙∙ ] = [𝑒 ′ ]
Also, Sn interstitials in SnO2 follows the reaction with the neutrality
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Figure 2.12. Energy band diagram of Sb-doped SnO2.
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condition.
𝑆𝑛𝑖 ↔ 𝑆𝑛𝑖4+ + 4𝑒 ′
4[𝑆𝑛𝑖4+ ] = [𝑒 ′ ]
When a Sb atom is implanted in SnO2 lattice, a free electron can be
generated as follow.
∙
𝑆𝑛𝑆𝑛 → 𝑆𝑏𝑆𝑛
+ 𝑒′

Therefore, oxygen vacancy and interstitial Sb in SnO2 induce the neutrality
condition as follow.
∙∙∙∙ ]
∙∙ ]
∙ ]
n + [𝑉𝑆𝑛
+ [𝑆𝑛𝑆𝑛
= 𝑝 + [𝑆𝑏𝑆𝑛
+ 2[𝑉𝑂∙∙ ]
∙ ]
n = [𝑆𝑏𝑆𝑛
+ 2[𝑉𝑂∙∙ ]

1-D ATO nanobelt
Some researchers synthesized the ATO nanobelts by VLS mechanism, and
reported significant results, such as influence of Sb doping on the electrical
properties of SnO2 nanobelts [144], turn-on fields property of the ATO
nanobelts which is lower than pure SnO2 nanowires [145] and
photoluminescence characteristics [54]. Sb doping affects significantly on
the electrical properties of SnO2 nanobelts. Undoped SnO2 nanobelts are
hardly conducting and form Schottky contacts with metal electrodes. On the
other hand, an increase in the doping level induces degenerately Sb-doped
SnO2 nanobelts (2~4%) with metallic behavior [144]. Also, various
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morphology and shape of ATO nanobelts were reported by altering the VLS
condition, i.e. curved nanobelt [53], zig-zag nanobelt [54] and hyper
branched nanowire [55] as shown in Figure 2.13. The ATO nanobelts
fabricated by VLS process had low resistivity of 4.1×10−4 Ω cm and failurecurrent densities of 2.1×107 A cm-2, which can act as metallic conductors and
may provide an alternative to ITO as TCOs due to lower cost of Sn than In
[53].

Application to Li-ion battery
SnO2-based materials have recently been considered as an alternative highenergy anode candidate to replace currently used graphite electrodes
(theoretical capacity 372 mA h g-1) for Li-ion rechargeable batteries because
of its higher theoretical capacity (782 mA h g-1). However, huge volume
expansion/contraction (~300%) of SnO2-based anodes occurring during Lialloying/de-alloying process is the most critical problem to be overcome for
practical application. These volume changes lead to electrical isolation by
crack and pulverization, resulting in poor cycle life of the electrode. To
mitigate the pulverization problem of SnO2-based anodes, several strategies
have been proposed, such as nanoarchitecturing of electrode and formation
of SnO2-carbon composites [146-149]. Nanostructured materials, especially
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Figure 2.13. (a) curved [53] and (b) zig-zag shaped [54] Sb:SnO2 nanobelt arrays by
vapor-liquid-solution mechanism.
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nanowires, can accommodate large strain without severe pulverization [147],
and carbon-based materials can play a role in structural buffering as well as
passage for facial electron transport [148,149]. Furthermore, wrapping the
surface of Sn-based nanostructures in other anode materials showing the low
volume variation during cycling could be an appropriate solution for
improvement of cycle life of the electrodes. Meanwhile, Wang et al. reported
that Sb-doped SnO2 (ATO) nanoparticles have the high reversible capacity
and superior cycle retention due to the presence of Sb for Sn, inducing an
enhanced formation of metals from ATO [150,151]. In addition, some
researchers suggested also that superior cyclability of SnO2-based electrodes
doped with various dopants was attributed to high electronic conductivity,
suppression of crystallite growth, and easy dispersion of Sn atoms formed
during cycling [152,153].

2.3.3 TiO2
TiO2 has been widely studied in various applications such as photovoltaic
devices (dye-sensitized solar cell, organic photovoltaic cell and perovskite),
photocatalysis, photoelectrochemical cell, photo-electrochromics and sensors
[154]. Especially, in the photo-conversion applications, TiO2 is a key
material due to its good electronic properties related to photo-electron
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reaction. There are three major crystalline polymorphs in TiO2: rutile
(tetragonal), anatase (tetragonal), and brookite (orthorhombic). Among them,
rutile TiO2 is most stable phase.

Electronic properties
Rutile TiO2 has a bandgap of 3.0 eV. The density of state (DOS) of TiO2
consists of Ti eg, Ti t2g (dxy, dyz and dzx), O pπ (out of the Ti3O cluster plane)
and O pσ (in the Ti3O cluster plane) [154]. Figure 2.14 describes the orbital
bonding structures of TiO2 at atomic levels, crystal field split level and DOS
states [155]. Conduction bands are split into Ti t2g (<5 eV) and eg bands (>5
eV). The dxy states dominantly existed at the edge of the conduction bands.
The rest regions of the t2g are related to antibonding with p states (dyz and dzx
states). Valence bands are split into three parts. The σ bonding in the lower
energy band is related to O pσ bonding. the π bonding in the middle energy
band and O pπ states in the higher energy band is mainly due to O pπ
nonbonding states. Thus, the contribution of the σ bonding is much stronger
than that of the π bonding. It is noted that the nonbonding states are located
near the band gap: the nonbonding O pπ orbital the nonbonding dxy states at
the edge of the valence bands and the conduction bands, respectively. A
more significant feature can be seen in anatase because anatase is less dense
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Figure 2.14. Molecular-orbital bonding structure for TiO2: (a) atomic levels; (b)
crystal-field split levels; (c) final interaction (DOS) states [155].
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than rutile (large metal-metal distance of 5.35 Å ). As comparison with
anatase, the Ti dxy orbitals at the edge of the conduction band are less
isolated due to small metal-metal distance of 2.96 Å ) [156]. Figure 2.15
shows a energy level diagram of the lowest unoccupied molecular orbitals
for a [TiO6]8- cluster and rutile with Oh and D2h symmetry, respectively [157].
The further splitting of the Ti3+ 3d levels is due to the asymmetric crystals of
rutile which has a tetragonally distorted octahedral structure where each
titanium cation is surrounded by six oxygen atoms in an elongated
octahedral geometry (D2h).

Photon-Induced Electron and Hole Properties
When photons with higher energy than band gap of TiO2 (> 3.0 eV),
electrons are excited from the valence band to the unoccupied conduction
band, inducing the positive holes in the valence band and excited electrons in
the conduction band [154]. These charge carriers can transfer into the surface
of the TiO2 and react with adsorbed acceptors or donors. But some carriers
are recombined radiatively or nonradiatively during the transfer, affecting
the overall efficiency of photo-conversion. The photon absorption process is
as follow [158].
TiO2 + ℎ𝜐 → 𝑒 − + ℎ+
63

Figure 2.15. Schematic illustration of the energy levels diagram of the lowest
unoccupied molecular orbitals of a [TiO6]8- cluster and rutile with Oh and D2h
symmetry, respectively [157].
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Photocatalytic redox pathways of exited electron are as follow.
𝑒 − + 𝑇𝑖(𝐼𝑉)𝑂 − 𝐻 → 𝑇𝑖(𝐼𝐼𝐼)𝑂 − 𝐻 − (𝑋)
𝑒 − + 𝑂2,𝑠 → 𝑂2,𝑠 −
𝑂2,𝑠 − + 𝐻 + ↔ 𝐻𝑂2,𝑠
In the same manner, the competition pathways for holes lead to OH radicals
bound and oxygen vacancies as follow.
ℎ+ + 𝑇𝑖(𝐼𝑉)𝑂 − 𝐻 → 𝑇𝑖(𝐼𝑉)𝑂∙ − 𝐻 + (𝑌)
1
1
ℎ+ + 𝑂2− 𝑙𝑎𝑡𝑡𝑖𝑐𝑒 ↔ 𝑂2 (𝑔) + 𝑣𝑎𝑐𝑎𝑛𝑐𝑦
2
4
Also, the recombination channels are like this.
𝑒 − + 𝑇𝑖(𝐼𝑉)𝑂∙ − 𝐻 + → 𝑇𝑖(𝐼𝑉)𝑂 − 𝐻
𝑂2,𝑠 − + 𝑇𝑖(𝐼𝑉)𝑂∙ → 𝑇𝑖(𝐼𝑉)𝑂 − 𝐻 + 𝑂2,𝑠
ℎ+ + 𝑇𝑖(𝐼𝐼𝐼)𝑂 − 𝐻 − → 𝑇𝑖(𝐼𝑉)𝑂 − 𝐻
Photogenerated electrons and holes in TiO2 are localized at various defect
sites of bulk and surface. According to electron paramagnetic resonance
(EPR) results, electrons were trapped into two Ti(III) centers, whereas the
holes were trapped into oxygen-centered radicals which is covalently linked
to surface titanium atoms [159].

Application to PEC cells
Since Fujishima and Honda found the phenomenon of PEC water splitting
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on a rutile TiO2 photoanode under ultraviolet (UV) light in 1972, enormous
efforts have been devoted to the development of TiO2 electrodes [160].
Following this initial discovery, two main approaches have been developed
to enhance the efficiency of photoanode. One is increasing of the visible
light absorption by doping with other elements [12], substituting TiO2 for
other metal oxide [11] or sensitizing with quantum dots (QDs) [161], the
other is decreasing of the recombination loss by designing nanoarchitecture
[45,162,163]. Very recently, three dimensional (3D) nanostructuredphotoanode have shown promising potential for improving the hydrogen
production performance, which leads to enhanced charge transportation,
increased surface area and facilitated interfacial charge transfer [34,40,56].
Accordingly, almost the whole researchers in the nanotechnology and energy
science field have been concerned in this regard. However, development of
nanoarchitecture with optimized structural factors – extremely high
conducting path way, high surface area and low interfacial resistance – was
still too far. 3D hierarchical heterostructures are good candidates for optical,
electro- and photoelectron-chemical applications. Shi et al have synthesized
TiO2-Si hierarchical heterostructures with 2.1 % efficiency and referred that
metallic backbone could be more efficient channel than Si nanowire [34].
ITO(Sn:In2O3)/TiO2 core/shell structure also shows the good PEC
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performance, which revealed that transparent conducting oxide (TCO) is
effective as backbone [56]. Therefore, in this thesis, TiO2-ATO hierarchical
heterostructures with TiO2 nanobranches grown epitaxially on ATO
backbone were studied for efficient 3-D PEC electrode. Furthermore, QD
sensitized TiO2-ATO heterostructures were proposed as a conceptual model
of satisfying every structural factor – high conductivity by TCO backbone,
high surface area by branch and low interfacial resistance by epitaxial
relationship.

Application to Li-ion batteries
TiO2 that is well-known anode material for Li-ion battery having theoretical
capacity of 168 mA h g-1 and showing the low volume change (<4%) during
Li-insertion/extraction is very suitable as capping layer or branch. There is
no clear plateau in charging-discharging curves due to a two phase
intercalation process in TiO2 [164]. Moreover, in nano-sized TiO2, unusual
high-capacity and sloped charge-discharge potential curves was reported,
which is attributed to solid solution behavior of the nanosized TiO2 particles
[26,165,166] and different thermodynamics of insertion reaction from bulk
TiO2 [167,168]. Recently, several reports have been published on SnO2-TiO2
heteronanostructures as anode for Li ion battery [65-67]. However, in most
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case, reversible capacities of the heteronanostructured electrodes exhibited
very low values (< 200 A h cm-2) because TiO2 was more dominant in the
capacity contribution of the electrodes. Therefore, new nanoarchitecturing
based on SnO2 and TiO2 for improvement of electrochemical performance
are required.

2.3.4 VO2
VO2 has a metallic property in its rutile phase. At room temperature, VO2
exists in monoclinic rutile form (P21/c) with insulating property, which is the
most stable phase among polymorphs of VO2. At about 68 oC, VO2 presents
a phase transition from insulator to metal with a large change in electrical
resistance, optical properties, IR penetration and total reflection [169]. The
oxygen polarizabilities of the metallic VO2 is significantly larger compared
with that of non-metallic SnO2 [136]. It indicates the destabilization of the
oxygen shell in the presence of d electrons. The analysis of the eigenvectors
describes the displacement pattern of the vanadium atoms as shown in
Figure 2.16 [136]. The vanadium ions located at center of the unit cell tend
to be paired along the tetragonal c-axis while the other vanadium atoms tend
to lead to a doubling of the unit cell along a-axis. This displacement pattern
is consistent with the lattice distortion which occurs at the phase transition
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Figure 2.16. Phonon eigenvectors of the lowest frequency mode at rutile VO2 unit
cell [136].
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from tetragonal rutile phase, VO2 (R), to monoclinic rutile phase, VO2 (M).

Metal-Insulator Transition
The metal-insulator transition (MIT) in VO2 is characterized by a surprising
change in resistivity (by a factor of 104 – 105) at TC ~ 68 oC [170]. This MIT
in VO2 is known as first-order transition in which the structural
transformation can proceed within picosecond or femtosecond (t ∼ 10−13 –
10−14 s-1) [171]. The origin of the driving forces behind the MIT of VO2 has
been explained by two competitive mechanism [172]. First one is related to
crystal structure change. The decrease in symmetry and the creation of a
bonding-antibonding pair induce a band gap opening. Such a structural
change is characteristic of a Peierls-type transition where it is totally
structurally driven [172]. Secondly, in a Mott-type MIT, the band gap
opening originates from strong electron-electron correlations rather than
phonon or electron-phonon interaction contributions [171]. This interesting
phenomena near room temperature provides the potential of using the MIT
for nano-electronic applications [173]. Recently, it was found that the MIT
behavior of VO2 epilayer can be modulated by epitaxial strain introduced by
misfit from the substrate [174]. Interestingly, when VO2 layer are epitaxially
grown on the TiO2 (001) substrate with the c axis out of the plane, MIT
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temperature decreases to room temperature (27 oC) by strain of –1.2% along
the c axis [90].

Application to Li-ion batteries
Vanadium oxides, such as V2O5 and VO2 (B) exhibit feasible layered
structures that could contain a large amount of lithium, which provides high
capacities over 200 mAh g-1 as cathodes for Li ion batteries [175,176].
However, they generally show poor cycling stability and low electronic
conductivity, inducing short life time and poor rate-capabilities, respectively
[177]. V2O5 has a poor conductivity of 10-4~10-2 S cm-1 and a low Li
diffusion coefficient of 10-12 cm2 s-1, and VO2 (B) also has similar values
(conductivity of 10-2 S cm-1 and Li diffusion coefficient of 10-9 ~ 10-10 cm2 s-1)
[178,179]. Thus, in order to enhance current rates and cycle performance,
numerous nanoscale materials have been attempt to reduce the diffusion
length of the active materials, i.e. nanoparticles [180], hollow spheres [181],
nanorods [182] and nanowires [183]. Also, the route of fabrication
VO2/carbon composite was proposed by some researchers [184]. Among
polymorphs of VO2 including R-phase (P42/mnm, 136), B-phase (C2/m, 12)
and A-phase (P42/ncm, 138), VO2 (B) has been widely studied for cathode
because it has a layered structures similar to V2O5 as shown in Figure 2.17
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[185]. The tunnels in VO2 (B) play a role of diffusion pathways during Li+
insertion and extraction. Recently, in same manner, VO2 (A) phase also was
reported as cathode for Li-ion battery, which is attributed to the pathway
tunnels in the layered structure [185]. Although VO2 (R) also has channels
for Li+ pathway along the c-axis similar to rutile TiO2, there are only few
reports on the electrochemical activity of VO2 (R). Baudrin et al reported the
electrochemical properties of nanosized rutile type VO2 with a capacity of
120 mA h g-1 [186]. Huang et al reported the VO2 (M) nanobelts–carbon
core–shell structures, but also recorded low capacity level (< 100 mA h g-1).
These trends are similar to study of rutile TiO2; single nanostructures or
carbon-composites of TiO2 presents the low capacities, but heterostructures
with high conductive path shows the high capacities almost near theoretical
value. Therefore, capacity of rutile VO2 may be increased by 3-D
heteroepitaxial architecturing (heteroepitaxially branched VO2 on metallic 1D ATO backbone). Also, high rate capability and long-term stability are
expected in this heterostructure due to short diffusion path and high
conductivity.
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Figure 2.17. Crystal structures of (a) V2O5 projected along the b-axis, (b) VO2 (B)
projected along the b-axis and (c) VO2 (A) projected along the c-axis, which shows
the layered structure [185]. (d) Crystal structure of VO2 (B) along c-axis, which also
shows the tunnel for Li+ diffusion pathway.
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Chapter 3. Experiments

3.1 Synthesis of 1-D nanostructure
Thermal evaporation method
Sb:SnO2 (ATO) nanobelt backbones were grown on various substrates, such
as Ti foils (99.6%, 0.127 mm thickness, Aldrich, U.S.), F:SnO2 (FTO)
substrates

(TEC-8,

Pilkington,

USA)

and

Si

substrate,

using

a

vapor−liquid−solid (VLS) growth mechanism by means of a thermal
evaporation method [108]. As shown in Figure 3.1, Sn (99.5%, Samchun,
Korea) and Sb powders (99.9%, high purity chemicals, Japan) were loaded
into a quartz boat with a 9:1 weight ratio and inserted into a dual-zone
horizontal tube furnace. The substrates were covered with 3 nm of Au film
using an ion coater (IB-3, Eiko Engineering, Japan) as the catalyst, and then
positioned 12 cm from the center. The furnace was heated up to 800 °C at a
rate of 10 °C/min and kept at 800 °C for 30 min with vacuum condition
(below 2 × 10-3 Torr) using a rotary pump. Then, oxygen gas with a flow rate
of 12 sccm was introduced to the tube by mass-flow controller during the
growth process. The length of ATO nanobelts could be controlled by tuning
the inlet time from 1 min to 1 hour. After growth, the samples were naturally
cooled in the tube.
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Figure 3.1. Schematic view of the thermal evaporation system
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3.2 Synthesis of 3-D nanostructure
Chemical Bath Deposition
CBD method was adopted for deposition of various binary compounds on
1-D ATO nanobelt arrays as shown in Figure 3.2. By employing acids as
hydrolysis control agents, improved CBD method was developed for nanobranching synthesis.

TiO2-ATO
Rutile TiO2 nanorods were formed on the surface of the ATO nanobelts by a
CBD method. Aqueous TiCl4 (99%, Junsei, Japan) 2 M stock solution was
prepared by the conventional method [187]. The stock solution was mixed
with distilled water, and the concentration of TiCl4 was adjusted to 0.05 M.
The ATO nanobelts electrodes were placed in 7 mL of 0.05 M TiCl4 solution
horizontally at 50 °C for several hours. Because rutile phase formation is
favored at a high level of acidity, various acids (HCl, HNO3, H2SO4, and
HCOOH) were added to the solution and it was confirmed that HNO3 is
most suitable for TiO2 nanorods formation. In addition, the HNO3
concentrations (0.02 to 5 M) and the reaction durations (0.5 to 336 h) was
changed to synthesize TiO2 nanorods with various lengths and to study the
growth mechanism. For comparison, anatase TiO2 nanospheres were also
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formed on the surface of the ATO nanobelts by a CBD method. Typically, the
ATO nanobelt electrodes were placed horizontally in the 0.05 M TiCl4
solution at room temperature (~ 20 °C) for 144 h. As anatase is the main
phase at high pH levels [188], the TiCl4 solution was replaced every 8 h to
generate the TiO2 anatase nanostructure. The prepared TiO2-ATO
nanostructures were further annealed at 450 ~ 600 °C for 1 h under air to
increase crystallinity.

Fe2O3-ATO
Fe2O3 nanorods were also formed on the surface of the ATO nanobelts via
CBD method. 4.5 and 30 mmol of FeCl3·6H2O (99%, Sigma-Aldrich, USA)
and NaNO3 (99%, Sigma-Aldrich, USA), respectively, were diluted in 30
mL of deionized water and poured into 100-mL Schott bottles. The prepared
ATO nanobelts grown electrodes were placed horizontally in the aqueous
solution at 100 °C at various reaction durations (2 h, 4 h and 12 h). After the
CBD method was carried out, the as-prepared samples were rinsed in water
and ethanol before being dried in the oven. As-prepared samples were heat
treated at 600 °C for 2 h to convert β-FeOOH to α-Fe2O3. For comparison,
α-Fe2O3 NRs were also deposited on a bare-FTO glass substrate using the
same procedure. To diffuse Sn from ATO nanobelts or the FTO layer to the
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α-Fe2O3 NRs, the samples were further post-annealed at various
temperatures.

Hydrothermal method
VO2-ATO
Linear growth of VO2 nanobranches were performed on the surface of the
ATO nanobelts via facile hydrothermal method by using epitaxial
relationship between rutile VO2 and rutile SnO2. Typically, 4 mmol of
NH4VO3 (99%, Sigma-Aldrich, USA) and 8 mmol of C2H2O4·2H2O (99.5%,
Junsei Chemical, Japan) were diluted in 100 mL of deionized and mixed
until the solution becomes transparent. Then, the clear solution was poured
into Teflon vessel and the fabricated ATO nanobelts electrodes were placed
horizontally in the aqueous solution. And the vessel was tightly sealed and
heated at 250 °C for various reaction time from 2 h to 12 h. After
hydrothermal reaction was ended, the samples were rinsed in water and
ethanol carefully, and dried in the oven at 50 oC for 1 h.
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Figure 3.2. Schematic view of chemical bath deposition method
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3.3 Fabrication of PEC cell and Li ion battery
Photoelectrochemical cells
The PEC performances were measured in a three‐electrode setup consisting
of a photoelectrode as a working electrode (sample area was fixed to be 0.28
cm2 by circular mask with diameter of 6 mm), Pt wire as a counter electrode
and an Ag/AgCl (saturated KCl) electrode as the reference electrode. In case
of metal oxide electrodes, a 1 M NaOH (pH 13.2) solution was utilized as
electrolyte. In case of quantum dot sensitized electrodes, the electrolyte was
an aqueous solution of 0.25 M of Na2S and 0.35 M of Na2SO3 (pH 13). The
potentials versus Ag/AgCl were converted to the reversible hydrogen
electrode (RHE) scale in accordance with the Nernst equation. (ERHE =
EAg/AgCl + 0.0592pH + E°Ag/AgCl) A solar simulator (HAL‐320, Asahi spectra)
was used to simulate the AM 1.5G spectrum and illumination intensity in a
wavelength range of 350 to 1100 nm of 72 mW/cm2 (1SUN) was utilized.
To prepare the quantum-dot (CdS) sensitized electrodes, constant current
electrodeposition was performed. Electrolyte containing the 0.2 M of
Cd(NO)3 and thiourea in a dimethyl sulphoxide (DMSO) and water at a
volume ratio of 1:1 was heated in 363 K water. After 8 min of
electrodeposition at a constant current of 1.0 mA/cm2, the electrodes were
taken out and rinsed with deionized water and ethanol successively. The

80

conventional successive ionic layer adsorption and reaction (SILAR) process
[189] was also attempted.

Li ion battery
To evaluate the electrochemical properties of nanostructured electrodes, asprepared samples on Ti foil were directly used in a working electrode of a
half-cell without conductive additives or cohesive binders. Each electrode is
about 10 mm in diameter, and their active mass was measured precisely by a
microbalance (0.1 μg, model UMT5, Mettler Toledo, Greifensee, Swiss).
The average active masses of the ATO were evaluated to be ∼360 μg. The
electrochemical performances of the prepared electrodes were evaluated
using Swagelok-type halfcells, which were assembled using the prepared
electrode as the working electrode, Li metal foil as the counter electrode, a
separator film (Celgard 2400(PP), Celgard, Charlotte, NC), and a liquid
electrolyte (EC:DMC 1:1 by volume with 1.0 M LiPF6, Techno Semichem
Co., Ltd., Seongnam, South Korea). In this thesis, TiO2‒ATO and VO2‒ATO
electrodes were used as an anode and cathode for Li-ion batteries,
respectively.

3.4 Characterization
Materials characteristics
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The morphology of the synthesized 3-D nanostructures was observed by a
field-emission scanning electron microscope (FESEM) (JSM-6330F, JEOL,
Tokyo, Japan) and high-resolution transmission electron microscopy
(HRTEM) (JEM-3000F, JEOL, Tokyo, Japan). The crystalline structure and
phase of 1-D and 3-D nanostructures were studied by X-ray diffraction
(XRD) (D8-Advance, Bruker Miller, Karlsruhe, Germany) and with a
Raman spectrometer (Raman) (inVia Raman microscope, Renishaw, Wottonunder-Edge, UK). An electron probe X-ray micro analyzer (EPMA) (JXA8900R, JEOL, Tokyo, Japan) was used to measure the ratio between Sb and
Sn in ATO nanobelts. X-ray photoelectron spectroscopy (XPS) spectra were
collected using an ESCA spectrometer (Al Kα Xray source, Sigma Probe).
The energy dispersion Spectroscopy (EDS) elemental mapping was used to
observe the distribution of elements on the nanostructure.
The optical absorption properties were measured with an integrating sphere
using a UV‐vis‐NIR spectrophotometer (Cary 5000). To compare the surface
area of electrodes, electrodes were soaked into N719 dye aqueous solution at
50 °C. The adsorbed amounts of N719 dye were evaluated by measuring the
UV-vis spectra of desorbed dye solution from samples. The pH of the
solution was measured using a pH meter (Blueline 14 pH, Schott
Instruments, Mainz, Germany).
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To fabricate the device consisting of individual nanobelts/nanostructures,
photolithography was used to define patterns of metal electrodes on an ntype silicon substrate capped with a 50 nm SiO2 layer, followed by metal
deposition of Ti/Pt/Ti (10 nm/50 nm/10 nm) by RF magnetron sputtering.
ATO nanobelts/nanostructures were removed from the substrate and were
deposited onto the

fabricated device. The

current−voltage

(I−V)

characteristics of an individual ATO nanobelt device were measured in twoprobe configurations.

Electrochemical characteristics
Photocurrent-potential curves were measured under illumination on a
potentiostat at a scan rate of 10 mV s-1. For chopped J‐V curves, both the
darkcurrent and photocurrent were recorded using a shutter during a single
scan. Photocurrent stability analysis was carried out by evaluating the
photocurrent at a specific bias under chopped light irradiation. The IPCE was
measured using a 1000 W Xe lamp and a monochromator (Oriel Cornerstone
130 1/8 m) at 1.0 V vs. RHE (0 V vs. Ag/AgCl). The electrochemical
impedance spectroscopy (EIS) measurements were conducted in the dark to
evaluate the electrical properties of the synthesized electrodes by MottSchottky plots. The Nyquist plots were also obtained using an electrochemical
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impedance spectra analysis with a frequency range of 105 Hz to 10-1 Hz under
irradiation. The AC signal was maintained at 5 mV and various applied bias
were conducted. The amount of H2 evolution in PEC device equipped with
CdS sensitized TiO2‐ATO as working electrode was detected by gas
chromatography (DS6200).
To measure

the

battery performance, the

assembled

cells

were

galvanostatically cycled over the proper voltage window using an automatic
battery cycler (WBCS 3000, WonaTech, Seoul, Korea). Cyclic voltammetry
measurements were taken in the same voltage range at a scanning rate of 0.3
mV s-1. Various discharge–charge current densities were imposed on the
electrode in order to investigate the rate capabilities.
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Chapter 4. 1-D nanoarrays

4.1 Sb:SnO2 (ATO) nanobelt array
4.1.1 Growth of ATO nanobelts on substrates
To synthesize the branched nanoarchitecture, ATO nanobelt backbones
were first fabricated by a vapor–liquid–solid (VLS) growth method. Figure
4.1.1 show cross-sectional SEM images of ATO nanobelt arrays on a
FTO/glass substrate, in which most of the nanobelts are vertically aligned
with respect to the substrate. VLS mechanism was confirmed by the Au spot
at the top of the ATO nanobelt (Figure 4.1.1b). ATO nanobelts were also
grown on other substrates. Figure 4.1.2 shows plane and cross-sectional
FESEM images of the ATO nanobelts grown on the Ti substrate. Considering
that the Ti substrate was bent on account of its metallic nature when it was
cut for the cross view measurement, the ATO nanobelts on the Ti substrate
were almost vertical. Examination of individual nanobelts as shown in
Figure 4.1.2c shows that each nanobelt is of rectangular shape with widths
ranging from 50 to 150 nm. The width and length of the NB continued to
increase steadily along the vertical direction from top to bottom.
The XRD pattern of ATO nanobelt (Figure 4.1.3) is consistent with the
rutile SnO2 structure, indicating that Sb atoms were effectively implanted
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into the SnO2 lattice and that there are no secondary phases. It is noteworthy
that the relative intensity of the (101) peak of XRD in ATO nanobelt and
undoped SnO2 nanowire are stronger than that of the FTO substrate,
revealing that they grew along the [101] direction. Moreover, the relative
intensity of the (101) peak of XRD in ATO nanobelt is stronger than that of
undoped SnO2 nanowire. It suggests that incorporation of Sb into SnO2
nanobelts promotes the (101) preferred orientation, inducing the vertical
aligned growth of ATO nanobelts.
Examination of individual nanobelts using TEM (Figure 4.1.4) shows that
each nanobelt is rectangular and has spots (~50 nm in diameter) at the tip of
nanobelts, suggesting that the ATO nanobelts grew by means of the VLS
mechanism. The width of the nanowire starts out at 30 nm and steadily
increases along the length of the wire until it reaches 200 nm, with an
average width of about 50 nm (Figure 4.1.4b). The SAED pattern, with a
zone axis of [101], confirms that ATO nanobelts are single crystalline with a
rutile SnO2 structure. The high-resolution TEM image, taken from the
marked region of Figure 4.1.4b, illustrates clear (101) lattice spacing of 0.26
nm and (200) lattice spacing of 0.24 nm, which are also consistent with the
d-spacings of a rutile SnO2 structure. According to the SAED pattern and the
lattice fringes, the ATO nanobelts grew along the [101] direction.
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The energy dispersion spectroscopy (EDS) elemental mapping at the top
of an ATO nanobelt (Figure 4.1.5) revealed that the spot at the top of the
ATO nanobelt is mostly composed of Au, clearly indicating that the ATO
nanobelts were synthesized by VLS mechanism [108]. The ATO nanobelt is
composed of Sn, Sb, and O, indicating that the Sb atoms were incorporated
into the SnO2 lattice. The atomic percentage of Sb incorporated into Sn sites
is found to be about 3.3 at. %. This result corresponds to that of EPMA
analysis. As a result of EPMA analysis, the atomic ratio of Sb:Sn was
estimated to be about 3.2 at% (Table 4.1.1), indicating that Sb was
degenerately doped in SnO2 according to early reports [53]. Thus, Sb atoms
were found to be well-doped into the SnO2 lattice.
Figure 4.1.6 shows the ATO nanobelt growing along the [101] direction
enclosed by (010), (010), (101), and (101) perpendicular facets. This growth
direction and the sides of ATO nanobelts correspond to that of SnO2
nanowires reported previously [190]. However, in contrast to earlier SnO2
nanowires reported, ATO nanobelts grew almost vertically, which is
attributed to the excessive supply of Sb. XPS analysis of the ATO NBs on
the Ti substrate shows that the Sb3+ and Sb5+ ions are present in the ATO
nanobelts (Figure 4.1.7). It has been reported that Sb5+ ions were
incorporated into the SnO2 lattice for lower Sb atomic concentration, and
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Sb3+ ions were located on the surface and in grain boundaries of SnO2 layers
for Sb atomic concentration higher than 10% [191]. Hence, under the higher
Sb concentration, ATO nanobelts will grow with increasing surface and grain
boundaries. This may be the reason that the narrow sides of ATO NBs have
zigzag shapes. Xiang et al. reported that Sb3+ ions were more strongly
detected than Sb5+ ions from ATO nanobelt s with zigzag shape [54]. To
locate more Sb3+ ions in the same width of the nanobelt, grain boundaries
and zigzag frequency of the nanobelt should increase. Thus, many small
zigzag shapes are formed on the narrow sides, inducing the nanobelt to grow
vertically without curving. This result was also confirmed by the Raman
spectrum (Figure 4.1.8). The band near 636 cm-1 is identified as the A1g mode
of the rutile SnO2 [192], and the weak and broad bands near 452, 265, and
247 cm-1 appeared due to the doping of Sb or due to defects in the SnO2
[193,194]. It indicates that synthesized ATO nanobelt has defective structure.
The electrical resistivity of ATO nanobelts was measured using the
individual NB devices shown in the inset of Figure 4.1.9. It shows the
typical current−voltage (I−V) curve of the ATO nanobelts at room
temperature, and a linear dependence of current on voltage can be seen. The
resistivity of the ATO nanobelt was about 9.7 × 10-3 Ω cm, corresponding to
the metallic conductivity characteristic ranging from 10-2 to 10-4 Ω cm and
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conforming to values previously reported for ATO nanowires ranging from
10-2 to 10-3 Ω cm [53,149].

Table 4.1.1. EPMA analysis of the ATO nanobelts

Sample

Weight

Atom

Relative ratio of

(%)

(%)

element to Sn

Sn

71.5

30.8

1

Sb

2.36

0.990

0.032

O

21.4

68.2

2.22

Element

ATO
nanobelt
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Figure 4.1.1. (a) Low and (b) high magnification of cross-sectional SEM images of
the ATO nanobelts on FTO substrate

Figure 4.1.2. (a) Plane and (b) cross-sectional SEM images of the ATO nanobelts on
Ti substrate, and (c) high-magnification SEM image of the middle region of the ATO
nanobelts
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Figure 4.1.3. XRD graphs of the FTO substrate, Sb:SnO2 nanobelts, and undopedSnO2 nanowires
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Figure 4.1.4. (a, b) TEM images of an ATO nanobelt, (c) high-resolution TEM
image and (d) the corresponding SAED pattern in marked region of (b)
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Figure 4.1.5. EDS mapping of an ATO nanobelt showing Sn, Sb, Au, and O atomic
profiles
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Figure 4.1.6. Schematic representations of growth mechanism: an ATO nanobelt
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Figure 4.1.7. XPS of ATO nanobelt arrays
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Figure 4.1.8. Raman spectra of ATO nanobelt arrays
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Figure 4.1.9. (a) A plane SEM image of a device fabricated for electrical transport
of an ATO nanobelt and (b) typical Ids−Vds curve of an ATO nanobelt.
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Chapter 5. 3-D nanobranches
5.1 Dendritic growth I: TiO2‒ATO

5.1.1 Morphology and structure
TiO2 nanorods were secondly synthesized on the as-prepared Sb:SnO2
nanobelts arrays by TiCl4 treatment. Figure 4.2.1 shows typical tilted and
magnified SEM images of TiO2-ATO nanostructures. TiO2 nanorods with
lengths of about 100 − 150 nm were uniformly grown around the ATO
nanobelts in needle-leaf shapes. TiO2 nanorods covered both the top and the
middle regions of ATO nanobelts well and were more attached to the middle
region because the width of the ATO nanobelts became thick toward the
bottom. However, TiO2 nanorods were rarely grown on bare Ti substrate,
(Figure 4.2.2) indicating that growth of TiO2 nanorods by chemical bath
deposition is influenced by substrates.
The XRD pattern of the TiO2–ATO nanostructures corresponded to the
rutile TiO2 and SnO2 phase (Figure 4.2.3). Broad peaks in the XRD pattern
of TiO2–ATO nanostructures corresponded with the rutile TiO2 phase
(JCPDS no. 21-1276), and its broadness indicated that the synthetic TiO2
was nanometer scale, coinciding with the SEM images. In the XPS analysis
of TiO2–ATO nanostructures, no signals for Sn or Sb peaks were obtained,
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implying that TiO2 nanorods thoroughly covered the ATO (Figure 4.2.4).
The morphology and crystallinity of the TiO2–ATO nanostructures were
further investigated by TEM and HRTEM images, as shown in Figure 4.2.5.
ATO nanobelts were tightly enclosed by TiO2 nanorods, which formed at an
angle of 30° to the vertical direction of the ATO nanobelt sides. The length
and diameter of the TiO2 nanorods were about 130 − 160 nm and 10 − 20 nm,
respectively. It was noted that TiO2 nanorods with a uniform size could be
attached to an ATO nanobelt thoroughly in spite of the simple CBD method.
HRTEM lattice fringe imaging revealed TiO2 nanorods with a d-spacing of
0.32 and 0.29 nm, corresponding to the (110) and (001) plane of rutile TiO2,
respectively, indicating that TiO2 NRs grew along the [001] direction. These
results were also verified by reduced fast Fourier transform (FFT), shown in
the inset of Figure 4.2.5b. As the surface energy of the rutile TiO2 is
sequenced as γ110 < γ100 < γ101 < γ001, it has frequently been reported that TiO2
nanorods grow along the [001] direction to reduce the surface energy [188].
EDS line scan and elemental mapping (Figure 4.2.6) show that Sn and Sb
atoms were located on the ATO nanobelt, and Ti atoms were located on the
TiO2 nanorods, implying that there was no diffusion of Sn or Sb atoms into
the TiO2 nanorods during synthesis. This was also supported by XPS
analysis as mentioned above.
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Figure 5.1.1. (a) A tilted SEM image of TiO2-ATO arrays. High magnification SEM
images of (b) the top regions and (c) the middle regions of the TiO2-ATO arrays.
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Figure 5.1.2. SEM images of TiO2 nanorods in CBD (a) with and (b) without the
ATO nanobelts substrates.
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Figure 5.1.3. A XRD graph of the TiO2-ATO arrays
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Figure 5.1.4. XPS of TiO2-ATO arrays
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Figure 5.1.5. (a) A TEM image of a TiO2-ATO and (b) the HRTEM image of the
small marked region in (a), inset shows reduced FFT for selected area of the TiO2
nanorod.
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Figure 5.1.6. EDS analysis of a TiO2-ATO: (a) line-scan and (b) elemental mapping.

105

5.1.2 Formation mechanism
The dependence of pH
Cheng et al reported that decreasing the pH and concentration of the TiCl4
aqueous solution favors the formation of rutile TiO2 while increasing the pH
of the solution favors the formation of anatase TiO2 [195]. In TiCl4 solution,
Ti(IV) complex can exist in the formula [Ti(OH)mCln]2- (n + m = 6). When
the pH is high, [Ti(OH)5Cl]2-, [Ti(OH)4Cl2]2-, and [Ti(OH)3Cl3]2- are
dominant. Thus, edge-shared bonding is promoted, which could favor the
formation of anatase. On the contrary, when the pH is low, TiCl 6, Ti(OH)Cl5,
Ti(OH)2Cl4 are dominant, which could suppress edge-shared bonding and
induce corner-shared bonding, which is beneficial to the formation of rutile.
When the TiCl4 solution was exchanged every 8 hours to maintain its pH at a
high lever (~1.05), anatase nanoparticles were synthesized on ATO
nanobelts (Figure 4.2.7a). When the TiCl4 solution was not renewed during
the reaction, resulting in a significant pH drop as shown in Figure 4.2.7b,
rutile nanorods were synthesized on ATO nanobelt. Thus, spherical TiO2
anatase nanoparticles (hereafter, AS) which cover ATO nanobelt as a shell
were formed by exchanging the TiCl4 solution (Figure 4.2.7c), while needleshaped TiO2 rutile nanorods (hereafter, RR) were formed by keeping the
TiCl4 solution (Figure 4.2.7d).
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The formation of the spherical TiO2 nanoparticles-based nanoshell on the
ATO nanobelt was analyzed by TEM (Figure 4.2.8). Hereafter, AS samples
reacted for X hours are denoted as ASX. The thickness of the TiO 2 shell
layer increased with the reaction time, i.e. with repeating the exchange of the
TiCl4 solution. The shell layer thickness increased from 10 nm at AS24 to 70
nm at AS144. The spherical TiO2 particles of about 3-15 nm in diameter
were uniformly attached to the nanowire along its entire length. The ASs
exhibited diffuse ring patterns, implying a weak crystallinity. The 1st, 2nd
and 3rd ring patterns of AS144 correspond with anatase (101), (004) and
(200) respectively. SEM was used to observe the formation of the TiO2 rods
on the ATO nanobelts. As shown in Figure 4.2.9, needle -shaped TiO2 rods
attached to the nanowire. Hereafter, RR samples reacted for X hours are
denoted as RRX. Throughout the RR process, the density and length of the
TiO2 rods on nanowires increased steadily. The length of the TiO2 rods
increased from 35 nm at RR24 to 130 nm at RR144.
Figure 4.2.10 shows XRD patterns of the samples (AS144 and RR144)
before and after the post-annealing at 450 °C. A broad amorphous-like peak
near 25 degrees is observed in the as-prepared AS144. After annealing, a
polycrystalline anatase phase was detected via XRD. In the as-prepared
RR144, very low TiO2 rutile peaks are observed, and after annealing, the
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intensity of the rutile peak increased. Thus, the crystallinity of the ASs and
RRs was enhanced by post-annealing.
The interfaces of the TiO2–ATO nanostructure were analyzed using TEM.
Figure 4.2.11 shows the interface of AS–ATO. The fringe spacing of the
TiO2 particles is estimated to be 0.353 nm, corresponding to the (101) lattice
spacing of anatase TiO2. The interface of TiO2 rod and ATO nanobelt
(RR48-450) demonstrates that the TiO2 rod grew epitaxially on the nanobelt.
The lattice spacing of 0.298 nm in the longitudinal direction corresponds to
the d-spacing of the rutile (001) crystal planes, indicating that the rod was
grown along the [001] direction. It is reported that rutile has a screw
structure along the c-axis, which accelerates the crystal growth along that
axis [196]. Epitaxial relationship between TiO2 and ATO was discussed
details in chapter 4.2.3.
The growth mechanism of the pH dependent formation of TiO2 anatase and
rutile nanostructures is briefly summarized in Figure 4.2.12. The reaction of
TiCl4 with the surface hydroxyl groups can be described as follows [197]:
n(-OH) (s) + TiCl4 (l) → (-O-)nTiCl4-n (s) + nHCl (l)
(-O-)nTiCl4-n (s) + (4 - n) H2O (l) → (-O-)nTi(OH)4-n (s) + (4 - n)HCl (l)
where (s) denotes “surface”. As shown in the reaction, the pH of the solution
decreases as the reaction time increases due to the formation of acid. The
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crystalline structure of TiO2 was determined from the difference between the
chemical potentials of each TiO2 phase, depending on the pH value [198]. In
a TiCl4 solution, the formation of rutile favors a lower pH, while the
formation of anatase favors a higher pH [195]. Moreover, because the
condensation reaction of the Ti(IV) complex occurs at room temperature, it
is not enough to fully crystallize the TiO2 nanoparticles using the CBD
method. Therefore, in the AS process, weakly crystallized anatase TiO2 is
formed on the surface of the nanowire, and then the TiO2 nanoparticles in
the nanoshells aggregate each other during the post-annealing process. In the
RR process, on the other hand, rutile TiO2 is formed after 8 hours owing to
the decrease of pH with the reaction time. And owing to the similar (100)
lattice parameters between TiO2 rutile and ATO, rutile TiO2 grows along the
[001] direction in the form of rods to minimize the lattice mismatch [199].
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Figure 5.1.7. As a function of reaction time, equilibrium pH of (a) the TiCl4
exchanged every 8 hours (●) and (b) the TiCl4 maintained during reaction (■). (c)
Schematic diagrams and TEM image of the ATO nanowire covered with TiO 2 nano
shell-like structure through (a) process. (d) Schematic diagrams and FESEM image
of the ATO nanowire covered with TiO2 nano needle leaf-like structure through (b)
process.
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Figure 5.1.8. TEM images ATO nanowire covered with TiO2 nano shell-like
structure by TiCl4 treatment in (a) 24 hours, (b) 48 hours, (c) 72 hours, (d) 96 hours
and (e) 144 hours. Each inset shows the SAED pattern and low magnification of
nano shell.
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Figure 5.1.9. SEM images ATO nanobelt covered with TiO2 nano needle leaf-like
structure by TiCl4 treatment in (a) 24 hours, (b) 48 hours, (c) 72 hours, (d) 96 hours
and (e) 144 hours.

112

Figure 5.1.10. XRD graphs of (a) AS144 and (b) RR144 before and after annealing
at 450oC for 1h.

Figure 5.1.11. HRTEM images of (a) AS48-450 and (b) RR48-450. Each Inset
shows low-magnification of the HR image.
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Figure 5.1.12. Schematic representation of TiO2 anatase and rutile growth
mechanism on the ATO nanobelt by CBD method
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The function of acids
To investigate the function of acid, various acids, HNO3, HCl, H2SO4, and
HCOOH, were used for synthesis of TiO2-ATO nanostructures, while
keeping the concentration of the acids at 0.14 M. When HNO3 was added,
the products were rod-shaped after 3 h (as shown in Figure 4.2.13a), and the
average size along the long- and short-axis was about 200 nm and 20 nm,
respectively. For HCl, the morphology of the product was similar to with
HNO3 but its length was shorter. It was also confirmed by TEM images
(Figure 4.2.14), indicating that length of TiO2 NRs synthesized in HNO3
(~180 nm) is longer than that in HCl (~140 nm). The Raman spectrum of
HNO3 and HCl in Figure 4.2.15 indicates that the products were pure rutile
TiO2. In addition, the peak intensity in HCl was lower than that in HNO3 due
to the shorter length of the TiO2 rods in HCl as compared to the lengths in
HNO3. In the Raman spectrum of the rutile TiO2, three fundamental Raman
peaks at 608, 446, and 142 cm-1 correspond to the A1g, Eg, and B1g vibration
modes, respectively. The band near 240 cm-1 is known as a second-order
phonon [195]. For the H2SO4, TiO2 nanorods rarely formed on the ATO
nanobelt. This result was also confirmed by the Raman spectrum; only peaks
related to Sb-doped SnO2 appeared. The band near 636 cm-1 is identified as
the A1g mode of the rutile SnO2 [192], and the weak and broad bands near
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452, 265, and 247 cm-1 appeared due to the doping of Sb or due to defects in
the SnO2 [193,194]. In the case of HCOOH, small TiO2 nanorods were
observed in the SEM image; accordingly the Raman spectra showed tiny
rutile TiO2 peaks.
It should be noted that the length of TiO2 rods synthesized in the presence
of different acids could be sequenced as LHNO3 > LHCl > LHCOOH

LH2SO4.

Generally, a strong acid can accelerate the crystal growth, as it works as a
chemical catalyst. Thus, it was clear that the addition of HCOOH had no
effect on the formation of TiO2 nanorods due to its weak acidity. In strong
acids, the dependence of TiO2 growth on the type of acid is attributed to the
difference in the binding nature of anions to Ti4+. It is well known that the
affinity of anion ligands to coordinate follows the order of SO42- >> Cl- >
NO3- [200]. In fact, in a high concentration of HNO3 or HCl, insoluble TiO2
species precipitated in the solution eventually as the stability of the solution
decreased, consistent with a previous report [201]. Nitrate ions undergo
much less complexing of Ti4+ compared to chloride, inducing low solubility
of TiO2 in a nitric medium [188]. In the classical theory of nucleation, the
equation for the critical nucleation size for a solid–liquid system becomes
[202]
𝑐𝑟𝑖𝑡

=

2
∆𝜇
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(1)

where γsl is the interfacial surface energy, Vm is the molecular volume, and
Δμ is the chemical potential. As the solubility of TiO2 decreases, the
chemical potential of nucleation increases. Therefore, the critical nucleation
size becomes smaller and the activation energy for nucleation is diminished,
resulting in high nucleation rates. Therefore, both homo- and heterogeneous
nucleation of TiO2 in a solution and in ATO nanobelt, respectively, can
easily occur in a nitric medium. Chloride can play the same role as nitrate
ions, but its ability to facilitate the formation of TiO2 nanorods is lower than
that of nitrate ions, as the Cl- ligand can participate in the titanium(IV)
complex, [Ti(OH)nClm]2- (n + m = 6), inducing relatively higher solubility in
a chloride medium than in a nitric medium. Meanwhile, SO42- exhibits
higher affinity to Ti4+ than many other anions and the strongly chemically
coordinated SO42- inhibits the formation of the rutile phase [196,203]. Hence,
when HNO3 is added to a TiCl4 solution, the nucleation and growth rate of
rutile TiO2 rods would be faster compared to when HCl, H2SO4, or HCOOH
is used.
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Figure 5.1.13. SEM images of nanobranches synthesized with the addition of
different acids: (a) HNO3, (b) HCl, (c) H2SO4, and (d) HCOOH. Scale bar, 300 nm.

Figure 5.1.14. TEM images of TiO2 nanobranches synthesized by CBD with the
addition of (a) HNO3 and (b) HCl.
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Figure 5.1.15. Raman spectra of nanobranches synthesized with the addition of
different acids: (a) HNO3, (b) HCl, (c) H2SO4, and (d) HCOOH.
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The effect of concentration of HNO3
Furthermore, a series of syntheses by altering the concentration of HNO3 in
a solution was performed, as summarized in Figure 4.2.16. Each synthesis
lasted for 12 h for a sufficient reaction. As expected, synthesis at an
extremely low concentration (0.02 M) of HNO3 seldom produced TiO2
nanorods on the ATO nanobelt surfaces. Under 0.3 M, as the concentration
of HNO3 in the solution increased, the length and density of the TiO2 NRs
also increased. This is yet more evidence that HNO3 can promote the rate of
nucleation and crystal growth in the current system. Meanwhile, a further
increase in the concentration of HNO3 to 0.6 M resulted in a decrease of the
length of the TiO2 nanorods, as shown in. The intensity of the TiO2 (110)
peaks in the XRD graphs also exhibited the same behavior (Figure 4.2.17).
As discussed above, with 0.3M of HNO3, the presence of H+ and NO3- can
effectively facilitate the crystal growth and nucleation rate by working as a
catalyst and lowering the solubility of TiO2, respectively. However, when
the concentration of HNO3 is higher than 0.3 M, it was found there is
another factor which affects the TiO2 growth (to be discussed later). The
dependence of the length and density of the TiO2 nanorods on the
concentration of the HNO3 strongly suggests that HNO3 plays a prominent
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role in the synthesis of TiO2 nanorod branching. Thus, their length and
density can be controlled by HNO3.

Figure 5.1.16. SEM images of nanobranches synthesized in the presence of HNO 3
at different concentrations: (a) 0.02 M, (b) 0.06 M, (c) 0.1 M, (d) 0.2 M, (e) 0.3 M,
and (f) 0.6 M. Scale bar, 300 nm
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Figure 5.1.17. XRD graphs of nanobranches synthesized in the presence of HNO 3 at
different concentrations: (a) 0.02 M, (b) 0.06 M, (c) 0.1 M, (d) 0.2 M, (e) 0.3 M, and
(f) 0.6 M.
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The effect of reaction time
To study the growth mechanism of TiO2 nanorods on the ATO nanobelts,
its formation process in TiCl4 solution with varying reaction times was
observed, as shown in Figure 4.2.18. The concentration of the HNO3 in the
solution was kept 0.2 M. It was noted that TiO2 nanorods grew on the ATP
nanobelts as reaction time increased. This was also confirmed by the
increasing (110) peak intensity of the rutile TiO2 in the XRD graphs (Figure
4.2.19). As for the ATO nanobelts deposited for 0.5 h, no TiO2 nanorods
were attached. TiO2 particles were formed on the ATO nanobelt surfaces
after 1 h and began to grow into nanorod shapes after 1.5 h. It is noteworthy
that TiO2 nanorods grew faster on the narrow side of the ATO nanobelt than
on the broad side. After 2 h, TiO2 nanorods formed on the narrow sides at an
angle of 30° with vertical direction of sides. On the broad sides, however,
TiO2 nanorods formed vertically in the center and at a slope at the edge.
After 2.5-3 h, TiO2 nanorods rapidly grew, and the TiCl4 solution became
opaque. Above 3 h, growth rate of TiO2 nanorods became low and their
lengths were saturated at about 250 nm. This occurred because the TiCl4
solution became cloudy after 2.5-3 h, suggesting that not only heterogeneous
but also homogeneous nucleation reactions took place on the ATO nanobelts
in the solution due to the excessive supply of Ti4+. Therefore, the
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precipitated TiO2 particles and TiO2 nanorods on the ATO nanobelts grew
competitively, inducing the depletion of the Ti4+ source in the solution.
Essentially, it was observed that the TiO2 particles or rods that precipitated
in the solution were settled at the bottom and adhered to the ATO nanobelts
at a time of more than 3 h. It is noteworthy that the length of the TiO2
nanorods with a 20 nm diameter was adjustable minutely from 20 nm to 100
nm according to the reaction time when 0.2 M of HNO3 was used. In the
case of the heterostructures, the branching rods with a short length (< 100
nm) show higher activity than that with a long length (> 1 μm) [34,40,41].
Consequently, this fine tuning technique is beneficial for the synthesis of 3D
hierarchical heterostructures. Moreover, because the growth rate is relatively
slow during the low-temperature synthesis process, it is considered that
control of the nanorod length is much easier in CBD as compared to a
hydrothermal method.
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Figure 5.1.18. FESEM images of an ATO nanobelt covered with TiO2 nanorod by
TiCl4 treatment for (a) 0.5 h, (b) 1 h, (c) 1.5 h, (d) 2 h, (e) 2.5 h, and (f) 3 h.
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Figure 5.1.19. XRD graphs of nanobranches synthesized in the presence of 0.2 M
HNO3 along the reaction time: (a) 0.5 h, (b) 1 h, (c) 1.5 h, (d) 2 h, (e) 2.5 h, and (f) 3
h.
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Length-controllable syntheses of TiO2 nanobranches
At 0.2 M of HNO3, TiO2 nanorod s scarcely grew longer regardless of how
long they were reacted as the TiCl4 solution became opaque after 2.5 h. This
is because both the TiO2 nanorods attached onto the ATO nanobelt and those
precipitated in the solution grew simultaneously. Therefore, an alternative
approach is required for synthesizing TiO2 nanorods with a length longer
than 200 nm. As mentioned above, TiO2 nanorods were shorter with 0.6 M
of HNO3 compared to when 0.2 M was used. Additionally, it was found that
the TiCl4 solution with 0.6 M remained transparent for more than 12 h,
indicating that the precipitation of TiO2 nanorod from the solution was
impeded by the concentrated HNO3. Hence, it was expected that the TiO2
nanorods could grow longer than 200 nm at 0.6 M with a relatively long
reaction time. Figure 4.2.20 compares the morphology and shape of the TiO2
nanorods on the ATO nanobelt formed at different HNO3 concentration (0 to
5 M) and reaction stages (3 to 336 h), clearly showing that the growth
process of TiO2 nanorods differed above and below 0.2 M of HNO3. It was
found that as the concentration of HNO3 in the solution increased, the
nucleation rate of the TiO2 nanorods became slow; nucleation occurred after
3 days with 2 M and did not occur even after 14 days with 5 M. Although
the detailed mechanism is still under investigation, we speculate that NO3-,
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having a poor affinity with Ti4+, could hinder and delay nucleation above 0.5
M because most acids may act as a hydrolysis inhibitor under high
concentration [204]. Moreover, it was noteworthy that, above 0.5 M, the
TiO2 nanorods immediately grew to be longer than 200 nm after nucleation,
whereas below 0.2 M, the length of TiO2 nanorods became saturated after 12
h and particles that precipitated from the solution began to attach to the ATO
nanobelts. This clearly demonstrates that longer growth above 0.5 M is
attributed to the fact that particle precipitation from the solution was
inhibited and heterogeneous growth mainly occurred. This phenomenon is
well consistent with report by Zhou et al [205]. Based on these results, we
believe that the length of rutile TiO2 nanorods on the ATO nanobelts can be
tuned from 20 m to 700 nm with the addition of HNO3 at different
concentrations, and this technique can be used as an alternative synthesis
method for TiO2 branching.
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Figure 5.1.20. SEM images of nanobranches synthesized in the presence of HNO 3
with different concentrations and reaction time. Scale bar, 500 nm.
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Formation mechanism
To investigate the effect of the HNO3 concentration and the reaction
duration on the formation of TiO2 nanorods further, the average length of
TiO2 nanorods on ATO nanobelts in the form of the growth index was
plotted against the concentration and time (Figure 4.2.21). It also confirms
that growth mechanism differed above and below 0.2 M of HNO3. It was
found that the graphs for the rod length as a function of the reaction time
under 0.2 M of HNO3 (Figure 4.2.21b) were analogous to those of a
diffusion-controlled growth model reported by Hyeon et al [206,207]. In
their model, all of the nucleated clusters grow almost uniformly according to
the rate of solute diffusion due to sufficiently high supersaturation level.
Meanwhile, when the supersaturation level was low, small particles
dissolved and are redeposited on larger particle by means of Ostwald
ripening. Here, the low solubility of TiO2 due to the NO3- can increase the
supersaturation level and retard the dissolution of the particles. Considering
that width of the TiO2 nanorods had a fixed size of about 20 to 30 nm and
that the TiO2 nanorods mostly grew along the [001] direction, the growth
rate equation of TiO2 nanorods in the length direction can be derived as
follows: [207]
𝑑𝐿
𝑑𝑡

=

𝑆 𝐷
(
𝐿
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−

𝑠)

(2)

Here, Sr is the surface area of the rod, D is the diffusion constant, Cb is the
bulk concentration of the solution, and Cs is the concentration at the rod
surface. Taking into account that the bulk concentration decreases as growth
occurs, the graph for the length over time follows a sigmoidal curve
[206,207], consistent with the tendency of the graphs shown in Figure
4.2.21b. Generally, when the ratio (K) between the diffusion rate (D) and the
precipitation reaction rate (Kp) is much smaller than 1, the overall growth
kinetics is controlled by the diffusion process [207]. Below 0.2 M of HNO3,
the precipitation rate increases as NO3- ions diminish the solubility of TiO2,
which is confirmed in that the solution became cloudy after 3 h.
Consequently, the finding that TiO2 nanorods grew short and uniform with
less than 0.2 M of HNO3 is attributed to the fact that homo- and hetero
nucleation processes were generated by the high precipitation rate and that
both of them grew by a diffusion-controlled growth mechanism.
Meanwhile, the precipitation rate above 0.2 M of HNO3 decreased
appreciably, which is confirmed in that the solution remained transparent
even after 1 day. Because the ratio K is higher than 1 and supersaturation is
low above 0.2 M of HNO3, the growth kinetics is controlled by the reaction
rate in what is known as reaction-controlled growth [207]. This occurs
because the acid with high concentration acts as a hydrolysis inhibitor,
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retarding the formation of clusters for nucleation. According to
thermodynamics, the correlation of the Gibbs free energy of heterogeneous
nucleation with that of homogeneous nucleation is as follows:
∆𝐺𝑟ℎ𝑒𝑡 = ∆𝐺𝑟ℎ𝑜 𝑆(𝜃)

(3)

Because S(θ) is always lower than 1, heterogeneous nucleation should occur
mainly above 0.2 M of HNO3. Accordingly, most formed monomers are
consumed by the growth of heterogeneous nucleation rather than by the
formation of homogeneous nucleation, inducing the abnormal growth of
TiO2 nanorods on the ATO nanobelt. Therefore, TiO2 nanorods grow to
about 700 nm in length, which is saturated when all of the monomer sources
are depleted (Figure 4.2.21c).
On the basis of the series of above results, a possible mechanism based on
nucleation and growth can be assumed for the formation of TiO2 nanorods
on ATO NB at different HNO3 concentrations, as illustrated in Figure 4.2.22.
In a TiCl4 solution with strongly acidic media, it was reported that the Ti(IV)
complex ion has the formula of [Ti(OH)aClb(OH2)c](c-2)+, where a + b + c = 6,
and a, b, and c are related to the acidity and concentration of the Cl- ion; e.g.,
[Ti(OH)2Cl(OH2)3]+
[Ti(OH)2Cl3(OH2)]-

[Ti(OH)2Cl2(OH2)2]0

(β1=3.55),
(β3=0.094),

and

[Ti(OH)2Cl4]2-

(β2=0.4),

(β4=0.083)

are

sequentially formed as the concentration of Cl- increases [195,208,209]. It
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was noted that [Ti(OH)2Cl(OH2)3]+ is dominant in highly acidic media.
Therefore,

it

is

reasonable

to

assume

that

[Ti(OH)2Cl4]2-,

[Ti(OH)2Cl2(OH2)2]0, and [Ti(OH)2Cl(OH2)3]+ predominate in a TiCl4
solution when HNO3 < 5 mM, 5 mM < HNO3 < 0.2 M and HNO3 > 0.2 M,
respectively. When HNO3 < 5 mM, both nucleation and growth as a result of
an oxolation reaction upon the elimination of HCl are slow because the Cl - is
more strongly bound than the aqua-ligands [208]. Thus, both homo- and
heterogeneous nucleation occur slowly, indicating that the TiO2 nanorods are
short and barely attached to the ATO nanobelt. In the 5 mM < HNO3 < 0.2
M case, nucleation and growth rate become fast due to the low solubility of
the TiO2 in the solution caused by HNO3 and the oxolation reaction with the
elimination of aqua-ligands. Furthermore, it was noted that the rapid
precipitation of TiO2 is facilitated by a non-electrically charged complex,
[Ti(OH)2Cl2(OH2)2]0. Thus, both homo- and heterogeneous nucleation occur
rapidly and the growth mechanism follows a diffusional-controlled growth
model, inducing the uniformly short TiO2 nanorod-branched ATO nanobelt.
In the HNO3 > 0.2 M case, the nucleation rate becomes slow because the
acid with high concentration acts as a hydrolysis inhibitor and the
precipitation rate becomes slow again due to the positively charged complex.
As a result, heterogeneous nucleation mainly occurs and the growth
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mechanism follows a reaction-controlled growth model, inducing the
abnormal long TiO2 nanorod-branched ATO nanobelt.
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Figure 5.1.21. The dependence of average length of TiO2 nanorods on (a) HNO3
concentration and (b, c) reaction time.
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Figure 5.1.22. Schematic representations of the growth mechanism of TiO2
nanorods on an ATO nanobelt at different HNO3 concentrations.
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5.1.3 Epitaxial relationship
To investigate the interface between TiO2 nanorods and ATO nanobelt, the
cross-sectional TEM specimen fabricated by focused ion beam (FIB) milling
was observed (Figure 4.2.23). The specimen was coated with Au to protect it
from the ion beam. The mass difference between the Ti, Sn and Au shows a
contrast between TiO2 (light), SnO2 (dark) and Au (deep dark). The cross
section of the ATO nanobelt had a rectangular shape with a width of 190 nm
and length of 50 nm. TiO2 nanorods with average length of about 130 nm
were attached to each side of the ATO nanobelts like the spokes of a wheel.
The SAED pattern of the ATO nanobelt region with [101] zone axis shows
that broad and narrow sides of the ATO nanobelt belong to the {010} and
{101} facets, respectively. Perpendicular to its cross section is [101],
indicating that ATO nanobelt grew along the [101] direction. Figure 4.2.23c
shows the SAED pattern of the TiO2 nanorod region, of which 1st, 2nd, 3rd
and 4th ring patterns have d-spacing with 0.32, 0.25, 0.23 and 0.16 nm,
correspond to the (110), (101), (200) and (220) of rutile TiO2, respectively. It
is interesting to note that the spots related to the (101) plane were strongly
presented. This is attributed to two TiO2 nanorods growing along the [001]
direction. Two TiO2 nanorods tilted to 30° from the vertical direction of the
ATO (010) plane intersected in the marked region, leading to the intense
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spots of (110) and (200) ring patterns. Hence, it is found that the length
direction of the two TiO2 NRs relates to [002], because [002] and [200] are
perpendicular to each other in a tetragonal structure. Both (101) planes
calculated from [200] and [002] of the two TiO2 nanorods are parallel to the
ATO (101) plane, causing the intense spots of (101) ring pattern.
Figure 4.2.23d-f show magnified HRTEM images of interfaces between the
ATO nanobelt and TiO2 nanorods. The lattice fringes are continuous across
the interfaces between ATO and TiO2 with good atomic registry,
demonstrating the heteroepitaxial growth of rutile TiO2 on rutile SnO2.
Figure 4d shows that the epitaxial relationship for the TiO2 nanorods and the
ATO nanobelts is TiO2(101)||ATO(020) and TiO2[010]||ATO[101]. The TiO2
NR is found to be tilted with respect to the ATO (020) plane at an angle of
about 30°, because the angle between the growth direction [001] and the
normal of TiO2 (101) is 32.8°. This result could also be interpreted in terms
of the minimization of lattice mismatches [31]. Perpendicular growth of TiO2
along [001] on the ATO (020) planes would result in a large lattice mismatch
of -12.9% {(2.30-2.64 Å )/2.64 Å } between the TiO2 (200) and ATO (101)
planes. In contrast, when the TiO2 NR grows at an angle of 30° to the normal
of the ATO (020) plane, the interfacial lattice mismatch can be diminished to
-0.8% {(2.66-2.64 Å )/2.64 Å }, implying that the TiO2 NR growing along the
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[001] on the ATO (020) plane is inclined because of a thermodynamically
stable epitaxial growth.
Figure 4.2.23e shows the interface between the TiO2 nanorod and ATO (101)
plane. The rutile (101) plane (d-spacing 0.25 nm) in the TiO2 nanorod is
found to be parallel with the (101) plane of the ATO NB (d-spacing 0.26 nm).
Thus,

the

epitaxial

relationship

is

TiO2(101)||ATO(101)

and

TiO2[101]||ATO[101]. Interfacial lattice mismatch between the TiO2 (200)
plane and ATO (200) plane is found to be -3.0% {(2.30-2.37 Å )/2.37 Å },
which is small enough to induce the epitaxial growth. Figure 4.2.23f shows
another TiO2 lattice arrangement on the ATO (020) plane and confirms the
epitaxial relationship to be TiO2(020)||ATO(020):TiO2[101]||ATO[101]. The
interfacial lattice mismatch between the TiO2 (101) plane and ATO (101)
plane is found to be -5.7% {(2.49-2.64 Å )/2.64 Å }, which is 1.9 times that
between the TiO2 (200) plane and ATO (200) plane.
To understand the crystallographic epitaxial growth mechanism, a
schematic representation is proposed in Figure 4.2.24. TiO2 nanorods on the
{101} facets of ATO nanobelts grew at an angle of 30° with the normal of
{101} facets, which could be explained in the terms of tetragonal rutile
structure and surface energy. A tetragonal unit cell of an ATO nanobelt was
illustrated based on [101], [101], and [010] of the ATO nanobelt in Figure
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4.2.23b-A. A TiO2 nanorod also has tetragonal structure when it grows on the
(101) plane of the ATO nanobelt, illustrated based on [101] and [010] on the
(101) plane of ATO nanobelt in Figure 4.2.23b-B. It is clearly observed that
[001] of the TiO2 unit cell is tilted at an angle of approximately 30° to the
normal of ATO (101). The angle between [101] and [001] is calculated to be
32.8° from rutile TiO2 in the literature. It is well known that most rutile TiO2
nanorods grow along the [001], because the [001] nanorod has {110} sides,
which has the lowest surface energy among the rutile TiO2 planes.
It was found that the TiO2 nanorod grew at an angle of 30° with the normal
of SnO2 (020) plane. This result can be explained by the minimization of
surface energy and lattice mismatches. Above mentioned, it was reported
that TiO2 nanorods grow along the [001] direction to reduce the surface
energy [188]. However, as illustrated in Figure 4.2.23c, the vertical growth
of TiO2 along [001] on the SnO2 (020) planes results in a large lattice
mismatch of -12.9%. In contrast, TiO2 NR inclined at an angle of 30° to the
normal of the SnO2 (020) plane reduces the interfacial lattice mismatch to be
-0.8%.
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Figure 5.1.23. (a) A cross-sectional TEM image of a TiO2–ATO. SAED patterns of
(b) the ATO nanobelt region and (c) the TiO2 nanorods region. (d-f) HRTEM
images of interface between an ATO nanobelt and TiO2 nanorods.
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Figure 5.1.24. Schematic representations of crystallography of an ATO nanobelt, (b)

̅ 01} planes, and (c) TiO2 nanorods on an ATO (010) plane.
TiO2 nanorods on ATO {1
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5.2 Dendritic growth II: Fe2O3‒ATO

5.2.1 Morphology and structure
XRD graphs in Figure 4.3.1 reveal the crystal structure and phase purity of
the three samples, which is α-Fe2O3 nanorods fabricated on ATO nanobelt
arrays by a CBD method for 2 h, 4 h, and 12 h. All samples were further heat
treated for phase-transition from FeOOH to α-Fe2O3. As the CBD reaction
time increased, the diffraction peaks corresponding to α-Fe2O3 increased
while that of SnO2 decreased. Thus, it implies that the Fe2O3 nanorods grew
on the ATO nanobelt trunk. All peaks for the three samples match well with
the reference XRD patterns of the rutile SnO2 and rhombohedral α-Fe2O3. No
secondary peaks were detected in the XRD patterns of three products, which
imply there was a successful conversion of FeOOH to α-Fe2O3 by the heat
treatment.
Figure 4.3.2 shows the typical SEM images of Fe2O3‒ATO nanostructures
as clearly demonstrating the hierarchically branched α-Fe2O3 with a
symmetric growth. The length of nanorods can be adjusted by varying the
reaction time. The average length of the nanorods is estimated to be about 70
nm, 130 nm, and 160 nm for 2 h, 4 h, and 12 h, respectively. The diameter of
the nanorods is found to be 40, 50, and 60 nm for 2 h, 4 h, and 12 h,

143

respectively. Also, length and density of ATO nanobelts seem to decrease as
CBD reaction time increase. It is noteworthy that the Fe2O3‒ATO array is
almost vertical even if the reaction time is over 12 h, which is beneficial to
light scattering and trapping [34,40].
The crystallographic orientation of the α-Fe2O3 branch was investigated in
detail by TEM analysis as shown in Figure 4.3.3. Figure 4.3.3a presents a
TEM image of a branched Fe2O3‒ATO nanostructure. ATO nanobelts were
tightly enclosed by α-Fe2O3 nanorods, which formed at an angle of
approximately 40° ~ 60° to the normal of the NB sides. The SAED pattern of
Fe2O3‒ATO shows the discontinuous ring patterns composed of spot patterns,
which accurately correspond to the diffraction patterns of rhombohedral αFe2O3 single crystal (JCPDF #73-2234) at the [111] zone axis. (Figure 4.3.3b)
Thus, each α-Fe2O3 nanorod is single crystalline and well-aligned on the
nanobelt surface. The magnification and high resolution (HR) image in
Figure 4.3.3c&d also indicate a well-assembled α-Fe2O3 nanorod and its
single-crystalline nature, respectively. The lattice fringes in the HR image
show the 0.37 nm spacing of the (110) planes, indicating that α-Fe2O3
nanorods grew along the [110] direction.
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Figure 5.2.1. XRD patterns of (a-c) Fe2O3‒ATO arrays synthesized by chemical
bath deposition at different times: (a) 2 h, (b) 4 h, and (c) 12 h. The vertical lines
denote the reference XRD patterns of the rutile SnO2 (JCPDF #1-1445) and
rhombohedral α-Fe2O3 (JCPDF #33-0664).
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Figure 5.2.2. Low and high magnification FESEM images of Fe2O3‒ATO arrays
synthesized by chemical bath deposition at different times: (a-b) 2 h, (c-d) 4 h, and
(e-f) 12 h.
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Figure 5.2.3. (a) TEM image of a Fe2O3‒ATO for 12 h, (b) the SAED pattern of the
marked region in (a), (c) magnification of (a), and (d) the HRTEM image of the
marked region in (c).
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5.2.2 Epitaxial relationship
The tilted alignment of FeOOH and α-Fe2O3 nanorods on the ATO nanobelt
can be interpreted as minimizing lattice mismatch, too. To investigate the
interface between FeOOH nanorods and ATO nanobelt, the cross-sectional
TEM specimen was observed (Figure 4.3.4). The specimen was coated with
Au to protect it from the ion beam. The mass difference between the Fe, Sn
and Au shows a contrast between FeOOH (light), SnO2 (dark) and Au (deep
dark). The cross section of the ATO nanobelt had a rectangular shape with a
width of 100 nm and length of 50 nm. FeOOH nanorods with average length
of about 200 nm were uniformly aligned to each side of the ATO nanobelts.
Figure 4.3.4b show magnified HRTEM images of interfaces between the
ATO nanobelt and FeOOH nanorods. The lattice fringes are continuous
across the interfaces between ATO and FeOOH with good atomic registry,
demonstrating the heteroepitaxial growth of FeOOH on rutile SnO2. Figure
4.3.4b shows that the epitaxial relationship for the FeOOH nanorods and the
ATO nanobelts is FeOOH(33̅0)||ATO(020) and TiO2[330]||ATO[101]. The
FeOOH nanorod is found to be tilted with respect to the ATO (020) plane at
an angle of about 25°, because the angle between the growth direction [12̅0]
and the normal of ATO (020) is 25°. This result could also be interpreted in
terms of the minimization of lattice mismatches. Perpendicular growth of
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FeOOH along [12̅0] on the ATO (020) planes would result in a large lattice
mismatch of -10.6% {(2.36-2.64 Å )/2.64 Å } between the FeOOH (420) and
ATO (101) planes. In contrast, when the FeOOH nanorod grows at an angle
of 25° to the normal of the ATO (101) plane, the interfacial lattice mismatch
can be diminished to -1.5% {(2.60-2.64 Å )/2.64 Å }, implying that the
FeOOH nanorod on the ATO (020) plane is inclined because of a
thermodynamically stable epitaxial growth.
After post annealing, similar tendency was observed in Fe2O3‒ATO. Figure
4.3.5 shows the cross-sectional TEM analysis of Fe2O3‒ATO. Because αFe2O3 nanorods and the ATO nanobelt have an interface epitaxial
relationship of (121)α-Fe2O3//(020)SnO2, a perpendicular growth on the
±(020)SnO2 planes would result in a large lattice mismatch of 12.2%
{(2.70−2.37 Å )/2.70 Å } between the α-Fe2O3 (121) and SnO2 (020) planes.
Instead, when the α-Fe2O3 nanorods grow at an angle of 30° to the normal of
the SnO2 (020) plane, the lattice mismatch can be reduced to -1.1%
{(2.70−2.73 Å )/2.70 Å }. Therefore, α-Fe2O3 nanorods have to grow
slantwise on the ATO nanobelt to satisfy the crystallographic criteria and
thermodynamically stable epitaxial growth, inducing a self-assembled
Fe2O3‒ATO nanostructure.
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Figure 5.2.4. (a) A cross-sectional TEM image of a FeOOH‒ATO; (b) HRTEM
image of the marked region in (a); (c) Schematic of the interface of the (101)SnO2
plane of a ATO nanobelt and the (420)FeOOH plane of FeOOH nanorods, revealing
the lower interfacial lattice mismatch of inclined growth compared to that of
perpendicular growth.
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Figure 5.2.5. (a) A cross-sectional TEM image of a Fe2O3‒ATO; (b) HRTEM image
of the marked region in (a); (c) Schematic of the interface of the (020)SnO2 plane of a
ATO nanobelt and the (121)Fe2O3 plane of Fe2O3 nanorods, revealing the lower
interfacial lattice mismatch of inclined growth compared to that of perpendicular
growth.
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5.3 Linear growth: VO2‒ATO

5.3.1 Morphology and structure
Morphology and crystal structure of fabricated VO2‒ATO heterostructure
arrays were analyzed. Morphology of VO2‒ATO was observed by SEM
microscope, in which samples were prepared by hydrothermal reaction for 3
h (Figure 5.3.1). Low-magnification SEM image exhibits that VO2‒ATO are
well-aligned in micro-scale range, indicating that vertical array of ATO
nanobelts was maintained during nanobranch synthesis by solution route.
Interestingly, nanobranch synthesis followed linear growth mode, in which
VO2 did not grow on broad surface of ATO nanobelt but only on narrow
surface of the nanobelt with two quasi-symmetrical branches. An individual
VO2‒ATO heterostructure was analyzed by TEM as shown in Figure 5.3.2,
indicating that each VO2 nanorod was tilted with respect to the nanobelt side
at an angle of about 30o. SAED patterns was measured from the regions
including single side of nanobelt and VO2 nanorods grown on that, and it
was found that VO2 nanorods grew epitaxially on the nanobelt surface with
[001] growth direction (c-axis in tetragonal rutile). EDS elemental mapping
in Figure 5.3.3 shows that Sn and V atoms were located on the nanobelt the
branches, respectively, implying that there was no diffusion of Sn atoms into
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the VO2 nanobranches during synthesis. Although rutile VO2 exists as
monoclinic-type rather than tetragonal-type at room temperature, in this case,
the lattice plains of VO2 were simply marked on the basis of tetragonal rutile
unit cell in order to emphasize the epitaxial relationship between VO2 and
SnO2. Details were discussed in epitaxial relationship part. Based on
information about morphology and crystallography obtained from TEM and
SAED, atomic model along [010]SnO2 projection was described at the
interface between nanobelts and nanorods of a VO2‒ATO heterostructure
(Figure 5.3.4). It thus can be deduced that VO2 nanobranches may be
constructed epitaxially on (101) surface of ATO nanobelt with one
crystallographic orientation via same rutile crystal structures, regardless of
phase transition between tetragonal-type and monoclinic-type. Also,
according to this atomic description, the angle between (101) and (002)
planes of VO2 (R) is calculated to be 32.1o, which induces that nanobranches
were formed slopingly on the nanobelts. Therefore, 3-D heteroepitaxial
nanostructures of perfect two-fold-symmetry were formed with VO2
nanobranches grown along [001] direction.
To further study the growth mechanism of VO2‒ATO, samples were
collected at different reaction stages. The products prepared from various
growth time from 2 h to 12 h were observed by SEM images as shown in
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Figure 5.3.5, indicating the structural and morphological transformation
from ATO nanobelts to VO2‒ATO heterostructures. After the initial 2 h
reaction, thorn-like nanorods with a length of 10 nm were nucleated on the
surfaces of the nanobelts (Figure 5.3.5a), and begun to grow in nanorod
shape after another 30 min growth (Figure 5.3.5b). At the stage of 3 h
reaction, branches exhibited the symmetrical feature and it was observed that
two branches were formed on each narrow side of nanobelt (Figure 5.3.5c).
By increasing the reaction time to 6 h, branched nanostructures of two-foldsymmetry were formed with increase of length of branches (Figure 5.3.5d).
When the reaction time was further continued to 12 h, the lengths and
thickness of branches increased and each branches started to hold together.
Also, the unique morphology of VO2‒ATO – two-fold-symmetry and
inclined growth – was revealed more clearly. This tendency was also
confirmed by the XRD graphs: VO2 related peaks increased as reaction time
increased (Figure 5.3.6). Also, there were no secondary phases or other
polymorphs of VO2 in the whole range of reaction time, indicating that pure
VO2‒ATO heterostructures could be formed. Interestingly, in contrast with
bulk VO2, the intensity of (101) peak is relatively higher than that of others
for VO2, which exhibits a strong (101) preferred orientation. It is due to
linear growth of VO2 on {101} surfaces of nanobelt, consistent with results
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of SEM and TEM analysis. Interestingly, when the hydrothermal reaction
was performed without ATO nanobelt substrate, microspheres composed of
aggregation of nanoplates were obtained with VO2 (B) phase (Figure 5.3.7).
This result also supports the fact that rutile type VO2 nanobranches could be
fabricated by heteroepitaxial nucleation and growth mechanism on the
surface of rutile SnO2 nanobelts.

Figure 5.3.1 (a) A typical SEM image of VO2‒ATO arrays, in which VO2
nanobranches were synthesized for 3 h by hydrothermal method, and (b) a
magnification image of (a).
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Figure 5.3.2 TEM analysis of a VO2‒ATO heterostructure: (a) a low-mag TEM
image, (b) a magnification image of (a), (c) a SAED pattern observed from region 1
of (a) and (d) a SAED pattern observed from region 2. SAED analysis indicates that
VO2 nanorods grew epitaxially on ATO nanobelt and their growth direction was
[001].
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Figure 5.3.3 EDS elemental mapping of a VO2‒ATO heterostructure.
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Figure 5.3.4 The illustrations of atomic arrangements at the interface between (a)
SnO2 and VO2 (R) and (b) SnO2 and VO2 (M), which are projected along [010]
direction of SnO2.
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Figure 5.3.5 SEM images of the VO2‒ATO heterostructure at various reaction
stages by setting the reaction time: (a) 2 h, (b) 2.5 h, (c) 3 h, (d) 6 h and (e) 12 h.
Scale bar: 200 nm

Figure 5.3.6 XRD graphs of VO2‒ATO heterostructure at various reaction stages by
setting the reaction time.
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Figure 5.3.7 (a) XRD graphs and (b-c) SEM images of VO2 (B) particles
precipitated by hydrothermal method without insertion of ATO nanobelt substrate.
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5.3.2 Epitaxial relationship
To further investigate the epitaxial relationship of VO2‒ATO heterostructures, the cross-sectional specimen was fabricated by focus ion beam
(FIB) milling, and then observed by TEM as shown in Figure 5.3.8. Because
specimen was coated with Au before milling for protecting from the Ga ion
beam, the mass difference among V, Sn and Au gives a contrast among VO2
(light), SnO2 (dark) and Au (deep dark), consistent with EDS elemental
mapping (Figure 5.3.9). Cross section of the ATO nanobelt had of
rectangular shape with width 100 nm and thickness 30 nm; whereas that of
VO2 nanobranches had average size of length 100 nm and thickness 25 nm.
The nanobelt was covered with total four nanobranches, where each branch
was attached to each edge of nanobelt. HRTEM images were observed from
marked regions in Figure 5.3.8a. Figure 5.3.8b1 and 2 show that the lattice
fringes are continuous across the interfaces between the nanobranch and the
narrow side of nanobelt with good atomic registry. Because (211̅) plane in
the VO2 (M) is found to be parallel with the (101) plane of the SnO2,
epitaxial relationship is VO2(211̅ )||SnO2(101) and VO2[12̅ 0]||SnO2[1̅ 01].
Theoretical lattice mismatch between a (002)VO2(M) plane and a (020)SnO2
plane is calculated to be -4.2% {(2.27-2.37 Å )/2.37 Å }, which is small
enough to induce the epitaxial growth. This result was also confirmed by
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SAED pattern (Figure 5.3.8c). Moreover, from the HR image and the SAED
pattern, it was found that the d-spacing of (002)VO2(M) plane was slightly
increased from 2.27 nm to 2.30 nm at the interface, implying that (002)VO2(M)
plane was strained along tetragonal b-axis. It is well-known that epitaxial
strain is induced in order to maintain the coherent interface in which all atom
positions are in exact register with zero or small misfit [68]. Thus, strained
(002)VO2(M) plane with reduced misfit from -4.2% to -3.0% may contribute to
coherent interface between (211̅)VO2(M) plane and a (101)SnO2 plane. On the
other hands, at the interface between the nanobranch and the broad side of
nanobelt, (002)VO2(M) plane and (020)SnO2 plane, semi-coherent with several
point defects was observed (Figure 5.3.8b3). This result was also confirmed
by the fast-Fourier transformation (FFT) patterns (Figure 5.3.8d). While the
FFT pattern of the nanobelt region corresponded to the diffraction pattern of
SnO2 with zone axis of [1̅01], the FFT pattern of the nanobranch region had
irregular diffraction pattern which differs from that of VO2 (M) with zone
axis of [12̅0]. It is mainly attributed to large lattice mismatch between a
̅ )VO2(M) plane and a (101)SnO2 plane, which is calculated to be -8.1%
(211
{(2.42-2.64 Å )/2.64 Å }. Phase transition from VO2 (R) to VO2 (M) may also
contribute to coherence collapse. VO2 (M) phase has a distorted structure of
VO2 (R) phase along the tetragonal c-axis (Figure 5.3.10). Thus, atoms
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composing the (101)VO2(R) plane is shifted to the lattice positions of
(210)VO2(M) plane, inducing the great change of atomic arrangement on
(020)SnO2 surface and decrease of d-spacing. Actually, in HR image (Figure
5.3.8b3) and FFT pattern (Figure 5.3.8d), the lattice fringe of (210)VO2(M)
plane is more clearly observed than that of (211̅)VO2(M) plane, indicating that
(210)VO2(M) plane originated from (101)VO2(R) plane. As listed in Table 5.3.1,
d-spacing of lattice planes related to tetragonal c-axis is diminished
significantly while that of lattice planes related only to tetragonal a or b-axis
is almost same after phase transition to VO2 (M). This is also why
heteroepitaxy of VO2 nanobranch on the (101) plane of the SnO2 could be
maintained after phase transition to VO2 (M). Overall epitaxial behaviors of
VO2‒ATO heterostructures are presented based on crystallographic
description as shown in Figure 5.3.11. Small misfit and similar lattice
arrangement of VO2 nanobranch on the (101)SnO2 surface provide coherent
interface with tensile strained (020)VO2 plane, whereas large misfit and
distorted lattice of VO2 nanobranch on the (020)SnO2 surface induce the semicoherent interface accommodating the lattice-mismatch with defects.
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Table 5.3.1. Lattice planes (hkl) and their d-spacings of tetragonal rutile VO2 (R)
and monoclinic VO2 (M).

VO2 (R)

VO2 (M)

hkl

d (Å )

hkl

d (Å )

200

2.276

020

2.265

020

2.276

002

2.265

002

1.428

400

1.239

101

2.420

210

2.174
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Figure 5.3.8 (a) A TEM image of cross-section of a VO2‒ATO fabricated by focused
ion beam method. (b) HRTEM images obtained from marked regions in (a), (c)
SAED pattern of (a) and (d) the fast-Fourier transformation (FFT) patterns of the
backbone and branch of (b-3).
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Figure 5.3.9 EDS elemental mapping of cross-section of a VO2‒ATO showing V, Sn,
O and Au atomic profiles.
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Figure 5.3.10 Schematic description of lattice deformation from (a) tetragonal rutile
VO2 (R) to (b) monoclinic VO2 (M) with a small distortion along the tetragonal caxis (β=122.6o).
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Figure 5.3.11 The descriptions of atomic arrangements at the interface between (a)
SnO2 and VO2 (R) and (b) SnO2 and VO2 (M), which are projected along [1̅01]
direction of SnO2. The b-axis length of VO2 bulk (4.554 Å ) is shorter than that of
SnO2 (4.738 Å ) with the lattice mismatch of 4%, resulting in a tensile strain along
the b axis for VO2 nanorods.
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5.3.3 Epitaxial strain effect
To elucidate the effect of such epitaxial strain on the formation of VO2
nanobranches and their structural and physical properties, in-depth research
was conducted based on crystal structure analysis and interpretation. The
presence of the tensile-strain along tetragonal b-axis (monoclinic c-axis) was
directly confirmed in VO2-ATO heteroepitaxial system by XRD analysis
(Figure 5.3.12), where the c lattice constant of the VO2 (3 h) nanobranches is
found to be increased to 5.420 Å , cf., 5.382 Å for bulk VO2 (M). Also, the
strain was relaxed relatively gradually in the longer (thicker) VO2
nanobranches as shown in diffraction peaks measured from VO2 (6 h) and
VO2 (12 h) samples. Strained lattice constants of VO2 nanobranches were
calculated from the Rietveld refinement of XRD patterns (Table 5.3.2),
indicating the tensile strain along the tetragonal a, b-axis directions and the
compressive strain along tetragonal c-axis. It is noted that while tensilestrain (a, b-axis) is released gradually, compressive strain (c-axis) remains
constant as length of VO2 nanobranches increases. It implies that strain of a,
b-axis is caused by coherence between the {020} facets crossing the (101)
interface, in which length of VO2 nanobranches increases dramatically from
45 nm at 3 h sample (refer to cross sectional TEM image of Figure 5.3.8a) to
110 nm at 12 h sample (not shown here), whereas strain of c-axis is induced
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by semi-coherence between the {101} facets crossing the (020) interface,
where thickness of VO2 nanobranches only increases slightly from 25 nm to
35 nm.
As mentioned above, linear growth is observed for VO2 during branching
synthesis, which may be attributed to epitaxial strain accommodated during
the initial formation of VO2 epilayer on the surface of SnO2 nanobelt.
According to Stranski-Krastanow growth mode, the transition of 2D to 3D
growth is induced by strain originated from different lateral lattice constant
between 2D layer and substrate. As thickness of epilayer increases, strain
accumulates and may be relaxed elastically below critical thickness in which
misfit dislocations occurs by reorganization of flat surface, e.g. the formation
of 3D surface structures [77], in order to minimize the strain and surface
energy [98]. In the VO2-ATO heteroepitaxial branched structure, the
decrease of misfit by strain occurred dominantly at the lattice plane
containing tetragonal b-axis due to coherent interface on (101)SnO2 plane
(Table 5.3.3), suggesting that strain could be more accumulated on (101) SnO2
plane rather than (020)SnO2 plane at the initial formation stage for VO2
epilayer. Thus, 3D growth could be induced by strain on (101)SnO2 plane at
the initial stage as shown in Figure 5.3.5a, and such 3D island structure
could provide a preferred growth site and accounts for unidirectional growth.
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Furthermore, such epitaxial strain had influence on the decrease of metalinsulator transition (MIT) temperature in VO2 nanobranches. The
temperature-dependent in situ XRD clearly confirmed the structural phase
transition from monoclinic rutile VO2 (M) to tetragonal rutile VO2 (R) in a
VO2-ATO heterostructure (Figure 5.3.13). The broad peak in 27.5o ≤ 2θ ≤
28.5o was shifted from VO2 (M) (011) to VO2 (R) (110) during the heat
process and thus could be readily indexed into VO2 (M) at temperature under
55 oC and VO2 (R) at temperature above 60 oC. It is also consistent with the
results obtained from temperature-dependent Raman analysis (Figure 5.3.14).
All peaks in Raman spectra measured at room temperature are indexed as the
VO2 (M) phase which is characterized by Raman-active modes of 9Ag + 9Bg
[210,211]. On heating, all Raman peaks suddenly disappeared at 55 ~ 60 oC,
implying that the transition to a metallic VO2 (R) occurred. It is well-known
that compressive strain lowers the MIT temperature of VO2 [212,213]. In
VO2-ATO system, VO2 is strained along the c-axis by –0.2% and has a TMIT
of ~55 oC, and such tendency is consistent with previously reported value
(TMIT of 27 oC by –1.2% strain along c-axis). TMIT and transition behavior in
3 h sample was also similar to those in 12 h sample, attributed to same
compressive strain value. Therefore, for the first time, it was demonstrated
that epitaxial strain can affect the growth behavior and physical properties of
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nanobranch in 3-D heteroepitaxial nanoarchitectures.

Table 5.3.2. Lattice parameter and strain of VO2 nanorods epitaxially grown on ATO
nanobelt by hydrothermal reaction for 3, 6 h and 12 h. Lattice parameters (a, b and c)
were calculate from Rietveld refinement of XRD pattern. Strain at each axis was
evaluated by difference of lattice parameters between unstrained VO 2 (M) phase and
strained VO2 nanorods.

a-axis
Samples

b-axis

Strain

c-axis

Strain

a (Å )

b (Å )
(%)

Strain
c (Å )

(%)

(%)

VO2 (M) bulk

5.752

0

4.526

0

5.382

0

VO2 branch (3 h)

5.740

-0.20

4.555

0.64

5.420

0.70

VO2 branch (6 h)

5.740

-0.20

4.553

0.60

5.413

0.57

VO2 branch (12 h)

5.740

-0.20

4.532

0.13

5.392

0.19
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Table 5.3.3. Lattice plane (hkl), d-spacings, lattice misfit and strain of VO2 nanorods
epitaxially grown on ATO nanobelt by hydrothermal reaction for 3 h, 6 h and 12 h.
d-spacings of nanorods were calculate from Rietveld refinement of XRD pattern.
Lattice misfit at each plane was derived by difference of d-spacing between SnO2
backbone and VO2 nanorods.

SnO2 (R)

VO2 (M)

VO2 (3 h)

VO2 (6 h)

VO2 (12 h)

hkl

d (Å )

hkl

d (Å )

d (Å )

Misfit
(%)

d (Å )

Misfit
(%)

d (Å )

Misfit
(%)

011

2.643

202̅

2.433

2.442

-7.6

2.440

-7.7

2.433

-7.9

101

2.643

211̅

2.428

2.428

-8.1

2.428

-8.1

2.428

-8.1

020

2.369

002

2.265

2.283

-3.6

2.280

-3.8

2.271

-4.1

11̅1

2.309

212̅

2.144

2.154

-6.7

2.150

-6.9

2.145

-7.1

12̅1

1.764

213̅

1.66

1.667

-5.5

1.665

-5.6

1.662

-5.8
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Figure 5.3.12 XRD graphs measured at a scan rate of 0.3 degrees per min (2θ) for
VO2‒ATO heterostructure samples in which VO2 nanobranches were synthesized
for 3 h, 6 h and 12 h by hydrothermal method. Each 2θ region is related to (a) rutile
(101), (b) rutile (020) and (111), and (c) rutile (121). Bold lines indicate XRD
pattern measured from VO2‒ATO heterostructure. Sharp pink and green lines are
simulated XRD patterns from crystallographic information file (CIF) of VO2 (M)
and SnO2, respectively.
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Figure 5.3.13 Temperature dependence of XRD data of VO2‒ATO arrays
synthesized for 12 h, indicating the phase transition of VO 2 from monoclinic rutile
(M) to tetragonal rutile (R) at about 55 ~ 60 oC.
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Figure 5.3.14 Temperature dependence of Raman spectra of individual VO 2‒ATO
heterostructure synthesized for 12 h, presenting the phase transition from insulating
VO2 (M) to metallic VO2 (R) at about 55 ~ 60 oC during the temperature cycling..
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Chapter 6. Electrochemical applications
6.1 Photoelectrochemical cell

6.1.1 TiO2‒ATO photoanode for water splitting
Linear sweep voltammograms were collected for the optimized 3D anatase
sphere TiO2‒ATO (AS‒ATO) and 3D rutile rod TiO2‒ATO (RR‒ATO)
samples in a three-electrode PEC device. Both the AS‒ATO and RR‒ATO
electrodes showed increased photocurrent densities than conventional TiO2
thin-film electrodes [40,45] (Figure 5.1.1), indicating that using 3D structures
improves PEC performance. The RR‒ATO electrode achieves a photocurrent
density of ~1.13 mA/cm2 at 1.0 V vs. RHE, which is twofold the value
achieved using AS‒ATO (~0.58 mA/cm2 at 1.0 V vs. RHE). Meanwhile, the
AS‒ATO electrode exhibits a lower open circuit potential than the RR‒ATO
electrode, showing that anatase TiO2 has a higher Fermi energy level (~ 0.2
eV) than rutile TiO2. The lower fill factor of AS‒ATO as opposed to that of
RR‒ATO is attributed to the electrolyte permeation through the pores on the
shell layer. Figure 5.1.2 shows the I-t curve of the AS‒ATO and RR‒ATO
electrodes at 1.0 V vs. RHE. The photocurrent goes down to zero immediately
as the light is shut off and returns to the original value again as the light is
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illuminated, implying that the charge transport properties of both the AS‒ATO
and RR‒ATO are very fast. Assuming that all of the photocurrent flowing
through the circuit coincides with the evolution of hydrogen, the overall STH
conversion efficiency for the PEC can be calculated from the J-V curves using
the following equation: [214]
η (%) =

[𝐽𝑝 ⅹ (1.23 – 𝐸𝑏 )]
𝑃𝑡

(4)

In this equation, Jp is the photocurrent density, Pt is the incident light intensity
(100 mW/cm2), and Eb is the bias voltage calculated as Eb = Emea – Eaoc, where
Emea is the corresponding potential of the photocurrent and Eaoc is the potential
under open-circuit conditions. As shown in Figure 5.1.3, the maximum STH
efficiency for ASOP and RROP is 0.41% (at 0.61 V vs. RHE) and 0.93% (at
0.68 V vs. RHE) respectively. The semicircle in the frequency range of 1-103
Hz on the Nyquist plot reflects the charge transfer property at the
TiO2/electrolyte interface [189]. The AS‒ATO semicircle is much larger than
the RR‒ATO semicircle, indicating that the charge transfer resistance of
RR‒ATO is lower than that of AS‒ATO [215] (Figure 5.1.4). The high surface
roughness of RR may be responsible for the low-charge transfer resistance.
3D RR‒ATO showed better PEC performance than the 3D structure of TiO2
nanorod‒TiO2 nanowire [40], but lower than that of TiO2 nanorod‒Si
nanowire (2.1%) [34]. However, it should be noted that Si absorbs the entire
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visible wavelength of light whereas TiO2 only absorbs light in the UV region.
Considering that TiO2 can be sensitized greatly by combining it with a visiblelight absorbing material, such as inorganic quantum dots and dye molecules,
3D RR‒ATO has the potential to achieve highly efficient PEC energy
conversion.

Figure 6.1.1. J-V curves of (a) anatase sphere TiO2‒ATO and (b) rutile rod TiO2‒ATO
with ATO length of 10 μm and TiO2 thickness of 130 nm.
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Figure 6.1.2. Amperometric J-t curves of (a) anatase sphere TiO2‒ATO and (b) rutile
rod TiO2‒ATO at an applied potential of 1.0 V vs. RHE.

Figure 6.1.3. Photoconversion efficiency of (a) anatase sphere TiO2‒ATO and (b)
rutile rod TiO2‒ATO calculated from J-V data.
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Figure 6.1.4. Nyquist plots of (a) anatase sphere TiO2‒ATO and (b) rutile rod
TiO2‒ATO.
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6.1.2 Quantum-dot-sensitized TiO2‒ATO
In this chapter, quantum dot (QD) sensitized TiO2‒ATO heterostructures
were proposed as a conceptual model that satisfies every structural factor –
high conductivity by a transparent conducting oxide (TCO) backbone, a high
surface area by branching and low interfacial resistance via an epitaxial
relationship. Moreover, in this structure, the light harvesting, charge
collection and charge transport properties are mainly related to the absorber
(CdS QD), branch (TiO2) and backbone (ATO), respectively, implying that
the effect of each property on the overall PEC performance can be
determined and that the overall efficiency can be optimized by controlling
each step.

Synthesis of QD sensitized heterostructures
The scheme in Figure 5.1.5 describes the experimental procedure used here
for the fabrication of the CdS QD-sensitized TiO2‒ATO heterostructure. The
procedure consists of three steps: (i) the deposition of single-crystalline onedimensional (1D) ATO nanobelt arrays onto a FTO (F:SnO2) glass substrate
by thermal evaporation, (ii) the growth of single-crystalline TiO2 nanorods
on the ATO nanobelt by chemical bath deposition (CBD), and (iii)
sensitization of the TiO2‒ATO heterostructure with CdS QDs by means of
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electrodeposition (ED). Typical transmission electron microscopy (TEM)
images and a detailed TEM analysis at each step are presented, clearly
demonstrating the single-crystalline nature of the ATO nanobelts, TiO2
nanorods and CdS QDs. The ATO nanobelts have a diameter of 50 to 100 nm
and the SnO2 rutile structure. The TiO2 nanorods have a diameter of 20 nm, a
length of 100 to 150 nm, and a rutile structure. Because both ATO and TiO 2
have the same rutile structure, TiO2 nanorods were grown epitaxially on the
ATO nanobelt. The size of the CdS QDs was determined to be 7.5 ± 0.8 nm
from TEM images, and the crystal structure of the QDs was found to be
greenockite according to the lattice fringes.

Shape tuning of TiO2 branch
The PEC performance of the CdS-sensitized TiO2‒ATO heterostructure can
be controlled by modulating each step, e.g., the length of the ATO nanobelts,
the shape of the TiO2 nanorods, and the loading amount of the CdS QDs.
Hence, various shapes of TiO2 were developed in an attempt to verify the
correlation between the TiO2 morphology and the PEC properties. The SEM
images in Figure 5.1.6 show that dot, rod, and lamella-shaped TiO2 were
deposited on the ATO nanobelts. With the extension of the acid
concentration and duration time, dot, rod, and lamella-shaped TiO2 were
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obtained in sequence. Dot, rod, and lamella-shaped TiO2 were uniformly
attached on the ATO nanobelt thoroughly. As shown in the TEM image in
Figure 5.1.6, dot TiO2 with lengths of 10 to 20 nm, rod TiO2 with lengths of
100 to 150 nm, and lamella TiO2 with lengths of 600 to 700 nm.

Distribution of CdS QDs
To evaluate the PEC performance of the TiO2‒ATO heterostructures with a
different TiO2 morphology, the same amount of CdS was loaded by
electrodeposition. To investigate the morphology of CdS QDs deposited
heterostructures more details, the elemental distributions of three samples
were measured by energy dispersion spectroscopy (EDS). Figure 5.1.7
shows EDS elemental mappings of CdS-sensitized dot, rod, and lamella
TiO2-ATO samples. As a result of the quantitative analysis of the surface
region, the atomic ratio of Ti:Cd was estimated to be about 0.74, 18.97, and
4.4 for the dot, rod, and lamella samples, respectively. This demonstrates that
while CdS QDs were deposited more at the edges for the dot and lamella
types, they were evenly distributed across the surface of the rod samples.
This is attributed to the higher surface area of the rods compared to that of
the dot and lamella samples.
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Light absorption
The light absorption properties of CdS sensitized dot, rod and lamella
TiO2‒ATO heterostructures were measured and compared at a wavelength
range from 300 to 800 nm. Figure 5.1.8 shows the absorption with scattering
(A + S = 100 – R – T) spectra calculated by transmittance and reflectance of
CdS sensitized dot, rod and lamella TiO2‒ATO on FTO substrates. All three
samples exhibited similar light absorption properties above 520 nm,
corresponding to absorption edge of CdS (2.4 eV), due to almost same CdS
loading amounts. Nonzero baseline was observed over 520 nm, revealing
that scattering phenomenon appears [40]. It is noteworthy that broad
shoulder peaks at a wavelength range from 500 to 700 nm were observed at
dot, rod and CdS coated rod TiO2‒ATO heterostructures, which can be
interpreted

as

antireflection

characteristics

of

well-aligned

1-D

subwavelength structures (SWSs) [216]. These scattering and antireflective
effects of rod TiO2‒ATO heterostructure are expected to be beneficial to
effective light absorption.

Photoelectrochemical properties
Figure 5.1.9 depicts a set of sweep-current-density versus potential (J-V)
curves from CdS-sensitized dot, rod, and lamella TiO2‒ATO photoelectrodes

185

using chopped solar simulator illumination of 1SUN (AM 1.5G). The
photocurrent densities of the dot, rod, and lamella samples are 2.81, 6.31,
and 5.15 mA/cm2, respectively, at 0.4 V vs. RHE. As the potential was swept
anodically, the photocurrents of the rod and lamella samples increased
sharply and became saturated close to 0.4 V, suggesting much more efficient
charge collection and transport than in the dot [40]. Photoresponse of pure
dot, rod, and lamella TiO2‒ATO were also measured in same condition of
CdS coated one. (Figure 5.1.9b) The photocurrents of bare dot, rod, and
lamella TiO2‒ATO were found to be 0.13, 0.80 and 0.36 mA/cm2,
respectrively, at 0.4 V vs. RHE. Assuming that photocurrents by only CdS
layer could be calculated by subtracting that of pure TiO2 from that of CdS
sensitized TiO2, photocurrents by only CdS layer were estimated to be 2.68,
5.51 and 4.54 mA/cm2 for dot, rod and lamella TiO2-ATO, respectively. It
indicates that rod and lamella samples can accept and transfer
photogenerated electron in CdS QDs more effectively than dot one.
While the J-V curves show the overall PEC performance, the wavelengthdependent PEC properties can be obtained by incident-photon-to-currentconversion efficiency (IPCE) measurements. The IPCE profiles of dot, rod,
and lamella photoelectrodes measured at 1 V vs. RHE are shown in Figure
5.1.10. For the rod TiO2 photoelectrodes, a strong and almost constant
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photoresponse is observed within the range of 350 to 500 nm. The IPCE
values for the rod lie between 60 – 70 % with a nearly flat curve and are
larger than those of the dot and lamella, resulting in a higher photocurrent.
The IPCE profile of dot, rod, and lamella photoelectrodes were consistent
with the tendency of the photoconversion efficiency.
The electrochemical impedance spectra (EIS) of the dot, rod and lamella
photoelectrodes under solar simulator irradiation at 0 V vs. RHE (1.0 V vs.
Ag/AgCl) were measured to verify the charge transfer. The Nyquist plots
shown in Figure 5.1.11 indicate that the semicircles become smaller in the
order of dot, lamella and rod. Inset of Figure 5.1.11 represents the equivalent
circuit where Rs is a series resistance of TCO (FTO substrate and ATO NBs),
Rtr is the electron transport resistance in the TiO2, Rct is a charge-transfer
resistance at the CdS/electrolyte interface, Zd is the diffusion impedance in
the electrolyte and RCE is the charge transfer resistance at the counter
electrode/electrolyte interface. Cμ and CCE is the chemical and interfacial
capacitance, respectively. Semicircles in the frequency range of 1 to 10 3 Hz
correspond to the charge transfer at the TiO2/CdS/electrolyte interface [189].
Thus, the charge-transfer resistance of the rod photoelectrode is lower than
that of the dot and lamella photoelectrodes, implying that charge carriers in
the rod photoelectrode are collected more efficiently [215].
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To investigate the electron transport kinetics, open circuit voltage (Voc)
decay and electron lifetime as a function of Voc were measured. Voc decay
rate decreased as TiO2 layer became thicker, revealing that TiO2 rod and
lamella structures efficiently enhance charge transport and reduce electron
recombination. (Figure 5.1.12) The electron life time (τn) corresponding to
Voc (calculated by voltage-recombination life time model [217]) is plotted in
Figure 5.1.12. At comparable Voc, rod and lamella structure exhibits a higher
in electron life time than dot structure.
For a better explanation of the trend observed in the electron dynamics, a
band diagram based on the relevant electronic states of the components is
considered. (Figure 5.1.13) The Fermi level that shifted to the conduction
band edge (CBE) by Sb doping in ATO [218] is nearly equal to that in TiO2,
reducing the Schottky barrier and promoting electron transport. Moreover,
The CBE of TiO2 is lower than that of CdS but higher than that of ATO.
Thus, TiO2 nanorods can function not only to transfer photoexcited electrons
from CdS to ATO but also to block the recombination of photoinjected
electrons with electrolyte [219], allowing the following tendency in the
electron lifetime: dot < rod ~ lamella.

Optimization
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In comparison to dot and lamella TiO2, the rod TiO2–ATO photoelectrode is
capable of efficient photo-conversion property, as confirmed by photocurrent
and IPCE. The surface area of the rod TiO2–ATO is larger than that of the
dot and lamella TiO2–ATO, consistent with the EDS mapping analysis.
Generally, an increased surface area provides many more chemically
reactive sites and facilitates the charge carrier transfer reaction in the catalyst
[34,40,45,162,189,220]. Moreover, enhanced light scattering property of rod
TiO2–ATO enables the effective light absorption [216]. To obtain high PEC
efficiency, an electrode film must be sufficiently thick to absorb more light,
and simultaneously the photogenerated carriers within film must be able to
reach the surface, at which they can be collected [12]. As TiO2–ATO
heterostructures were used for a branched backbone, the relatively large
surface area of the rod TiO2 can provide efficient collection and reactive sites.
This was confirmed by the low charge transfer resistance of the rod TiO2
photoelectrode, which was ascribed to the thin and well-distributed CdS QDs
on the TiO2 surface. Furthermore, as mentioned above, TiO2 can serve as a
charge-transfer bridge between CdS and ATO. Therefore, the better
performance of the rod TiO2 compared to the other types is attributed to the
high surface area, effective light absorption path and the efficient charge
collection property.
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To increase the PEC performance further, the loading amount of CdS onto
the rod TiO2–ATO heterostructure was optimized. In general, successive
ionic layer adsorption and reaction (SILAR) method were more effective
than ED method because CdS layer was attached uniformly by SILAR while
CdS QDs was grown up by ED. Figure 5.1.14a shows TEM image of rod
TiO2–ATO heterostructure covered with CdS using a SILAR method for 7
times. Although the CdS material was thickly attached, a well-ordered
branched structure was preserved. The thickness of the CdS layer is around
20 nm (Inset of Figure 5.1.14a). As shown in Figure 5.1.14b, the
photocurrent density was 7.75 mA/cm2 at 0.4 V vs. RHE, which is an
increase of more than 23 % from that of the CdS-rod TiO2-ATO with a
thickness of 7 nm. It is relatively high as compared to other CdS-sensitized
structures with photocurrent levels [161,189,217,219-225]. This is attributed
to the fact that the photocurrent of the TiO2–ATO heterostructures was
saturated rapidly at a very low applied bias compared to other structures.
This result demonstrates that the epitaxial TiO2–ATO heterostructure is an
efficient backbone for the collection and transport of charge carriers
generated from a sensitizer, also demonstrating that the strategy of
modulating each PEC factor separately is an effective approach for the
optimization of the PEC performance.
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Furthermore, good stability and efficient hydrogen generation [226,227]
was demonstrated with a CdS-rod TiO2–ATO electrode. As shown in Figure
5.1.15, CdS layer in TiO2–ATO heterostructure have good stability for a
long-time PEC performance. Hydrogen evolution rate of CdS–TiO2–ATO
electrode in PEC device at 1st, 2nd and 3rd cycle was 95 µmol/cm2•h, 90
µmol/cm2•h and 86 µmol/cm2•h, respectively. The ability of hydrogen
evolution at 3rd cycle was still over 90 % of that at 1st cycle. It indicates that
CdS–TiO2–ATO heterostructure have good stability. The good stability of
CdS sensitized rod TiO2–ATO heterostructure is attributed to their geometric
structure and morphology. In rod TiO2–ATO heterostructure, the excited
electrons and holes can be efficiently transferred to the Pt and electrolyte,
respectively, due to high surface area and thin CdS layer. It prevents the
photocorrosion of electrode. Contrastingly, it have been reported that, for the
quantum dot sensitized electrodes (e.g. TiO2–ATO or CdSe–TiO2–ATO)
without passivation layer (e.g. ZnS), the hydrogen evolution rate steadily
decreases with the operation time, which is ascribed to the photocorrosion of
these electrodes [227]. Passivation layer also acts as a role of preventing the
recombination of excited electrons to the oxidized species in the electrolyte.
In the rod TiO2–ATO heterostructure, beneficial geometrical and structural
effects can replace the role of passivation layer. Therefore, the good stability
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of CdS sensitized rod TiO2–ATO heterostructure without passivation layer is
attributed to their efficient structure and morphology.

Figure 6.1.5. (a) Schematic description of the fabrication procedure : i) ATO
nanobelt, ii) TiO2‒ATO nanostructure and iii) CdS sensitized TiO2‒ATO
heterostructure; (b) TEM images at each fabrication procedure stage; (c) SAED and
HRTEM images at each stage were also measured.
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Figure 6.1.6. (a-c) Cross-sectional SEM images and (d-f) TEM images of
TiO2‒ATO heterostructures: (a, d) dot TiO2‒ATO, (b, e) rod TiO2‒ATO and (c, f)
lamella TiO2‒ATO.
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Figure 6.1.7. EDS mapping of the CdS-sensitized TiO2‒ATO heterostructure with (a)
dot, (b) rod and (c) lamella shaped TiO2. The Ti/Cd ratio was obtained by means of a
quantitative analysis of the marked region.
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Figure 6.1.8. Optical characterization of CdS sensitized TiO2‒ATO heterostructures:
(a) transmittance, (b) reflectance and (c) absorption plus scattering (A + S = 100 – R
– T) properties.

195

Figure 6.1.9. Chopped J-V curves under illumination by a solar simulation (AM
1.5G, 1SUN) (scan rate of 20 mV/s): (a) CdS sensitized dot, rod and lamella shaped
TiO2‒ATO heterostructures and (b) bare dot, rod and lamella shaped TiO2‒ATO.
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Figure 6.1.10. Measurements of the incident photon-to-electron conversion
efficiency (IPCE) under 1 V vs. RHE for CdS sensitized dot, rod and lamella shaped
TiO2‒ATO heterostructures.

Figure 6.1.11. Nyquist plots for CdS sensitized dot, rod and lamella shaped
TiO2‒ATO heterostructures measured at 0 V vs. RHE (1 V vs. Ag/AgCl) under
illumination. The inset of d shows an analogous equivalent circuit for the PEC
device.
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Figure 6.1.12. (a) Open circuit voltage decay spectra of the CdS sensitized
TiO2‒ATO heterostructure with dot, rod and lamella shaped TiO2 and (b) electron
lifetime as a function of open circuit voltage (Voc) derived from the Voc decay rates.
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Figure 6.1.13. Diagram of relative energy levels of QD, TiO2 and ATO at pH 0 and
possible charge carrier pathway
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Figure 6.1.14. (a) TEM images of CdS sensitized-rod TiO2-ATO fabricated by
SILAR method (Inset shows magnification of a) and (b) Chopped J-V curves under
Solar simulator illumination. (scan rate of 20 mV/s)

Figure 6.1.15. Time course of H2 evolution for photoelectrochemical device
equipped with CdS sensitized rod TiO2-ATO electrode as working electrode. The
applied potential was fixed to 0.6 V vs. RHE. The gas phase was evacuated at every
1 h after startup.
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6.1.3 Fe2O3‒ATO photoanode for solar water oxidation
A hematite (α-Fe2O3) has the short hole diffusion length (2-20 nm) and
poor carrier mobility, which limits its charge separation and collection
efficiency as a PEC anode[228]. Therefore, the combination of the doping and
nanoarchitecturing methods has been regarded as a promising approach to improve
the PEC performance of the α-Fe2O3 photoanode [215,229-233]. However, it is still
difficult to control both the morphology and doping-level simultaneously in a wet
chemical route that is simple, inexpensive, and scalable for industrial production
[234,235]. It is due to critical morphology changes, such as an agglomeration by a
dopant source [232]. In this chapter, a Sn self-doped, three dimensional (3D) αFe2O3 nanorod nanostructure was proposed by using a conductive ATO nanobelt
array as a dopant source and a backbone. Sn atoms were successfully diffused from
ATO nanobelts to Fe2O3 nanorods by post annealing at relatively low temperatures
(650 oC). The Sn doped and hierarchical α-Fe2O3 nanostructure yields a superior
PEC performance than the doped or branched α-Fe2O3 electrodes.

Doping effect
In order to incorporate the Sn from the ATO nanobelts into the α-Fe2O3
nanorods, as-prepared Fe2O3‒ATO nanostructures were post-annealed at 650
o

C for 24 h. Figure 5.1.16 shows the EDS mapping of as-prepared and post-
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annealed Fe2O3‒ATO, clearly demonstrating that Sn elements were
successfully implanted into the α-Fe2O3 nanorods in the post-annealing
process. Quantitative EDS point analysis indicates that the atomic ratio of Sn
incorporated into Fe sites is found to be about 0.2% in the α-Fe2O3 nanorods
after post annealing. However, no Sn signal was detected in the α-Fe2O3
nanorods from the as-prepared sample. EDS line-scan across the Fe2O3
nanorod was also conducted to confirm the distribution of Sn dopant in Fe2O3
matrix. Figure 5.1.17 show the EDS line-scan on the Fe2O3‒ATO postannealed at 650 oC for 24 h. As shown in Figure 5.1.17b, Fe element is
located at the branch while Sn element is placed at the nanobelt. Interestingly,
Sn element also existed in Fe2O3 nanorod region and amount of Sn dopant in
Fe2O3 nanorod steadily decreased from root to edge (Figure 5.1.17c). It
clearly demonstrates that Sn atoms were diffused from SnO2 nanobelt to
Fe2O3 nanorods through post-annealing.
The effect of Sn doping on the electronic property of α-Fe2O3 nanorods was
investigated by Mott-Schottky analysis in the dark. The flatband potential (Efb)
of a semiconductor can be estimated from the intercept of the Mott-Schottky
plot as in the following equation:
1

=

2
𝑁

(𝐸 − 𝐸𝑓 −

𝑇

)

(5)

where C is the specific capacitance (F/cm2), q is the electron charge, ε is the
202

dielectric constant of the material, ε0 is the permittivity of the vacuum, ND is
the carrier density, E is the applied potential, k is the Boltzmann’s constant,
and T is the temperature (K). Figure 5.1.18 shows the Mott-Schottky plot for
Fe2O3‒ATO nanostructures before and after post annealing at 650 oC (denoted
as FS-BP and FS-AP, respectively). For comparison, α-Fe2O3 nanorods
deposited on the FTO glass substrate before and after post annealing at 650 oC
(denoted as FF-BP and FF-AP, respectively) were also observed. While the Efb
for Fe2O3‒FTO remains constant (0.6 V/RHE) consistent with literature value
[236], that for Fe2O3‒ATO increases from 0.6 V to 0.46 V due to post
annealing. This can reveal that Sn elements are effectively doped into α-Fe2O3
lattice at Fe2O3‒ATO nanostructures. Moreover, the negative shift of Efb in
FS-AP indicates that α-Fe2O3 was doped n-type, suggesting that the Sn4+
dopants are incorporated at the Fe3+ sites [237].
The apparent carrier densities of Fe2O3‒ATO nanostructures were also
evaluated by the Mott-Schottky analysis (summarized in Table 5.1.1). The
carrier density (ND) of a semiconductor is inversely proportional to the slope
of the Mott-Schottky plot as known in equation (1). Assuming that the
dielectric constant of α-Fe2O3 is 80 in all samples, the ND for FF-BP and FFAP is calculated to be 5.7×1018 cm-3 and 8.1×1018 cm-3, respectively, which
are comparable to the reported value for undoped hematite [238,239]. In the

203

case of α-Fe2O3/SnO2, the carrier density dramatically increases from 1.7×1021
cm-3 to 4.7×1021 cm-3 after post annealing, implying that Sn4+ dopants were
effectively doped into the Fe3+ lattice and served as an electron donor. The FSBP also has a much larger carrier density than the Fe2O3‒FTO, which is
attributed to the high carrier concentration (>1020 cm-3) of the ATO nanobelt
[53]. An increased flatband potential and carrier concentration in FS-AP
reveals that the development of Sn self-doped, nanobranched α-Fe2O3 3D
structure was achieved.
It is interesting that the Sn elements were well doped into α-Fe2O3 nanorods
under the relatively low temperature of 650 oC. According to previous reports
where conventional α-Fe2O3 films were deposited on the FTO glass substrate,
high temperature annealing above 800 oC is required for the sufficient
diffusion of Sn from the FTO glass substrate to the Fe2O3 compound [240],
leading to severe glass distortion [241]. Sn elements in the FTO start to
diffuse in small amount at 650 oC, inducing the little increase of photocurrent
[232]. Therefore, 650 oC is expected to be an optimized doping temperature to
minimize glass distortion. As discussed previously the doping amount at 650
C was too small to increase the electronic property of Fe2O3‒FTO. In contrast

o

doped Sn sufficiently affected the electronic property and increased the flat
band potential and carrier concentration of Fe2O3‒ATO at 650 oC. The ATO
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nanobelts function as an abundant dopant source as well as the conductive
backbone.

Optical property
The optical characteristics of Fe2O3‒FTO and Fe2O3‒ATO after post
annealing were measured at a wavelength range from 300 to 800 nm. The
CBD reaction was fixed to 4 h for both samples. Figure 5.1.19 shows the
transmittance, reflectance, and absorption with scattering (A+S) spectra of
FF-AP and FS-AP. Both samples have similar reflectance properties above the
bandgap of α-Fe2O3 (λ < 620 nm), but different transmission and absorption
spectra. FS-AP exhibits less transmittance and high absorption properties than
FF-AP. The light absorption with scattering over a wavelength range from 300
nm to 620 nm is 82 and 91 % for FF-AP and FS-AP, respectively.
Furthermore, a nonzero baseline was observed for both samples over 620 nm,
which is due to the scattering events in the α-Fe2O3 nanorods [242]. This
significant light scattering in the FS-AP increases the light absorption path
length. Consequently, this induces the higher absorption property in
comparison with FF-AP. Therefore, the 3D branched α-Fe2O3 nanostructure is
beneficial to light absorption, which is attributed to an increase of lightscattering by the introduction of hierarchically structures.
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Photoelectrochemical performance
Linear sweep voltammograms were collected for Fe2O3‒ATO and
Fe2O3‒FTO samples in a three-electrode PEC device. Figure 5.1.20 depicts a
set of photocurrent-potential (J-V) curves from FS-BP and FS-AP
photoanodes fabricated for 2 h, 4 h, and 12 h in CBD method. For as-prepared
(FS-BP) samples, the photocurrent increases as the reaction time increases.
After post annealing, all three samples achieved significantly enhanced
photocurrent density: 0.66, 0.88 and 0.82 mA/cm2 at 1.23 V vs. RHE for 2h,
4h, and 12 h, respectively. PEC behavior through post-annealing condition
(different annealing time and temperature) was also investigated using αFe2O3/SnO2 prepared for 4 h in CBD method (Figure 5.1.21). As shown in
Figure 5.1.21a, the photocurrent level increased as annealing time increased.
As annealing temperature increased, the photocurrent level also increased and
saturated at 700 oC. Because glass distortion occurred at 700 oC, it was
concluded that optimum post-annealing temperature and time is 650 oC and
24 h, respectively. The photoresponse of Fe2O3‒FTO samples were measured
in the same conditions for Fe2O3‒ATO, as shown in Figure 5.1.20b. Although
the values were still low, the photocurrents in as-prepared (FF-BP) samples
increased by post annealing. The photocurrents of FF-AP for 2h, 4h, and 12 h
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are 0.19, 0.28, and 0.12 mA/cm2 at 1.23 V vs. RHE, respectively. These
results suggest that the great increase of the PEC performance in FF-AP can
be attributed to the highly increased Sn doping ratio. Moreover, the best
photocurrent value in FS-AP (0.88 mA/cm2 for 4 h) is 3 times higher than that
in FF-AP (0.28 mA/cm2 for 4 h). It is noteworthy that these photocurrent
levels could be achieved by low temperature (650

o

C) annealing. As

comparison with other hematite electrodes post-annealed at same condition
(650 oC), this value (0.88 mA/cm2) is relatively high [215,232,240,241]. It
indicates that doped and branched structures effectively improve PEC
performance.
The PEC performance improvements in Fe2O3‒ATO photoanodes can be
described in terms of three main factors: structural, optical, and electronic
property. Fe2O3‒ATO has a well-assembled and branched nanostructure,
which can enlarge the surface contact area with an electrolyte. Additionally, a
vertically aligned backbone and dense arranged branch lead to the significant
light scattering that increases the light absorption property. Furthermore, the
conductive ATO backbone can assist the transport of electrons from each αFe2O3 nanorods to the counter electrode. Because ATO nanobelts are also an
abundant dopant source, the beneficial electronic property of α-Fe2O3
nanorods can be obtained by self-doped Sn after annealing at a relatively low
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temperature (650 oC).
To understand the electron dynamics in Fe2O3‒ATO, electrochemical
impedance spectra (EIS) analysis was conducted under solar illumination.
Figure 5.1.22 shows the Nyquist plots for FF-BP, FF-AP, FS-BP and FS-AP at
1.23 V/RHE. It is well known that semicircles in the frequency range of 1 to
1000

Hz

conform

to

the

charge

transfer

resistance

at

the

semiconductor/electrolyte interface. For both FF and FS samples, postannealed electrode gave smaller semicircles than the as-prepared, indicating
that self-doped Sn has substantially lower charge transfer resistance. In
addition, FS-AP has the lowest charge transfer resistance, which means that
the photogenerated holes in FS-AP could easily transfer to an electrolyte,
which is explained by two aspects: band bending and electrical conductivity.
Given that hematite has a small hole diffusion length (~2 nm) [243] and short
excited state lifetime (~1 ps) [244], most of the photo-induced electron-hole
pairs recombine very quickly. Thus, significant anodic bias is required to
effectively move the electrons and holes within the space charge layer [245].
Because Sn doped α-Fe2O3 has a higher flat band potential than the undoped,
valence band bending on the surface of doped α-Fe2O3 is much steeper than
the undoped at the same voltage. Therefore, the voltage drop for the hole
transfer becomes larger in Sn doped α-Fe2O3 than undoped, inducing low hole
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transfer resistance. The carrier generation from Sn dopant improves the
electrical conductivity of α-Fe2O3, promoting the electron transport in Sn
doped α-Fe2O3. Thus, residual holes that avoid recombination with electrons
can accumulate at the α-Fe2O3 surface and drive water oxidation.
Consequently, the low hole transfer resistance of post annealed Fe2O3‒ATO is
attributed to the enhanced flat band potential and carrier density in α-Fe2O3
nanorods by self-doped Sn from SnO2 nanobelt.
In terms of structural, optical, and electronic property, the result that the 4 h
sample exhibit the best PEC performance compared to the other samples (2 h
and 12 h) could be interpreted. In viewpoint of structural property, as CBD
reaction time increased, thickness and length of Fe2O3 increased, but length
and density of ATO nanobelt decreased (Figure 4.3.2). Thus, surface areas of
Fe2O3‒ATO were almost saturated at 4 h and 12 h samples. In addition,
absorption properties were also saturated at 4 h and 12 h samples. Doping
level from EDS spectra was calculated to be 0.2 at% in both 4 h and 12 h
samples. So, 4 h and 12 h samples exhibit higher PEC performance than 2 h
sample. As mentioned above, Fe2O3 nanorod of 4 h sample is slightly thinner
than that of 12 h sample. Therefore, slightly higher value (0.88 mA/cm2) of 4
h sample than that (0.82 mA/cm2) of 12 h sample is attributed that 4 h sample
has relatively short hole diffusion path from Fe2O3 nanorod to electrolyte.
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Although Sn-doped hematite nanobranched electrodes in this study possess
the enhanced structural, optical, and electrical properties compared to those
from other studies, the products in this study show a lower photocurrent
density than the previous research for several reasons [230,232,238,241,246248]. First of all, doping concentration is lower than previous value. The
samples in current study were doped by only low temperature annealing,
whereas chemical and physical doping processes were used in early reports.
Also, as discussed above, there is a trade-off between morphological merits
(surface area and absorption property) and demerit (hole diffusion path from
Fe2O3 nanorod to electrolyte) in this branched structure. Further study is
needed to determine the optimum Fe2O3 nanorod length for achieving superior
PEC performance.
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Table 6.1.1. The electrical properties of Fe2O3‒FTO at 4 h before and after post
annealing at 650 oC and Fe2O3‒ATO for 4 h before and after post annealing at 650
o

C. (ε: dielectric permittivity, Efb: flat band potential, ND: carrier concentration)

𝜀

Efb

ND

(V / RHE)

(cm-3)

Fe2O3‒FTO BP

80

0.6

5.7×1018

Fe2O3‒FTO AP

80

0.6

8.1×1018

Fe2O3‒ATO BP

80

0.6

1.7×1021

Fe2O3‒ATO AP

80

0.46

4.7×1021
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Figure 6.1.16. EDS elemental Mapping of a Fe2O3‒ATO at 12 h (a) before and (b)
after post annealing at 650 oC during the 24 h. Scale bar : 200 nm
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Figure 6.1.17. (a) A Dark field STEM image of Fe2O3‒ATO for 12 h, (b) the EDS
line-scan across the Fe2O3 branch revealing the concentration and distribution of Fe,
Sn, and O, and (c) magnified EDS line-scan indicating the Sn distribution in the
Fe2O3 nanorod.
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Figure 6.1.18. (a) Mott-Schottky analysis of Fe2O3‒FTO at 4 h (a) before and (b)
after post annealing at 650 oC and Fe2O3‒ATO for 4 h (c) before and (d) after post
annealing at 650 oC under frequency of 500 Hz.
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Figure 6.1.19. Optical characterization of a Fe2O3‒FTO and Fe2O3‒ATO at 4 h after
post annealing at 650 oC during the 24 h : (a) Transmittance (T), (b) reflectance (R)
and (c) absorbance plus scattering (A + S = 100 – R – T) properties. A vertical line
presents the 620 nm wavelength conforming to the bandgap of α-Fe2O3.
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Figure 6.1.20. (a) J-V curves collected for Fe2O3‒ATO photoanodes prepared for a
different reaction time before and after post annealing (650 oC and 24 h), with a scan
rate of 10 mV/s, 1 M NaOH electrolyte (pH 13.6) and AM 1.5G simulated solar light
at 72 mW/cm2. (b) J-V curves of α-Fe2O3 nanorods on the FTO substrate at different
times before and after post annealing (650 oC and 24 h) under same conditions.
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Figure 6.1.21. (a) J-V curves collected for Fe2O3‒ATO photoanodes prepared at 100
o

C for 4 h, with a scan rate of 10 mV/s, 1 M NaOH electrolyte (pH 13.6) and AM

1.5G simulated solar light at 72 mW/cm2. Each sample was post-annealed at 650 oC
for different reaction time (6 h, 12 h and 24 h). (b) J-V curves of Fe2O3‒ATO
photoanodes prepared at 100 oC for 4 h. Each sample was post-annealed for 24 h at
different temperature (550 oC, 600 oC, 650 oC and 700 oC).
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Figure 6.1.22. Nyquist plots of a Fe2O3‒ FTO at 4 h (a) before and (b) after post
annealing at 650 oC and a Fe2O3‒ATO at 4 h (c) before and (d) after post annealing at
650 oC under 1.23 V/RHE.
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6.2 Li ion battery
6.2.1 TiO2‒ATO anode for Li ion battery
Electrochemical performance of both TiO2 and SnO2
The TiO2‒ATO nanostructure samples with the 130-nm-length TiO2
nanorod branches were subjected to electrochemical evaluation. The Li
electroactivities of the pure ATO nanobelts and TiO2‒ATO nanostructured
electrodes were confirmed by cyclic voltammograms (CVs) shown in Figure
5.2.1. CVs were performed over the voltage window of 2.5–0.0 V versus
Li/Li+. The appearance of CV profiles obtained at two electrodes was similar
to that given in other reports on the SnO2 films and nanostructured
electrodes [41, 42]. A large irreversible reduction peak observed near 0.53V
during the first cathodic process may be ascribed to the formation of solid
electrolyte interface (SEI) layer and/or partial decomposition of active
material structures. In subsequent cycles, two pairs of peaks corresponding
to c/c (0.55 V/0.7 V) and d/d (0.16 V/0.55 V) were obviously observed in
the CV profile (Figure 5.2.1a and b). These are related to the formation of
LixSn according to the following process: [249,250]
Sn + xLi+ + xe– → LixSn (0 ≤ x ≤ 4.4)
Other pairs of peaks marked by a/a (1.26 V/1.94 V) and b/b (0.87 V/1.34
V) were derived from Li2O formed through the following reaction: [250,251]
219

SnO2 + 4Li+ + 4e– → 2Li2O + Sn
It should be noted that second reaction is generally considered to be an
irreversible reaction. However, some researchers reported recently that the
reaction was reversible to some extent [251,252]. As observed after the first
cycle, the redox peaks of the pure ATO nanobelt electrode (Figure 5.2.1a)
decreased faster compared to those of the TiO2‒ATO nanostructured
electrode (Figure 5.2.1b), while the current density of the former was higher
than that of the latter. Based on these results, it is found that TiO2 nanorod
branches can bring about an improvement of the cyclability of the ATO
nanobelt electrode.
To evaluate the electrochemical performance of the pure ATO nanobelt and
TiO2‒ATO nanostructured electrodes, typical voltage-specific capacity
curves were recorded at a current rate of C/5 (Figure 5.2.2). The metallic Sb
reacts with Li by an alloying mechanism [253,254]. However, in this work,
the contribution of Sn dopant to the electrochemical performance of the
TiO2‒ATO nanostructured electrodes was not considered because its atomic
concentration was very low (below 1 at%). In the case of the pure ATO
nanobelt electrode, the first specific discharge capacity reached ~1138 mA h
g-1. Such abnormally high discharge capacity was attributed to the
irreversible decomposition of SnO2 into active Sn nanodomains and inactive
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Li2O matrix, as evidenced by the voltage plateau observed near 0.75 V
(Figure 5.2.2a), and the irreversible formation of a SEI layer [255,256].
Although discharge-charge properties of the pure ATO nanobelt electrode
were stabilized after a large irreversible reaction in the first cycle, the
specific capacity decreased gradually upon prolonged cycling (Figure 5.2.2a).
In the case of the TiO2‒ATO nanostructured electrode, the appearance and
tendency of the voltage-specific capacity profile were similar to that of the
ATO nanobelt electrode (Figure 5.2.2b), indicating both electrodes reacted
with Li by the same mechanism. However, in the initial cycles, the
TiO2‒ATO nanostructured electrode delivered lower specific capacity
compared to the pure ATO nanobelt electrode because of the capacity
contribution of TiO2 nanorods with low theoretical capacity. It is noteworthy
that the theoretical capacity of the TiO2‒ATO nanostructured electrode
calculated on the basis of ATO and TiO2 mass was 528 mA h g-1.
Figure 5.2.3 shows the variation of the discharge-charge specific capacity
versus the cycle number at a rate of C/5, based on the theoretical capacity of
each electrode, for the pure ATO nanobelt and TiO2‒ATO nanostructured
electrodes. In region I shown in Figure 8, the specific capacity of the pure
ATO nanobelt electrode (592 mA h g-1 in the 40th cycle), which surpassed
the values that have been reported on ATO-based electrodes [150,152]. It
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was higher than that (432 mA h g-1 in the same cycle) of the TiO2‒ATO
nanostructured electrode because of higher theoretical capacity. However, its
reversible capacity faded slightly faster compared to that of the TiO2‒ATO
nanostructured electrode. This is ascribed to the volume expansion of ATO
nanobelts occurring during Li insertion/extraction. Subsequently, in region II,
the specific capacity of the ATO nanobelt electrode faded drastically from
592 mA h g-1 (40th cycle) to 92 mA h g-1 (70th cycle) because of the
pulverization of the ATO nanobelts induced by the limits of alleviating
volume change. In contrast to the ATO nanobelt electrode, the TiO2‒ATO
nanostructured electrode exhibited superior cycle retention in regions I and
II. In particular, it was confirmed that the specific capacity between two
electrodes was reversed in the 54th cycle, indicating longer cycle life of the
TiO2‒ATO nanostructured electrode, as seen in Figure 8. The inset of Figure
8 shows cycling performance measured by considering the area (0.785 cm2)
of the TiO2‒ATO nanostructured electrode at a current density of 135 mA
cm-2 during 50 cycles. The TiO2‒ATO nanostructured electrode exhibited
superior cycle stability and a high reversible capacity of 318 mA h cm-2 after
50 cycles, which were better than SnO2/TiO2-based electrodes with various
morphologies reported previously [65-67].
Additionally, the TiO2‒ATO nanostructured electrode demonstrated

222

outstanding rate capabilities, as depicted in Figure 5.2.4. The electrode
delivered high reversible discharge capacities of 740 mA h g-1 at 0.1 C, 635
mA h g-1 at 0.2 C, 545 mA h g-1 at 0.5 C, 460 mA h g-1 at 1 C, and 340 mA h
g-1 at 3 C, which surpassed the values reported on SnO2/TiO2 nanotube
electrodes [65,66] and were comparable to pure ATO nanopowder electrodes
reported previously [151]. Moreover, the TiO2‒ATO nanostructured
electrode cycled with a high Coulombic efficiency of ~95% at 0.1 C, ~96%
at 0.2 C, ~95% at 0.5 C, ~94% at 1 C, and ~90% even at 3 C. Furthermore,
the capacity of the TiO2‒ATO electrode was higher compared with that of
the pure ATO electrode under high rate above 1 C (Figure 5.2.5), indicating
that the rate performance can be enhanced by nanosized rutile TiO2
decoration.
The aforementioned superior electrochemical performance of the
TiO2‒ATO nanostructured electrodes can be explained by a variety of
beneficial factors: (i) the TiO2 nanorods could efficiently mitigate the severe
volume expansion of the ATO nanobelts occurring during the Li-alloying/dealloying process. (ii) The epitaxial relationship between ATO nanobelts and
TiO2 nanorods facilitates the formation of structures without defects such as
dislocations in the interface, resulting in the minimization of electron loss,
thereby enhancing Li storage. (iii) As is known, the Sb incorporation into
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SnO2 nanobelts produced advantageous effects such as the inducement of
high electronic conductivity and enhanced formation, restrained crystallite
growth, and efficient dispersion into amorphous Li2O matrix of metallic Sn
nanoparticles formed during cycling [150-153].
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Figure 6.2.1. Cyclic voltammograms of the (a) pure ATO nanobelt and (b)
TiO2‒ATO nanostructured electrodes at scanning rate of 0.3 mV s-1 in the first ten
cycles.
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Figure 6.2.2. Charging-discharging curves of the (a) pure ATO nanobelt and (b)
TiO2‒ATO nanostructured electrodes at a rate of C/5.
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Figure 6.2.3. Variation of the discharge-charge specific capacity versus the cycle
number at a rate of C/5 for the pure ATO nanobelt and TiO2‒ATO nanostructured
electrodes. Inset shows cycling performance of the TiO2‒ATO nanostructured
electrode measured by considering area of the electrode at a current density of 135
mA cm-2.
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Figure 6.2.4. Specific capacity versus cycle number of the TiO2‒ATO
nanostructured electrode cycled ten times at every C-rate (0.1 C, 0.2 C, 0.5 C, 1 C,
and 3 C) and its corresponding Coulombic efficiency.

Figure 6.2.5. Specific capacity versus cycle number of ATO nanobelts and
TiO2‒ATO electrodes cycled ten times at every C-rate (0.1 C, 0.2 C, 0.5 C, 1 C, and
3 C).
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Electrochemical performance of only TiO2
To investigate the electrochemical performance of only TiO2 nanorods in
TiO2–ATO nanostructured electrode, the voltage-specific capacity curves
over the voltage window of 2.5–1.0 V versus Li/Li+ was recorded (Figure
5.2.6). The cell was galvanostatically cycled at various C rates which was
increased sequentially from 0.1 C to 2 C (1 C = 168 mA g-1 based on the
reaction, TiO2 +0.5Li = Li0.5TiO2) [26]. High discharge capacities of 267 and
214 were obtained at the rate of 0.1 and 0.2, indicating that 0.79 (Li 0.79TiO2)
and 0.64 (Li0.64TiO2), respectively, of Li ions were inserted into the TiO2.
Moreover, there was no clear plateau, which is frequently generated due to a
two phase intercalation process in TiO2 [164]. These unusual high-capacity
and sloped charge-discharge potential curves could be attributed to solid
solution behavior of the nanosized TiO2 particles [26,165,166] and different
thermodynamics of insertion reaction from bulk TiO2 [167,168]. The
theoretical capacity of SnO2 is 782 mAh g-1 but the lithium electroactivity of
the sole ATO nanobelts was negligible in the voltage range from 2.5 to 1.0 V
(Figure 5.2.7), which means that ATO nanobelts in these TiO2–ATO
nanostructured electrodes just act as a conducting paths [26]. Thus, the
specific capacities in Figure 5.2.6 were mainly originated from TiO2
nanorods in this voltage range. Therefore, the present TiO2 nanorods with
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about 20 nm diameter and 130 nm lengths in the TiO2–ATO nanostructures
can be expected to achieve high-capacity delivery.
Furthermore, the high capacity retention and rate capability of the TiO2–
ATO nanostructures were clearly demonstrated as shown in Figure 5.2.8.
They exhibited large reversible capacity of 175 mAh g-1 at a c-rate of 0.5 C,
which is higher than the theoretical specific capacity (168 mAh g-1). Also,
high cycling stability was verified by extremely low average capacity fading,
~0.1% per cycle under every 10 cycle at all different rates of 0.1, 0.2, 0.5, 1,
and 2 C. In addition, specific capacity of the electrode was maintained even
after 150 cycles. (Figure 5.2.9) It is proposed that the excellent cycling
stability and rate capabilities of TiO2–ATO nanostructures may be attributed
to superior charge collection properties due to the highly conductive 1-D Sb
doped SnO2 nanobelts and low TiO2/SnO2 interface resistance due to their
epitaxial relationship as well as large surface area of TiO2 branches.
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Figure 6.2.6. Charging-discharging curves of the TiO2–ATO at various C-rate (0.1 C,
0.2 C, 0.5 C, 1 C, and 2 C).

Figure 6.2.7. Charging-discharging curves of the ATO nanobelts electrode over 1.0
– 2.5 V.
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Figure 6.2.8. Specific capacity versus cycle number of the TiO2–ATO electrode
cycled ten times at every C-rate (0.1 C, 0.2 C, 0.5 C, 1 C, and 2 C).

Figure 6.2.9. Specific capacity versus cycle number of the TiO2-ATO electrode
cycled ten times at every C-rate (0.1 C, 0.2 C, 0.5 C, 1 C, 2 C, 3 C, 6 C, and 10 C)
over 1.0–2.5 V.
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6.2.2 VO2‒ATO cathode for Li ion battery
Electrochemical properties of the VO2‒ATO nanostructured electrodes were
evaluated as a cathode for Li ion battery within the voltage range of 1.5 – 3.5
V. Figure 6.2.10 shows the discharge−charge specific capacity versus the
cycle number at a rate of 100 mA g-1 for the VO2‒ATO electrodes. A very
high and stable reversible capacity of about 350 mAh g-1, even higher than
the theoretical value (320 mAh g-1 for Li1.0VO2), is achieved at initial cycles
and stabilized at about 300 mAh g-1 even after 80 cycles, delivering 86%
capacity retention. This superior performance of VO2‒ATO is not only
higher than the value measured from VO2 (M) bulk powder electrode, but
also surpassed the all values that have been reported on VO2 (M)-based
electrodes [186,257]. More remarkably, the VO2‒ATO demonstrates fast
discharging and charging capability (Figure 6.2.11), where the electrode
delivered reversible discharge capacities of 230 mA h g-1 at 500 mA g-1 and
196 mA h g-1 at 2000 mA g-1. It is one of the most outstanding performances
in VO2 nanostructures even containing different polymorphs such as VO2 (B)
or VO2 (A) (Table 6.2.1).
The excellent electrochemical performance of VO2‒ATO heterostructured
electrodes is attributed to geometrical and structural benefits. Cyclic
voltammograms (CVs) confirmed that Li insertion/extraction reactions occur
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during charging-discharging process in VO2‒ATO (Figure 6.2.12), where the
cathodic peak at around 2.4V and anodic peak at around 2.7V indicate the
insertion and desertion of Li+ ions, respectively [258-260]. It is well known
that rutile structures show only a low amount of volume change, e.g. 4% in
rutile TiO2, during Li insertion/extraction, which could mitigate a structure
collapse and improve the cycle retention [26]. Similarly, in VO2‒ATO
system, it was obviously observed that morphology and structure of VO2
nanobranches could be maintained after charging-discharging process
(Figure 6.2.13), which is due to rutile crystal structure of VO2. Figure 6.2.14
compares the voltage-specific capacity curves of VO2‒ATO and VO2 (M)
bulk powder in the range from 1st to 80th cycle. Flat plateaus are observed
in all charge/discharge curves of both heterostructure and bulk materials,
corresponding to lithium insertion and extraction reactions of LixVO2 [260262]. The VO2‒ATO has a more sloped profile relative to the bulk powders,
which could be explained in terms of the pseudocapacitive Li+ insertion
behavior that is often observed for nanostructured materials [262]. In this
mechanism, the surface of nanostructure acts as a solid solution host to Li+
insertion, which is dominated by the fast charge-transfer processes rather
than slow diffusion-controlled Faradaic insertion processes; it may attribute
the high rate capabilities of VO2-ATO. Pseudocapacitive charging also
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contributes the increase of the overall capacity of the nano-sized material
[183,262], and the higher discharge capacity of VO2‒ATO rather than
theoretical value at initial few cycles could be interpreted in this manner.
Because Li diffusion behavior in rutile is highly anisotropic, e.g. diffusion
coefficient of Li ion in rutile TiO2 is 10-6 cm2 s-1 along the c-direction while it
is only 10-15 cm2 s-1 in the ab-plane [261], Li diffusion proceeds dominantly
through the c channels in rutile structure [263]. As shown in Figure 6.2.14c,
VO2 nanobranches were grown along tetragonal [001] direction in VO2‒ATO
rutile heterostructure, providing the effective Li channels along c-axis.
Therefore, the high reversible capacities, cycle stability and rate capabilities
of VO2‒ATO are attributed to several factors based on structural and
geometrical benefits of 3-D heteroepitaxial nanostructure as follow. (i) All
regions of VO2 branches could be reacted with Li ions by the nanometric
scale morphology and effective Li diffusion channels provided by linear
growth along c-axis, inducing the high capacity. (ii) Heteroepitaxial structure
could be maintained during Li insertion/extraction by well-aligned array of
nanobranches and low volume expansion of rutile VO2, enhancing the cycle
retention. (iii) Electron transport and transfer could be promoted by high
conductive 1-D pathway of ATO nanobelt and large contact area with
electrolyte of nanobranches, respectively, improving the rate capabilities.
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Table 6.2.1. Comparison of the electrochemical performance with various reported
VO2-based cathode materials for Li-ion batteries.

Voltage
Materials

Structures

Cycles
V

Current
density

Capacity

-1

-1

Ref.

mA g

mAh g

VO2 (B)

Hollow
microsphere

4.5 - 1.5

50

50

220

[264]

VO2 (B)

Powder

3.5 - 1.0

20

1 mA
cm-2

300

[180]

VO2 (B)

PowderCarbon belt

4.0 - 1.5

100

50

153

[260]

VO2 (B)

PowderCNT

3.25 - 1.0

100

323

170

[258]

VO2 (B)

PowderGraphene

3.5 - 1.5

1000

37200

200

[179]

VO2 (B)

PowderLNCMO

3.5 - 2.0

25

12.5

200

[265]

VO2 (B)

PowderR-Graphene

3.5 - 2.0

200

160

133

[266]

VO2 (B)

Nanoparticles

4.0 - 1.5

20

0.5 mA
cm-2

260

[267]

VO2 (B)

Nanorod

3.5 - 1.5

17

-

75

[182]

VO2 (B)

Nanorod

4.0 - 1.5

47

0.1

108

[268]

VO2 (B)

Nanorods

3.5 - 1.5

30

150

100

[269]

VO2 (B)

Nanowire

3.5 - 2.0

50

50

180

[183]
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VO2 (B)

Nanowire

3.0 - 2.0

600

500

104

[270]

VO2 (B)

NanowireCNT

3.5 - 1.5

100

323

150

[177]

VO2 (B)

Nanobelt

4.0 - 1.5

50

50

107

[271]

VO2 (B)

Nanobelt

3.25 - 1.5

60

200

125

[272]

VO2 (B)

Nanobelt

4.0 - 2.0

50

100

116

[273]

VO2 (B)

Nanofibers

4.0 - 1.5

1

C/55

334

[274]

VO2 (B)

NanoribbonGraphene

3.0 - 0.0

50

0.1

380

[259]

VO2 (B)

NanotubeGraphene

4.0 - 1.5

20

40

350

[275]

VO2 (B)

Nanosheet

4.0 - 1.5

50

20

200

[276]

VO2 (B)

NanosheetCNT

4.0 - 1.5

50

50

151

[277]

VO2 (B)

NanosheetN-Graphene

3.5 - 1.5

50

50

251

[278]

VO2 (A)

Nanowire

4.0 - 1.5

50

90

116

[185]

VO2 (M)

Nanoparticle

4.0 - 1.5

15

C/11

230

[186]

VO2 (M)

NanobeltCarbon

4.0 - 1.5

50

50

60

[257]

VO2 (M)

Heteroepitaxial
3-D branch

3.5 - 1.5

60

2000

196

This
work
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Figure 6.2.10 The discharge−charge specific capacity versus the cycle number for
VO2‒ATO heterostructure and VO2 (M) bulk powder, which was operated at a rate
of 100 mA g-1 over a voltage window between 3.5 and 1.5 V. VO2‒ATO
heterostructure prepared for 3 h was used as cathode.
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Figure 6.2.11 Specific capacity versus the cycle number for VO2‒ATO cathode
cycled 10 times at different current density (50, 100, 200, 500, 1000 and 2000 mA g1

) over a voltage window between 3.5 and 1.5 V.
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Figure 6.2.12 Cyclic voltammograms of electrodes for (a) VO2‒ATO and (b) VO2
(M) bulk powder at a scanning rate of 0.3 mV s−1 in the first 6 cycles.
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Figure 6.2.13 (a) Typical TEM image of the discharged VO2‒ATO heterostructured
electrodes after 55 cycles. (b) Magnified HRTEM image of a VO2‒ATO at the
discharged state (extraction of Li+) after 55 cycles.
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Figure 6.2.14 Charging−discharging curves of electrodes for (a) VO2‒ATO and (b)
VO2 (M) bulk powder at a rate of 100 mA g-1. (c) Illustration of Li ion diffusion and
electron transport in VO2‒ATO heterostructures based on rutile crystal structure.
Crystallography of rutile type VO2 projected along c-axis was also presented, in
which the tunnel can function as pathway for the diffusion of Li + ions during Li
insertion/extraction.

242

Chapter 7. Conclusion
Three dimensional (3-D) heteroepitaxial nanoarchitectures composed of
transparent conducing oxide (TCO) backbones and metal oxide branches
were fabricated, and their electrochemical properties in energy conversion
and storage devices such as photoelectrochemical (PEC) cells and Li-ion
batteries were explored to create a fundamental understanding of
optimization and design in metal oxide based electrodes for enhancing
their energy conversion efficiency and long-term stability.
The rutile based heteroepitaxial structure was selected as a conceptual
model to fully and systematically understand the epitaxial growth
mechanism in a 3-D heterostructure. In order to develop thermally and
chemically stable 1-D backbone that can withstand harsh solution synthesis
conditions, rutile SnO2 was selected as the 1-D TCO material. Vertical
aligned and conductive 3.2% Sb-doped SnO2 (ATO) nanobelts were
fabricated on both the FTO glass and Ti substrate by the vapor-liquid-solid
mechanism. The ATO nanobelt arrays were well connected with the
substrate and have low resistivity of approximately 9.7 × 10-2 Ω cm. Sb
doping played a significant role in imposing both verticality and
conductivity on SnO2 nanobelts. To clear the effect of the epitaxial
relationship between the backbone and branch on 3-D growth mode, TiO2,
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Fe2O3, and VO2 were deposited on ATO nanobelts by surfactant-free wetchemical routes. Dendritic growth occurred in TiO2 and Fe2O3, which
induced

hierarchically

branched

TiO2–ATO

and

Fe2O3–ATO

heterostructures. TEM analysis indicated that both TiO2 and Fe2O3
nanorods were epitaxially grown on all four ATO nanobelt sides like wheel
spokes. From crystallographic and interfacial analysis, the tilted and selfaligned TiO2 and Fe2O3 nanobranches were found to minimize surface
energy and lattice mismatch. Detailed nanobranch growth mechanism was
also investigated in TiO2–ATO as a representative structure. A highdensity, uniform, and epitaxial TiO2 nanobranch can be grown on ATO
nanobelts by a facile chemical bath deposition (CBD) method at low
temperatures (25 ~ 50 oC); this is partially attributed to the epitaxial
relationship between rutile TiO2 and rutile SnO2. The addition of an acid
like HNO3 acts as a novel morphology control agent and offsets the
disadvantages of the CBD method (i.e., the slow reaction time and nonuniform particle formation). The specific concentration of HNO3 in the
solution induced low TiO2 solubility in the solution due to poor ligand
affinity of the NO3- and non-electrically charged H+ complex, leading to a
high precipitation rate and diffusional-controlled growth. Therefore,
uniform and short TiO2 NRs with approximately 20 nm diameter and an
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average 100 nm length became attached to the ATO nanobelt. The high
HNO3 concentration induced a slow precipitation rate due to the low
hydrolysis rate caused by NO3- and positively charged complex caused by
H+, which retarded the homogenous nucleation and promoted abnormal
hetero growth. Thus, long TiO2 NRs with average 700 nm length became
attached to the ATO nanobelt. The length of the TiO2 NRs was easily
adjustable from 20 nm to 700 nm via the reaction time. For VO2, linear
growth occurred that induced the two-fold branched VO2–ATO
heterostructure. XRD and TEM analysis revealed that VO2 nanorods with
(101) preferred orientation grew on the {101} sides of the ATO nanobelts.
Additionally, VO2 nanorods were tensile-strained along the tetragonal baxis due to lattice-mismatch of ~3% between SnO2 (020) and VO2 (020) dspacing that induced well-matched atomic arrangement at the interface
between VO2 (101) and SnO2 (101). On the other hand, the atomic
arrangement remained unmatched at the interface between VO2 (010) and
SnO2 (010) due to a relatively large lattice-mismatch of ~8%. As VO2
nanorod length increased, the VO2 epitaxial strain was released.
Consequently, epitaxial strain affects the preferred orientation of VO2
nanorod on ATO nanobelts. Furthermore, the epitaxial strain effect also
reduced the MIT temperature of VO2 nanorods from 68 oC to 55 oC due to
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compressive strain along the c-axis (~0.2%). For the first time, the
epitaxial strain effect on the 3-D nanobranch growth was revealed through
linear growth of VO2-ATO heteroepitaxial nanostructures.
In addition, the 3-D heteroepitaxial nanoarchitecturing of metal oxide was
proposed for efficient charge transfer and transport of PEC cells and Li-ion
batteries. Vertical and defect-free single crystal ATO nanobelt arrays with
100 nm diameter and 25 μm length were selected with two types of TiO 2–
ATO nanostructures (core-shell structures and heteroepitaxially branched
structures) applied to PEC cells. Both core-shell and branch structures
showed efficient charge transport properties by 1-D TCO. The solar to
hydrogen efficiency of branch structures is 0.93% (at 0.68 V vs. RHE),
which is twice that of core-shell structures (0.41 % at 0.61 V vs. RHE).
This difference was attributed to efficient charge transfer properties of the
direct rod pathway. The epitaxially branched TiO2–ATO heterostructures
were sensitized by CdS quantum dots as the visible-light absorber and each
CdS–TiO2–ATO synthesis step was modulated (i.e., ATO, TiO2, and CdS
dimensions) to optimize every conversion efficiency – light harvesting,
charge collection, and charge transport efficiency that were mainly related
to the absorber (CdS), branch (TiO2), and backbone (ATO), respectively.
Among the various TiO2 morphologies, the rod TiO2-ATO heterostructure
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showed better PEC performance than the dot and lamella TiO2 types at the
same CdS QDs loading, which are mainly attributed to high surface areas
and efficient pathways. Photoelectrodes made using optimized CdS–TiO2–
ATO had a saturated photocurrent density of 7.75 mA/cm2 at 0.4 V vs.
RHE under simulated solar light illumination, which surpasses all
previously reported values for PEC performance based on CdS-sensitized
nanostructures. A Fe2O3–ATO was also applied to PEC cells. Surprisingly,
Sn4+ was considerably diffused and self-doped into the α-Fe2O3 lattice at
low annealing temperatures (650 oC) so that each α-Fe2O3 nanorod was
directly junctioned with SnO2 nanobelts. An increase in the flat band
potential (from 0.6 V to 0.46 V/RHE) and carrier density (from 1.7×10 21 to
4.7×1021) was achieved by incorporating Sn4+ into α-Fe2O3 nanorods. In
optimum conditions, the Sn doped α-Fe2O3/SnO2 nanostructure achieved a
photocurrent density of 0.88 mA/cm2 at 1.23 V vs. RHE under simulated
solar light illuminations, which is 3 times higher than that for α-Fe2O3
nanorods on a FTO glass substrate. The improved PEC performance is
attributed to enhanced structural, optical, electrical, and doping effects
such as larger surface area, more effective light absorption, higher
conductive one dimensional pathway, and higher flat band potential &
donor density.
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In addition to PEC application, TiO2–ATO and VO2–ATO heteroepitaxial
structures were proposed to apply to anode and cathode Li-ion batteries,
respectively. ATO nanobelt arrays with 10 μm length were selected and
TiO2–ATO with short TiO2 nanorods (100 nm length) was applied to the
Li-ion battery anode. When assembled cells were galvanostatically cycled
between 2.5 – 0.01V, both SnO2 and TiO2 took part in Li
insertion/extraction and the synergetic effect was observed between SnO2
and TiO2. While the sole ATO nanobelt electrode’s specific capacity faded
drastically from 592 mA h g-1 in the 40th cycle to 92 mA h g-1 in the 70th
cycle, the TiO2–ATO electrode exhibited superior cycle retention (432
mAh g-1 in the 40th cycle and 251 mAh g-1 in the 70th cycle). In addition,
the TiO2–ATO electrode delivered high reversible discharge capacities of
340 mA h g-1 at 3 C, which surpassed the values reported on TiO2– SnO2
heterostructured electrodes. Furthermore, the TiO2–ATO electrode cycled
with a high Coulombic efficiency of ~95% under all applied current
densities. This synergistic performance originated from advantageous
geometric and structural features involving the mitigation of huge volume
change and heteroepitaxial growth as well as doping effects deriving high
electronic conductivity of the backbone and efficient dispersion of Sn
nanodomains formed during cycling. When the cells operated between 2.5
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to 1.0 V, the specific capacities originating only from TiO2 nanorods could
be obtained. Consequently, the TiO2–ATO electrode exhibited large
reversible capacity of 175 mAh g-1 at 0.5 C, which is higher than the
theoretical specific capacity of rutile TiO2 (168 mAh g-1). A high cycling
stability was also verified by extremely low average capacity fading of
~0.1% per cycle every 10 cycles at all different rates of 0.1, 0.2, 0.5, 1, and
2 C. In addition, the specific capacity of the electrode was maintained even
after 150 cycles. The excellent cycling stability and rate capabilities of
TiO2–ATO heterostructures was attributed to superior charge collection
properties by the highly conductive 1-D pathway and low TiO2/SnO2
interface resistance by their epitaxial relationship as well as large surface
area of TiO2 branches. A VO2–ATO was also applied to Li-ion batteries as
the cathode. Interestingly, the outstanding specific capacity and cycling
stability of 307 mA h g-1 after the 70th cycle were evaluated at a rate of 100
mA g-1, which is near the theoretical specific capacity of VO2 (320 mAh g1

). The superior rate capabilities of 196 mA h g-1 at 2000 mA g-1 was

observed, in which extremely low average capacity fading was evaluated.
These excellent electrochemical properties surpassed the reported values
on vanadium based electrodes and VO2 (M) based electrodes, which are
attributed to a higher active area due to well-aligned nanobranches ,
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effective Li diffusion by 1-D channel along the [001] direction and
superior charge collection properties by the conductive 1-D backbone.
Design and development of 3-D heteroepitaxial nanoarchitectures can
lead to a structural-factor-optimizable nanostructure with high conductive
channel, large surface area, and low interfacial resistance. Additionally, the
synthetic strategy suggested in this thesis will improve the electrochemical
performance, which can be extended to other TCO, metal oxide, and multijunction nanostructures. Therefore, these findings will significantly
contribute to the development of advanced electrodes and create
breakthroughs in energy conversion and storage devices.
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초

록

본 연구에서는 에너지 변환 및 저장 디바이스에서의 전기화학적
특성을 향상시키기 위하여 투명 전극 줄기와 금속 산화물 가지로
구성된 삼차원 이종 적층 나노구조체를 설계하고 합성하였다. 합성된
이종 적층 나노구조 전극의 전기화학적 특성을 평가하였고, 이들의
공간적, 구조적 요소와 전기화학적 특성과의 상관관계를 심도 있게
다루었다.
에너지

구체적으로,

시스템에서

재생가능한

대표적인

태양에너지로부터

에너지

변환

및

생산된

저장

수소

디바이스인

광전기화학 셀(photoelectrochemical cells) 및 리튬 이차전지 (Li-ion
batteries)에

관하여

연구하였다.

이러한

광전기화학

셀

및

리튬

이차전지가 실제 활용 되기 위해서는 현재 그들의 낮은 효율과 낮은
장기간 안정성 문제를 극복해야만 한다. 두 디바이스에서 금속 산화물
전극 재료는 전하 전달 및 이동을 위한 핵심 구성 요소이며, 그들의
구조 제어 및 효율적 디자인으로 효율 및 안정성 개선을 이룰 수 있을
것으로 예상된다. 나노구조체, 특별히 3 차원 나노구조체는 높은 전하
전달 및 이동 특성을 갖는 것으로 알려져 있지만 현재 금속 산화물의
나노구조화는 제작 방법이나 구조 개선 모두의 측면에서 한계에 도달한
것으로 판단되며 높은 전하 전달 및 이동 효율을 위해서는 새로운 접근
방식이 필요하다. 본 연구에서는 이러한 점에 착안하여 높은 전하 전달
및 이동 효율을 위해 두 가지 전략을 제시하였다. 첫째로, 일차원
투명전극 줄기를 적용하여 금속 산화물로부터의 효과적인 전하 추출 및
이동 효율을 갖게 하는 것이다. 둘째로, 결함 없는 계면과 자가 조립된
배열을

갖는

삼차원

이종

적층

나노구조체를

제작하여

전기화학

디바이스의 특성을 향상시키는 것이다.
먼저 삼차원 나노구조화에서의 적층 성장에 대한 체계적인 연구를
위해

루타일(rutile)

결정구조를

기반으로

하는

이종적층

구조를

선택하고 분석하였다. 열적 및 화학적으로 안정한 루타일 SnO2 에
Sb 를 도핑함으로써 일차원 투명전극 줄기를 제작하였다. 이러한 Sbdoped SnO2 (ATO) 나노벨트는 FTO 유리 및 Ti 기판에 수직으로
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성장하였고 금속 수준의 전도도를 가졌는데 이는 독특한 Sb 도핑
거동에 기인하는 것으로 밝혀졌다. 이종적층 성장이 나노줄기의 합성에
미치는 영향을 근본적으로 이해하기 위해 다양한 금속 산화물 – TiO2,
Fe2O3, VO2 –을 ATO 나노벨트 위에 용액 공정으로 합성하였다. TiO2
및 Fe2O3 나노막대는 ATO 나노벨트의 모든 면에 방사형으로 성장한
반면,

VO2

나노막대는

ATO

나노벨트의

옆면

에서만

선형으로

성장하였다. 구조분석을 통하여 이러한 방사형 및 선형 성장은 모두
계면에서의 격자 불일치에 기인함을 밝혔다. TiO2 및 Fe2O3 의 경우
줄기와 가지 사이의 격자 불일치가 기울어 성장한 나노가지에 의해
최소화 되었고, 이는 방사형 성장을 유도하였다. VO2 의 경우 격자
불이치는 변형된 나노줄기에 의해 최소화 되었고, 이는 선형 성장을
유도하였다. 나노막대의 에피택셜 변형은 VO2 의 금속-절연체 전이
온도를 낮추었고, 이는 c 축으로의 압축변형 (~0.3%)에 기인하였다.
둘째로, 광전기화학

셀

및

리튬

이차전지에서

이종적층

나노

구조화가 금속 산화물 전극의 전하 전달 및 이동 특성에 미치는 효과를
연구하였다. TiO2–ATO Core-shell 구조와 이종 적층 가지화된 구조의
비교연구를 통해 가지화된 구조가 잘 배열된 나노막대에 의해 향상된
전하 전달 특성을 가짐을 확인하였고, 이로 인해 가지화된 구조는
Core-shell 구조보다 두 배 높은 효율을 나타내었다. 추가적으로,
구조적 요소가 최적화된 나노구조체를 실현하기 위하여 CdS–TiO2–ATO
2

다중접합 나노 구조체를 개발하였고, 태양광에서 7.75 mA/cm 의 포화
광전류를 얻을 수 있었다. Fe2O3 나노막대의 형상 및 전자 특성을
동시에 제어하기 위해 Fe2O3–ATO 의 후열처리 연구를 진행한 결과,
4+

SnO2 나노벨트로부터 Fe2O3 로 확산된 Sn

이온에 의해 Fe2O3 의 플랫

밴드 전위와 전하농도가 효율적으로 증가하였으며, 이로 인해 전하
전달 특성이 향상됨을 알아내었다.
또한 TiO2–ATO 와 VO2–ATO 이종적층 구조체를 리튬 이차전지에서의
장기

안정성

둘러쌓여진

향상을
TiO2

위한

구조로

나노막대의

제안하였다.

조합으로

인해

ATO

나노벨트와

음극에서의

싸이클

유지특성과 방전용량비를 향상되는 시너지 효과가 발생하였고, 이는
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공간적 구조적 유리함에 기인하였다. 흥미롭게도 TiO2 나노막대에서만
생성된 비용량은 거의 TiO2 의 이론용량에 근접했으며 150 싸이클
이후에도 유지되었다. 같은 방식으로, 두드러진 방전용량비와 싸이클
안정성이 VO2–ATO 양극에서 관찰되었다. TiO2–ATO 와 VO2–ATO 에서
향상된 전기화학적 특성은 일차원 전도성 줄기에 의한 우수한 전하수집
특성과 나노막대 안에 [001] 방향으로 형성된 1 차원 확산 채널에 의한
효과적인 Li 이동에 기인하였다.
현재까지 서술한 바와 같이 본 연구는 광전기화학 셀 및 리튬
이차전지에서의 전하 전달 및 이동 특성 개선을 위해 일차원 투명전극
줄기 위에 이종적층으로 형성된 금속산화물 가지의 합성 및 제어에
초점을 맞췄으며 현재 직면해 있는 에너지 변환 및 저장 디바이스의
문제점을 해결하고 돌파구를 마련할 수 있는 가능성을 제시 하고자
하였다.

주요어: 나노 구조, 이종 구조, 에피텍셜, 삼차원, VLS 메커니즘,
화학적 용액성장, 주석산화물, 투명 전도성 산화물, 이산화 타이타늄,
산화철, 이산화 바나듐, 광전기화학, 리튬 이온 배터리, 사이클 특성.
학 번: 2007-22950
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