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Abstract of Dissertation

Crystalline TiO; nanostructures have been facilely grown on titanium foil via anodization
and solvothermal processes and their morphological, structural, and optical properties have
also been characterized. Photocatalytic and photovoltaic activities of TiO, nanostructures

have been measured using the degradation of an organic dye under Xe-lamp irradiation.

Chapter 1 describes highly ordered and regularly porous anatase TiO, nanotube arrays
grown by anodizing Ti foil in mixed viscous solvents of ethylene glycol and glycerol. By
changing the volume ratio of two solvents, we have controlled the structural and
morphological properties of TiO, nanotube arrays. Our prepared TiO, nanotube arrays have
been found to have enhanced (004) planes, which are reactive in catalysis reactions. Among
our prepared samples, TiO, nanotube arrays grown in 2:1 (v/v) ethylene glycol and glycerol
have shown the best photocatalytic activity for the degradation of methylene blue and the

highest photovoltaic conversion efficiency of 4.08%.

Chapter 2 reports anatase-rutile cocrystalline TiO, nanoblossoms fabricated via a one-
step solvothermal process on Ti foil in mixed solvents of water and ethylene glycol. We have
controlled the morphological, structural, and optical characteristics of TiO, nanoblossoms
easily by changing the volume ratio of water and ethylene glycol. Cocrystalline structures of
our prepared TiO, nanoblossoms act as nanoscale p-n junctions, which help to enhance the
catalysis reactions. In particular, TiO, nanoblossoms grown in the 1:1 volume mixture of

water and ethylene glycol show the best photocatalytic activity.



Keywords: TiO,, anodization, nanotube arrays, viscous solvents, solvothermal,

nanoblossoms, nanoscale p-n junction, photoelectric

Student Number: 2011-23234



Contents

Abstract of Dissertation i
List of Figures and Tables 1

Chapter 1. Facile Fabrication of Anatase TiO, Nanotube Arrays Having High

Photocatalytic and Photovoltaic Performances by Anodization of Titanium in

Mixed Viscous Solvents 5
1.1. Abstract 6
1.2. Introduction 7
1.3. Experimental Section 10
1.4. Results and discussion 13
1.5. Conclusions 24
1.6. Acknowledgments 25
1.7. Supporting Information 26
1.8. References 28

Chapter 2. Enhanced Photocatalytic Performances of Cocrystalline TiO,

Nanoblossoms by the Effect of Nanoscale p-n Junctions 32
2.1. Abstract 33
2.2. Introduction 34

2.3. Experimental Section 37



2.4.
2.5.
2.6.
2.7.
2.8.

Appendicies

Results and discussion

Conclusions

Acknowledgment

Supporting Information

References

A.1l. List of Presentations

Abstract (Korean)

39

49

50

51

53

57

57

58



List of Figures and Tables
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electrolyte solutions of EG and glycerol with R values of (a) 0, (b) 0.5, (c) 1, and (d) 2. The
insets, where each scale bar indicates 500 nm, show the FESEM top-view images of the

corresponding TiO, nanotube arrays.

Figure 1-2. (a) TEM image, (b) HRTEM image, and (c) FFT pattern of a TiO, nanotube

array grown on Ti foil in a 1:1 mixture solution of EG and glycerol.

Figure 1-3. HRXRD patterns of TiO, nanotube arrays grown on Ti foil in mixture
electrolyte solutions of indicated R values. The standard diffraction lines of bare Ti foil and

anatase TiO; are also shown for comparison.

Figure 1-4. Extinction spectra of the aqueous colloidal solutions of TiO, nanotube arrays
grown on Ti foil in mixture electrolyte solutions of indicated R values. The right graphs
indicate Kubelka-Munk plots after removal of scattering from the extinction spectra to find

band-gap energies indicated in the units of eV.

Figure 1-5. Photoluminescence spectra of TiO, nanotube arrays grown on Ti foil in mixture

electrolyte solutions of indicated R values. TiO, arrays were suspended in water and excited



at 266 nm.

Figure 1-6. (a) Photocatalytic absorption spectral changes of methylene blue(aq) in the
presence of TiO, nanotube arrays grown at R = 1 with elapsed times indicated in the units of
min. (b) First-order kinetic plots for the photocatalytic degradation of methylene blue in the
presence of TiO, nanotube arrays grown at R values of (diamonds) 0, (closed triangles) 0.5,
(circles) 1, and (squares) 2. The kinetic plot of crosses was obtained in the absence of TNAs
while the plot of open triangles was measured in the absence of light with the presence of
TNAs grown at R = 0.5. The rate constants obtained from the best-fitted lines are given in

Table 1-1.

Figure 1-7. Current density-voltage characteristics of DSSCs wearing a light mask based
on TiO, nanotube arrays grown on Ti foil in mixture electrolyte solutions of indicated R

values.
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Table 1-2. Photovoltaic operation parameters of DSSCs wearing a light mask produced with

TiO, nanotube arrays grown on Ti foil in mixture electrolyte solutions of EG and glycerol



Figure 2-1. (a) TEM image and (b,c) HRTEM images of TiO, nanoblossoms grown on Ti
foil in a mixture solvent of water and EG with f, = 0.5. The HRTEM image and the FFT
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Figure 2-2. FESEM images of TiO, nanoblossoms grown on Ti foil in mixture solvents of

water and EG with f,, values of (a) 0.4, (b) 0.5, and (c) 0.6. Each scale bar indicates 1 pm.

Figure 2-3. HRXRD patterns of TiO, nanoblossoms grown on Ti foil in mixture solvents of
water and EG with indicated f,, values. The standard diffraction lines of anatase and rutile

TiO; are also shown for comparison. The asterisks indicate diffraction peaks of bare Ti foil.

Figure 2-4. Absorption spectra of the aqueous colloidal solutions of TiO, nanoblossoms
grown on Ti foil in mixture solvents of water and EG with indicated f,, values. The right
graphs indicate Kubelka-Munk plots after removal of scattering from the extinction spectra to

find the band gap energies indicated in the units of eV.

Figure 2-5. Photoluminescence spectra of TiO, nanoblossoms grown on Ti foil in mixture
solvents of water and EG with indicated f,, values. TiO, nanoblossoms were suspended in

water and excited at 266 nm.
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presence of TiO, nanoblossoms grown at (a) fy = 0.5 and (b) f, = 1 with elapsed times
indicated in the units of min. (c) First-order kinetic plots for the photocatalytic degradation of
methylene blue in the presence of TiO, nanoblossoms grown at f,, values of (diamonds) 0.4,
(triangles) 0.5, (circles) 0.6, and (squares) 1. The kinetic plot of crosses was obtained in the
absence of TiO, nanoblossoms. The rate constants obtained from the best-fitted lines are

given in Table 2-1.
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foil in mixture solvents of water and EG



Chapter 1. Facile Fabrication of Anatase TiO, Nanotube Arrays Having High
Photocatalytic and Photovoltaic Performances by Anodization of Titanium in

Mixed Viscous Solvents



1.1. Abstract

Highly ordered, vertically aligned, one side-opened, and regularly porous anatase TiO;
nanotube arrays have been facilely grown by anodizing Ti foil in mixed viscous solvents of
ethylene glycol and glycerol. By changing the volume ratio of two solvents, we have
controlled the structural properties of TiO, nanotube arrays such as tube diameters, wall
thicknesses, and tube lengths. Our prepared TiO, nanotube arrays have been found to have
enhanced (004) planes, which are reactive in catalysis reactions. We have demonstrated that
TiO; nanotube arrays grown in 2:1 (v/v) ethylene glycol and glycerol have the lowest band-
gap energy and the largest mean crystallite diameter. TiO, nanotube arrays grown on Ti foil
have been directly employed for photocatalytic materials and the working electrode of
photovoltaic dye-sensitized solar cells. Among our prepared samples, TiO, nanotube arrays
grown in 2:1 (v/v) ethylene glycol and glycerol have shown the best photocatalytic activity
for the degradation of methylene blue and the highest photovoltaic conversion efficiency of

4.08%.



1.2. Introduction

The controlled fabrication, characterization, and application of nanometer-sized materials
with functional properties have been studied extensively. Particularly, semiconductor
nanostructures have been intensively investigated to enhance their applications in diverse
fields such as optoelectronics, transistors, and catalysts.>® Among semiconductor materials,
TiO; has been widely used in hydrogen generation, gas sensing, photocatalyis, dye-sensitized
solar cells (DSSCs), and biomedical applications'®** because of its wide band-gap energy
(3.2 eV for the anatase structure and 3.0 eV for the rutile structure). Furthermore, TiO, could
be utilized as photocatalysts in aqueous conditions because its conduction-band position (-0.3
eV) is more negative than the reduction potential of hydrogen (0 eV). The waste water
produced in textile and dye industry has a very bad effect on the environment due to their
large discharge volume and toxic composition. With the development of dye industry, the
treatment of waste water containing dyestuffs has become increasingly important." The
decomposition of these organic pollutants using photocatalysts is considered to be the most
efficient green method for the management of organic pollutants. And, it has also been
demonstrated that water can be electrochemically photolyzed into hydrogen and oxygen by
using a semiconducting TiO- electrode.’® Upon absorption of photons, a TiO, photocatalyst
generates electron-hole pairs, called excitons, which are transferred to water subsequently.
The transferred electrons initiate the reduction of protons to produce hydrogen while the
transferred holes initiate the oxidation of water to produce oxygen. Generated excitons in the
TiO, photocatalyst might also go through unwanted recombination. To prevent exciton
recombination, the photocatalyst should have good crystallinity.*®?° Other advantages of TiO,
such as excellent electron mobility and good adsorption affinity toward organic molecules

could allow TiO, to be used widely in applications.
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Various fabrication methods of crystalline TiO, nanostructures have been reported in
general: hydrothermal syntheses,®* microwave-assisted hydrothermal syntheses,?* chemical
vapor deposition,? sol-gel reactions,*” and electrochemical anodization processes. In
particular, anodization processes* have attractive advantages for the fabrication of TiO,
nanostructures; bare titanium is oxidized to produce titania with the form of nanotube arrays
having pores of <200 nm in diameter. These tubular structures having large surface areas can
be applied to membrane films; organic pollutants can be degraded through catalystic TiO;
nanotubes. It is very innovative that the organic pollutants are self-purified over passing
through a membrane catalyst with irradiation of light only.? In addition, the nanotube array
structures function as channels through which electrons and holes generated by irradiated
light can flow,?® making electrons and holes transferred easily to target materials in contrast
with aggregated nanoparticles. So, nanotube array structures receive special attention as
electrodes of photovoltaic cells in electrochemical approaches. In anodization processes, the
roles of electrolytes are very crucial because all the electrochemical reactions take place
within electrolyte solutions. Macéak et al.?” have demonstrated that the morphologies of TiO,
nanotube arrays depend on the type of electrolyte solutions; in glycerol-based electrolytes,
TiO, nanotube arrays having smooth walls grow up whereas nanotube arrays with very rough
and uneven walls grow up in aqueous electrolytes. In addition, Allam et al.?® have reported
that the crystallinity of TiO, nanotube arrays relys on the viscosity of the electrolyte solutions;
the crystallinity of the TiO, nanotube arrays increases with the increasing viscosity of
electrolytes. They have argued that ions have more time to migrate to crystalline lattice sites
when the electrolytes are more viscous. So, it is expected that TiO, nanotube arrays grown up
in an optimum electrolyte having an appropriate viscosity and a suitable molecular structure
would show best catalytic performances. In electrochemical anodizing processes, polyols

have been often employed as electrolyte solvents?’' because they could significantly
8



improve the regularity of anodized TiO, nanotube arrays.* In addition, polyols with multiple
hydroxyl groups have a good solubility of water which is used as the oxygen source in the
fabrication of TiO, nanotube arrays. Especially, ethylene glycol (EG) is widely used as an

electrolyte solvent?2633-35

owing to its low cost and easy approachableness. However,
treatment to enhance the physical properties and the applicative performances of TiO,
nanotube arrays via changing the composition of electrolyte solutions has not been reported
yet, although this method could be a very simple and facile idea to improve the diverse

properties of anodized TiO..

In this work, anatase TiO, nanotube arrays have been fabricated through the
electrochemical anodization of pure titanium foil in an NH4F-dissolved electrolyte solution
containing EG and glycerol with a certain ratio. We have found an optimum electrolyte
condition to make TiO, nanotube arrays with high photocatalytic and photovoltaic
performances. Furthermore, we have controlled the structure, the length, and the pore
diameter of TiO, nanotube arrays easily by changing the volume ratio of EG and glycerol.
The crystallinity of fabricated anatase TiO, nanotube arrays has been found to be the highest
in the electrolyte solution of 2:1 (v/v) EG and glycerol. TiO, nanotube arrays having the
highest crystallinity have the best photocatalytic activity for the degradation of an organic
dye under Xe-lamp irradiation and the highest photovoltaic power conversion efficiency of

4.08%.



1.3.  Experimental Section

Ti foil(s, 0.25 mm thick, >99.7%), Pt gauze(s, 100 mesh, >99.9%), NH4F(s, >98%),
methylene blue(s), H2PtClg(s), Lil(s), 1-butyl-3-methylimidazolium iodide(l), 12(s),
guanidinium thiocyanate(l), acetonitrile(l), valeronitrile(l) and 4-tert-butylpyridine(l) were
used as purchased from Sigma Aldrich. Ethylene glycol (EG, 1, >99%) and glycerol(l, >99%)
were purchased from Daejung Chemicals, N719 dye and Surlyn (SX1170-60) from Solaronix,
and Pt-coated fluorine-doped tin oxide (FTO) glass (8 Q sq™) from Pilnington. Deionized
water with a resistivity of >18 MQ c¢m from a Millipore Milli-Q system was used throughout

the experiments.

Prior to anodization, Ti foil was rinsed sequentially with acetone, ethanol, and water. To
grow TiO, nanotube arrays, anodization has been performed for 2 h in a two-electrode system
with Ti foil (1.5 cm x 1.5 cm) as the anode and Pt gauze (2.5 cm x 2.5 cm) as the cathode
under 60 V using a DC power supply (E3612A, Agilent Technologies). All the
electrochemical reactions were proceeded at 25 °C in a thermostatic water vessel. The
electrolyte consisted of 0.17 M NH4F and 2.0 vol% H,0 in EG and glycerol mixed at a
certain volume ratio of glycerol to EG (R). As-anodized TiO, nanotube arrays were washed in
ethanol, dried via N»(g) blowing, and annealed at 500 °C for 3 h with a temperature-rising

rate of 1 °C min.

The photocatalytic activities of our TiO, nanotube arrays have been evaluated by
monitoring the degradation of 1.2 ppm methylene blue in 10 mL water under light irradiation
of a 300 W xenon lamp (290 mW cm) with stirring continuously. Before being irradiated to
Xe lamp light, each sample was stirred in the dark for 2 h to allow it to reach a complete

adsorption-desorption equilibrium. To estimate the photovoltaic ability of our TiO, nanotube
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arrays, the energy-conversion efficiency of a DSSC with TiO;, nanotube arrays was measured.
For dye adsorption, the working electrode of TiO, nanotube arrays grown on Ti foil was
immersed in anhydrous ethanol containing 0.5 mM N719 dye® and kept at room temperature
for 24 h. The counter electrode was prepared by dropping 60 uL of 0.5 mM H,PtCls(aq) on
an FTO glass followed by being heated at 400 °C for 20 min in air. Then, the working
electrode of TiO, nanotube arrays on Ti foil and the counter electrode were placed to face
each other and the mutual distance was controlled to be 60 pm by using a Surlyn film. The
transmittance of Pt-coated FTO was 72% at 500 nm. The electrolyte consisted of 0.1 M
guanidinium thiocyanate, 0.5 M 4-tert-butylpyridine, 0.03 M 15, 0.02 M Lil, and 0.6 M 1-
butyl-3-methylimidazolium iodide in 85:15 (v/v) acetonitrile and valeronitrile.*”® The device
area of the dye-coated TiO; film was 0.220 cm?, and a light blocking mask was put on the

device for accurate measurements.

Field emission-scanning electron microscope (FESEM) images were obtained with an
FEI INSPECT F50 microscope, and transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) images and fast Fourier transform (FFT) patterns with a JEOL
JEM-3000F microscope. High-resolution X-ray diffraction (HRXRD) patterns were recorded
using a Bruker D8 DISCOVER diffractometer with Cu K, radiation (A = 0.154178 nm).
Extinction spectra were measured by using a Scinco S-3100 UV/vis spectrometer, and
emission spectra were obtained with a home-built fluorometer consisting of a Xe lamp of 75
W (Acton Research, XS432) with a monochromator of 0.15 m (Acton Research, Spectrapro-
150) and a photomultiplier tube (Acton Research, PD438) attached to a monochromator of
0.30 m (Acton Research, Spectropro-300). Photocurrent-voltage (I-V) measurements were
performed using a Keithley 2400 source measurement unit. A 300 W Xe lamp (Oriel

Instruments, TLS-300X) was used as the light source to irradiate the counter electrode side of

11



the fabricated DSSC. The light intensity was adjusted using an NREL-calibrated Si solar cell

equipped with a KG-5 filter to be AM 1.5G one sun light intensity approximately.
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1.4. Results and discussion

Figure 1-1. FESEM side-view images of TiO, nanotube arrays grown on Ti foil in
mixture electrolyte solutions of EG and glycerol with R values of (a) 0, (b) 0.5, (¢) 1, and
(d) 2. The insets, where each scale bar indicates 500 nm, show the FESEM top-view
images of the corresponding TiO, nanotube arrays.

Figure 1-1 shows that all the TiO, nanotube arrays (TNAs) grown on Ti foil in mixture
electrolyte solutions of EG and glycerol have highly ordered, vertically aligned, one side-
opened structures with uniform pores. Average inner diameters of TNAs were 61, 52, 44, and
37 nm and average wall thicknesses of TNAs were found to be 15, 15, 16, and 18 nm when R
values were 0, 0.5, 1, and 2, respectively. Thus, we have demonstrated that anodized TNAs
have smaller pores and thicker walls as they were grown at a higher value of R. In addition,
the lengths of the TiO, nanotube arrays have showed a tendency to decrease with the
increasing viscosity of the mixture electrolyte solution; the average lengths of the TiO;

13
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nanotube arrays were 18, 15, 9, and 6 um when R values were 0, 0.5, 1, and 2, respectively.
The observed characteristic properties of TNAs depending on R can be explained by the
variation of the diffusion coefficient of the charge carrier that depends on the viscosity of the
electrolyte solution. According to the Stokes-Einstein relation, the diffusion constant of a
substance is inversely proportional to the viscosity of the solvent. Thus, the diffusion of a
charge carrier becomes slow to decrease the current density of an electrochemical cell when
the electrolyte solution is viscous.”” The decrease of the current density could lead to the
decrement of oxygen supply, decreasing the oxidation rate of Ti(s) and consequently slowing
down the growth of TNAs.*? The chemically dissolving rate of the produced titania is also

slowed down®?%

to produce TNAs with small pores and thick walls. The high-magnification
side-view images of TNAs in Figure 1-S1 in the Supporting Information indicate that the
surfaces of TNAs become smoother with the viscosity increase of the electrolyte solution.
Irregular surfaces of TNAs can be explained by pH bursts at the pores of TNAs;? the
chemical-dissolution rate of TiO; is highly dependent on the pH value of the electrolyte
solution,®® and local acidification leads to a temporarily increased dissolution rate which
generates an irregular wall surface. Thus, pH bursts at the pore tips of TiO, nanotubes are
correlated with the irregularity of the wall surfaces of TNAs, although pH bursts can be
defused by increasing the viscosity of the electrolyte solution. Uniformly flat walls of TNAs

are considered to be essential from the point of view of optical devices, where light

transmission is severely reduced by diffuse scattering at morphological inhomogeneities.

The TEM image of Figure 1-2a suggests that our TNA has well-defined and highly
ordered nanotubes as shown in Figure 1-1. The HRTEM image of Figure 1-2b and the FFT
pattern of Figure 1-2c provide the microstructural details of our anatase TNA. The observed

lattice-fringe distance of 0.235 nm in Figure 1-2b agrees reasonably with the spacing of 0.237
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Figure 1-2. (a) TEM image, (b) HRTEM image, and (c) FFT pattern of a TiO, nanotube
array grown on Ti foil in a 1:1 mixture solution of EG and glycerol.

nm between the (004) planes of the reference tetragonal anatase TiO, crystal (JCPDS card no.
84-1286). The average d-spacing value of 0.235 nm observed from the FFT pattern of Figure
1-2c also corresponds reasonably with the standard spacing of 0.237 nm between the (004)
planes of the tetragonal anatase TiO,. The observed (004) planes of the anatase TiO;
nanotube arrays in Figure 1-2b are dominant in the {001} facets. It has been reported that the
order of the average surface energies is y{001} (0.90 J m?) > y{110} (0.53 I m?) >y{101}
(0.44 3 m?).**4" Although anatase TiO, nanoparticles exposing the {001} planes have hardly
been observed due to the minimization of the surface energy during a crystal-growth

6,42

process, " the TiO, nanotube of Figure 1-2b and ¢ shows the (004) planes dominantly.
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Figure 1-3. HRXRD patterns of TiO, nanotube arrays grown on Ti foil in mixture
electrolyte solutions of indicated R values. The standard diffraction lines of bare Ti foil
and anatase TiO, are also shown for comparison.

The HRXRD patterns in Figure 1-3 show that all our prepared TiO, nanotube arrays have

the tetragonal anatase TiO, structure with lattice constants of a=b =3.782 A and ¢ = 9.502
A (JCPDS card no. 84-1286). All the HRXRD peaks of TNAs can be indexed to the

standard peaks of the anatase TiO; structure showing a strong preferential orientation of the
(101) planes. Especially, the TiO, nanotube arrays grown in a mixture electrolyte solution
with R = 0.5 have the best crystallinity of the anatase structure. The high viscosity of
electrolyte solutions improves the crystalline quality of the resulting nanotube arrays by
affecting the degree of oxide dissolution.”* A low diffusion coefficient originated from the
high viscosity of electrolyte solutions allows a chance for atoms to move to stable positions.*®
For this reason, the crystallinity of the anodized TiO, nanotube arrays tends to increase with
the viscosity increase of electrolyte solutions. It has been reported that the crystallinity of
TNAs changes as a function of the viscosity of polyol electrolyte solutions; the intensity of
the anatase (101) reflection increases with the viscosity increment of polyol electrolyte
solutions.?® When the viscosity of the electrolyte is too high, the mobility of charge carriers in

the electrolyte is heavily slowed down, and it is rather hard for ions to find lattice sites. As a
16



result, TNAs grown with R = 2 have a poor crystallinity of the anatase structure. We can
extend this trend to the mean crystallite size of the anodized TiO, nanotube arrays, which can
be determined from the line width of a HRXRD peak by using the Scherrer’s equation.***°
The mean crystallite diameters of TNAs grown with R = 0, 0.5, 1, and 2 have been estimated
to be 30, 33, 32, and 20 nm, respectively, by using the (101) peak at 20 = 25.4°, supporting
that TNAs grown with R = 0.5 have the best crystallinity. (Table 1-1) Furthermore, the (004)
peak is most enhanced in the HRXRD pattern of TNAs grown with R = 0.5. For this reason,
the (004) planes have been observed easily in the HRTEM image of Figure 1-2b and in the
FFT pattern of Figure 1-2c. A high photocatalytic efficiency is expected for our TiO;
nanotube arrays having the {001} facets preferentially because the {001} facets having a
higher surface energy are more reactive for the dissociative adsorption of reactant molecules
than the {101} facets.”>*>*! The viscosity of the electrolyte solutions has been considered to
play a crucial role in the fabrication of TiO, nanotube arrays under anodization processes.?*
When the viscosity of the electrolyte is increased, the electrochemical oxidation of Ti foil, as
well as the chemical dissolution of the oxide layer, is further slowed down. This may provide
sufficient time for ions to move to the crystalline lattice sites at the thermodynamically stable
state. Surface atoms are not bonded to the maximum number of nearest neighbors, and the
bonds of these unsatisfied surface atoms give rise to a surface energy.*® Thus, the fact that the
{001} facets have the highest surface energy means that the bond energy of Ti in the (001)
planes is larger than that in any other planes, implying that the (001) lattice sites are
thermodynamically most stable. Thus, an appropriate viscosity of the electrolyte solutions

provides a chance for atoms to settle to the stable (001) lattice sites, increasing the proportion

of the (001) planes observed in the HRXRD patterns of TNAs.
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Table 1-1. Mean crystallite diameters (d), band-gap energies (Eg), maximum-PL
wavelengths (Amax), and photodegradation catalysis rate constants (k) of TiO, nanotube
arrays grown on Ti foil in mixture electrolyte solutions of EG and glycerol

R d from HRXRD E, d from E Amax k?
(nm) (eV) (nm) (nm) (™)
0 30 3.40 (365)" 24 347 (100)° 0.473
0.5 33 3.38 (367) 25 349 (68) 0.612
1 32 3.38 (367) 25 346 (79) 0.430
2 20 3.51 (353) 19 343 (98) 0.344

® The photodegradation rate constant in the absence of TiO, nanotube arrays is 0.078 h™ while the
degradation catalysis rate constant with TiO, arrays grown at R = 0.5 in the absence of light is 0.007 h. °
Band-gap energy in the units of nm. © Relative PL intensity.
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Figure 1-4. Extinction spectra of the aqueous colloidal solutions of TiO, nanotube
arrays grown on Ti foil in mixture electrolyte solutions of indicated R values. The right
graphs indicate Kubelka-Munk plots after removal of scattering from the extinction
spectra to find band-gap energies indicated in the units of eV.

The extinction spectra in Figure 1-4 show that the absorption edges of all our prepared

TNA:s are shifted slightly to the blue, compared with those of typical bulk TiO, materials, due
18



to the quantum confinement effect. However, the extinction spectrum of TNAs grown with R
= 0.5 0r 1 is less blue-shifted than that of TNAs grown with R = 0 or 2. This is attributed to
the large crystallites of TNAs grown with R = 0.5 and 1 as described with Figure 1-3. In the
Kubelka-Munk plots of Figure 1-4, the intercepts of dashed lines correspond to the band-gap
energies of as-prepared TiO, nanotube arrays.”” The band-gap energies of our TNAs have
been found to be in the range of 3.38 ~ 3.51 eV. (Table 1-1) It has been reported that the
band-gap energies of anatase TiO, materials are about 3.2 eV for bulk and usually 3.3 eV for
annealed crystalline TNAs.”® The larger band-gap energies of our TNAs, than the
conventional values of other TiO, structures, could be attributed to the quantum size effect.?
Coulombic interactions between electrons and holes cannot be neglected for nanoparticles.
When the particle size decreases, the electron becomes closer to the hole to have a higher
kinetic energy.*® This may result in splitting of energy bands into discrete quantized levels
and increasing of the band-gap energy.>® Very tiny crystal grains of our TNAs with diameters
of 20 ~ 33 nm could be expected to have the quantum size effect. Using the Brus equation®*?
and the band-gap energies of TNAs obtained from Figure 1-4, average crystallite diameters of
our TNAs grown with R =0, 0.5, 1, and 2 have been calculated to be 24, 25, 25, and 19 nm,

respectively. The tendency is similar to that in the mean crystallite diameters of TNAs

obtained from the HRXRD patterns of Figure 1-3.

The photoluminescence (PL) spectra of Figure 1-5 show that the dependence of the
maximum-PL wavelengths of TNAs on R values is very similar to that of the band-gap
energies of TNAs on R values. Especially, the PL spectrum of TNAs grown with R = 0.5 is
more red-shifted than any other TNAs (Table 1-1), also supporting that TNAs grown with R
= 0.5 have the best crystallinity. The PL spectrum of the anatase TiO, can be considered to

have three kinds of physical origins:>® self-trapped excitons, oxygen vacancies, and surface
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Figure 1-5. Photoluminescence spectra of TiO, nanotube arrays grown on Ti foil in
mixture electrolyte solutions of indicated R values. TiO, arrays were suspended in water
and excited at 266 nm.

states. Figure 1-5 and Table 1-1 indicate that the TNAs grown with R = 0.5 have weaker PL
than any other TNAs. This also suggests that our TNAs grown with R = 0.5 have the best-
defined -Ti-O- network of the anatase TiO, with a minimal amount of trap sites and oxygen
vacancies, and demonstrates that our TNAs grown with R = 0.5 have the best crystallinity of

the anatase structure, consequentially.

The photocatalytic absorption spectral changes of the aqueous solution of methylene
blue with time in Figure 1-6a show that the methylene blue dye was effectively degraded by
the photocatalysis of our TNAs. When photons were absorbed into the TNA photocatalyst,
generated holes were transferred to hydroxy | ions or water molecules to form hydroxyl
radicals subsequently. These generated hydroxyl radicals could oxidize methylene blue to
form Azure B, Azure A, Azure C, and thionine, etc., successively.>® Thus, the absorbance of
methylene blue was fallen down as time went on. Linear relationships in Figure 1-6b
demonstrate that the photocatalytic degradation of methylene blue goes after the first-order
kinetics of In(C/C,) = —kt.™>" The first-order kinetic plots of Figure 1-6b indicate that
the TiO, nanotube arrays grown with R = 0.5 have the most efficient photocatalytic activity.

The photodegradation rate constant in the presence of TNAs grown at R = 0.5 is 0.612 h,
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Figure 1-6. (a) Photocatalytic absorption spectral changes of methylene blue(aq) in the
presence of TiO, nanotube arrays grown at R = 1 with elapsed times indicated in the units
of min. (b) First-order kinetic plots for the photocatalytic degradation of methylene blue in
the presence of TiO, nanotube arrays grown at R values of (diamonds) 0, (closed triangles)
0.5, (circles) 1, and (squares) 2. The kinetic plot of crosses was obtained in the absence of
TNAs while the plot of open triangles was measured in the absence of light with the

presence of TNAs grown at R = 0.5. The rate constants obtained from the best-fitted lines
are given in Table 1-1.

whereas that in the absence of any TNAs is 0.078 h™, revealing the actual photocatalytic rate
constant of the TNAs grown with R = 0.5 becomes 0.534 h™. The enhanced photocatalytic
activity of TiO, nanotube arrays grown at R = 0.5 can be attributed to their appropriate tube

length, smooth wall surface, good crystallinity, and low band-gap energy. In particular, the
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highest crystallinity of TNAs grown with R = 0.5 having the high surface energy {001} facets
preferentially is considered to result in efficient photocatalytic performances. The degradation
rate constant of methylene blue in the absence of light with TNAs grown at R = 0.5 has been

found to be as small as 0.007 h™, indicating that light must be irradiated for TNAs to function

as a nanocatalyst.

10

J, (mAicm?)

Figure 1-7. Current density-voltage characteristics of DSSCs wearing a light mask
based on TiO, nanotube arrays grown on Ti foil in mixture electrolyte solutions of

indicated R values.

Figure 1-7 indicates the photovoltaic characters of the TiO, nanotube arrays wearing a
light mask while Figure 1-S2 and Table 1-S1 in the Supporting Information indicate those
without a light mask, suggesting that our TiO, nanotube arrays perform well as the working
electrode of DSSC. The photovoltaic parameters of DSSCs obtained from the J-V
characteristic profiles of Figure 1-7 are listed in Table 1-2 to show that the open circuit
voltages (Vo) have been found to be 731, 719, and 751 mV for DSSCs based on TiO,
nanotube arrays grown with R = 0, 0.5, and 1, respectively. However, the short-circuit current

density (Js) of 8.927 mA cm™? from DSSC with TNAs grown at R = 0.5 is higher than Js
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with any other TNAs. The highest current density can probably be attributed to the well-
defined anatase crystallinity and the large surface area of TiO, nanotube arrays grown with R
= 0.5 to absorb dye molecules most effectively.?>*"#%! |n addition, because the nanotube
array structures function as channels through which electrons and holes can move to the
working and the counter electrodes of DSSC,?® the best-defined anatase crystallinity of TNAs
grown at R = 0.5 can enhance the mobility of electrons and holes to induce the highest
current density. The low band-gap energy of TiO, nanotube arrays grown with R = 0.5 can
also allow the enhanced absorption of irradiated light, leading to the enhanced photocurrent
density. Table 1-2 summarizes that the TiO, nanotube arrays grown with R = 0.5 has the
highest power conversion efficiency of 4.08%. Thus, we suggest that the highest power
conversion efficiency using the TiO, nanotube arrays grown at R = 0.5 results from their
large surface area to absorb dye molecules on a large scale, their well-defined anatase
crystallinity to diminish electron-hole recombination, their highly ordered tubular structure to
enhance the mobility of electrons and holes, and their low band-gap energy to absorb more

photons.

Table 1-2. Photovoltaic operation parameters of DSSCs wearing a light mask produced
with TiO, nanotube arrays grown on Ti foil in mixture electrolyte solutions of EG and
glycerol

R Voo (MV) Ji (MA/cmM?) Fill Factor Efficiency
0 730.6 8.353 61.69 3.76%
0.5 719.1 8.927 63.56 4.08%
1 751.3 7.322 62.87 3.46%
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1.5. Conclusions

We have facilely fabricated highly ordered, vertically aligned, one side-opened, and
regularly porous anatase TiO, nanotube arrays (TNAS) by anodizing Ti foil in mixed viscous
solvents of ethylene glycol (EG) and glycerol. The properties of TiO, nanotube arrays have
been controlled well by changing the viscosity of the mixed electrolyte solution. TiO;
nanotube arrays having the highest photocatalytic and photovoltaic performances have been
fabricated at the optimum condition that the volume ratio of glycerol to EG (R) is 0.5. TiO,
nanotube arrays grown with R = 0.5 have been found to have the highest crystallinity and the
most enhanced (004) planes. Also, TNAs grown at R=0.5 have the lowest band-gap energy;,
the largest mean crystallite diameters, and the best-defined —Ti-O- network of the anatase
TiO, structure with a minimal amount of trap sites and oxygen vacancies. The best
photocatalytic activity of TNAs grown at R = 0.5 is attributed to their appropriate tube length,
smooth wall surface, well-ordered crystallinity, and low band-gap energy. The highest
photovoltaic conversion efficiency of 4.08% with TNAs grown at R = 0.5 as the working
electrode of a dye-sensitized solar cell has also been attributed to their large surface, well-

defined anatase crystallinity, highly ordered tubular structures, and low band-gap energy.
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1.7. Supporting Information

Figure 1-S1. FESEM side-view high magnification images of TiO, nanotube arrays

grown on Ti foil in mixture electrolyte solutions at R values of (a) 0, (b) 0.5, (c) 1, and (d)
2.

sC

J_ (mA/em’)

T T T
0 200 400 600 800
V__(mV)

Figure 1-S2. Current density-voltage characteristics of DSSCs without a light mask

based on TiO, nanotube arrays grown on Ti foil in mixture electrolyte solutions of
indicated R values.
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Table 1-S1. Photovoltaic operation parameters of DSSCs without a light mask produced
with TiO, nanotube arrays grown on Ti foil in mixture electrolyte solutions of EG and
glycerol.

R Voe (MV) Jic (MA/cm?) Fill Factor Efficiency

0 739.5 9.217 59.52 4.06%
0.5 722.3 9.675 62.47 4.37%

1 764.1 8.748 61.41 4.10%
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Chapter 2. Enhanced Photocatalytic Performances of Cocrystalline TiO,

Nanoblossoms by the Effect of Nanoscale p-n Junctions
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2.1. Abstract

Cocrystalline TiO, nanoblossoms having enhanced photocatalytic activities have been
facilely grown via a one-step solvothermal process on titanium foil in mixed solvents of
water and ethylene glycol. By varying the volume ratio of two solvents, we have controlled
the morphological, the structural, and the optical properties of TiO, nanoblossoms. Our
prepared TiO, nanoblossoms have been found to have both the anatase and the rutile crystal
structures acting as nanoscale p-n junctions, which help to enhance catalytic performances
via forming inner electric fields. In particular, TiO, nanoblossoms grown in the 1:1 volume
mixture of water and ethylene glycol have been found to have the best-defined nanoscale p-n

junctions, showing the best photocatalytic activity consequentially.
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2.2. Introduction

The synthesis, characterization, and application of functional nanomaterials have been
studied extensively.'™ Especially, the improvement of the chemical, electrical, and optical
performances of semiconductor nanostructures has attracted a great attention in various
applications such as catalysts, transistors, and optoelectronics.’® TiO, having a wide band-
gap energy (3.2 eV for the anatase and 3.0 eV for the rutile) has been extensively used in
biomedical applications, gas sensing, hydrogen generation, solar-energy conversion.’*** TiO,
has also been applied as photocatalysts to degrade organic pollutants with generation of
hydroxyl radicals in aqueous conditions. The valence band position (2.9 eV) of TiO,, which
is more positive than the reduction potentials of a hydroxide ion (1.98 eV) and water (2.81
eV), can allow to generate hydroxyl radicals in the presence of light. When photons are
absorbed into a TiO, photocatalyst, generated holes are transferred to hydroxide ions or water
to produce hydroxyl radicals subsequently. These generated hydroxyl radicals can oxidize
organic pollutants consequently to produce useful oxide substances such as carbon dioxide,
water, and acetone.”™® Untreated sewage produced in textile and dye industry adversely
affects the environment due to their high toxicity and large discharge volume. With the
development of industry, sewage disposal has become increasingly important." The self-
purification of organic pollutants using photocatalysts just requires irradiation of light, so it is

considered to be the most efficient green method for the treatment of organic pollutants.

Crystalline TiO, nanostructures have been synthesized via various approaches such as

% electrochemical anodization processes,* microwave-assisted

chemical vapor deposition,?
syntheses,? sol-gel reactions,?® and hydrothermal and solvothermal syntheses®*. In particular,

solvothermal syntheses of TiO, have attractive advantages such as environmental friendliness,
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easy scale upwardness, and low production cost.??" Especially, solvents can be changed
variously for products to have desirous characteristic properties in solvothermal syntheses.
Ethylene glycol (EG) has been most widely used as a solvent for syntheses of metal oxides
because of its strong reducing capability, high boiling point, and high solubility of inorganic
salts.?®* In addition, EG possessing two hydroxyl groups can dissolve water easily which is
used as the oxygen source of metal oxides. EG is also used to control morphological
properties of products; it has been reported that the use of EG as a solvent can induce
nanostructures to form chain-like complexes with appropriate metal cations, which could
readily aggregate into one-dimensional (1D) nanostructures within an isotropic medium.
Also, EG has relatively larger viscosity than other general solvents; the crystallinity of a TiO,
nanomaterial has been reported to rely on the viscosity of a solvent.?* So, it can be expected
that TiO, nanostructures grown up in a viscous solvent like EG would show enhanced
crystallinity and improved catalytic performances compared with formerly reported TiO,

nanostructures.?*

In this work, blossom-shaped TiO, nanoparticles having both the anatase and the rutile
crystal structures, acting as nanoscale p-n junctions, have been facilely fabricated via a one-
step solvothermal process using titanium foil in mixture solvents of water and EG at various
ratios. Because as-synthesized TiO, nanoblossoms were grown on Ti foil, they could be
directly and easily collected without employing any purification steps. We have controlled the
morphological, structural, and optical characteristics of TiO, nanoblossoms easily by
changing the volume ratio of water and EG. The proportion of the anatase structures in our
TiO, nanoblossoms has been increased as the fraction of water in solvents increases. We have
found that TiO, nanoblossoms grown in the 1:1 volume mixture of water and EG have well-

defined nanoscale p-n junctions, which form inner electric fields to induce the best
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photocatalytic activity for the degradation of an organic dye under Xe-lamp irradiation.
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2.3.  Experimental Section

Ti foil(s, 0.25 mm thick, >99.7%), H,0O,(aq, 30%), HF(aqg, 49%), and methylene blue(s) were
used as purchased from Sigma Aldrich, while ethylene glycol (EG, 1, >99%) was purchased
from Daejung Chemicals. Deionized water with a resistivity of >18 MQ cm from a Millipore

Milli-Q system was used throughout the experiments.

Prior to the fabrication of TiO, nanoblossoms, Ti foil was rinsed sequentially with
acetone, ethanol, and water. 20 uL of 30% H,0,(aq), 20 uL of 49% HF(aq), and Ti foil (10 x
20 mm?) were added in mixed solvents of water and EG with a certain volume fraction of
water (fo = Vwate/(Mwater + VEG)), and the resulting mixture was loaded into a Teflon-lined
stainless-steel autoclave of 50 mL capacity. The autoclave was placed in an oven at 180 °C
for 6 h and then cooled to room temperature. Prepared TiO, nanoblossoms could be collected
easily without employing any purification steps because they were grown on Ti foil without
being dispersed in solvents. As-synthesized TiO, nanoblossoms on Ti foil were washed with
water to get rid of reactant residues and annealed at 500 °C for 3 h with a temperature-rising
rate of 1 °C min™. The photocatalytic activities of our TiO, nanoblossoms have been
evaluated by monitoring the degradation of 7.2 ppm methylene blue in 2.0 mL of water under
light irradiation of 290 mW cm™ from a 300 W Xe lamp with stirring continuously. Before
being irradiated to Xe lamp light, each sample was stirred in the dark for 2 h to allow it to

reach a complete adsorption-desorption equilibrium.

Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) images
and fast Fourier transform (FFT) patterns were obtained with a JEOL JEM-3000F microscope,
while field emission-scanning electron microscope (FESEM) images with a JEOL JSM-

6700F microscope. High-resolution X-ray diffraction (HRXRD) patterns were recorded using
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a Bruker D8 DISCOVER diffractometer with Cu K, radiation (A = 0.154178 nm). Absorption
spectra were measured by using a Scinco S-3100 UV/vis spectrometer, and emission spectra
were obtained with a home-built fluorometer consisting of a Xe lamp of 75 W (Acton
Research, XS432) with a monochromator of 0.15 m (Acton Research, Spectrapro-150) and a
photomultiplier tube (Acton Research, PD438) attached to a monochromator of 0.30 m

(Acton Research, Spectropro-300).
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2.4. Results and discussion

Figure 2-1. (a) TEM image and (b,c) HRTEM images of TiO, nanoblossoms grown on
Ti foil in a mixture solvent of water and EG with f, = 0.5. The HRTEM image and the
FFT pattern of the panel b display the anatase structure while those of the panel ¢ do the
rutile structure.

Figure 2-1a shows that TiO, nanoparticles with blossom-like shapes have been grown
directly on Ti foil in mixture solvents of water and EG; a lot of lumpy arms have been grown
to form TiO, nanoblossoms. The HRTEM image and the FFT pattern of Figure 2-1b provide
the microstructural details of the anatase crystal structure in a TiO, nanoblossom while Figure
2-1c shows the microstructural details of the rutile crystal structure. The observed lattice-
fringe distance of 0.359 nm in Figure 2-1b agrees reasonably with the standard spacing of
0.351 nm between the (101) planes of the reference anatase TiO, crystal (JCPDS card no. 84-

1286), while 0.312 and 0.215 nm in Figure 2-1c correspond to 0.319 nm between the (110)
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planes and 0.216 nm between the (111) planes of the reference rutile TiO, crystal (JCPDS
card no. 88-1175), respectively. And the average d-spacing value of 0.360 nm observed from
the FFT pattern of the inset of Figure 2-1b also corresponds reasonably with the standard
spacing of 0.351 nm between the (101) planes of the anatase TiO,, while 0.320 and 0.210 nm
observed from the FFT pattern of the inset of Figure 2-1c agree with the standard spacing of
0.319 nm between the (110) planes and that of 0.216 nm between the (111) planes of the
rutile TiO,, respectively. Thus, it is expected that our TiO, nanoblossoms may have altered
physical and catalytic properties resulting from the coexistence of these cocrystalline
structures in a TiO, nanoblossom. Figure 2-S1 in the Supporting Information shows that well-
defined TiO, nanoblossoms have also been grown at f,, values of 0.4 and 0.6. It have been

found that the lumpy arms of TiO, nanoblossoms become stumpy as the f,, value increases.

Figure 2-2. FESEM images of TiO, nanoblossoms grown on Ti foil in mixture solvents
of water and EG with f,, values of (a) 0.4, (b) 0.5, and (c) 0.6. Each scale bar indicates 1
pm.

Figure 2-2 shows that the morphologies of TiO, nanoblossoms grown on Ti foil in
mixture solvents of water and EG have been changed with the variation of the fractional
amount of water in solvents. The particle diameters of TiO, nanoblossoms have been found to

increase as the nanostructures were grown at a higher value of f,,; the average diameters of
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TiO, nanoblossoms were 490+80, 570+70, and 68070 nm when f,, values were 0.4, 0.5, and
0.6, respectively. This observed tendency of TiO, nanoblossoms can be explained by
considering the role of water in mixed solvents. When the f,, value increases, the amount of
oxygen atoms supplied by water increases. Thus, the oxidation reaction of titanium is
activated intensively and large sizes of TiO, nanoblossoms are achieved at a higher value of
fw. The oxidation and the hydrolysis of elemental titanium in solvents induce stepwise

reactions to produce TiO, nanoblossoms as shown in eqs 1-3.%%

Ti + 6HF — [TiFs]* + 6H" + 4e’ (1)
[TiFs]* + 6H,0 — [Ti(OH)s]* + 6HF )
[Ti(OH)s]?> + 2H* >TiO, + 4H,0 (3)

In addition, FESEM images of Figure 2-2 show that the lumpy arms of TiO;
nanoblossoms have become stumpy when the f, value increases as described with TEM
images of Figures 2-1 and S1. The average lengths of arms grown on TiO, nanoblossoms
were 160+30, 140+30, and 130+40 nm when f,, values were 0.4, 0.5, and 0.6, respectively.
Furthermore, the morphologies of TiO, nanoblossoms grown with low values of f,,, shown in
Figure 2-S2 in the Supporting Information, suggest that the spiky arms of TiO, nanoblossoms
have been swelled gradually to become lumpy as the f, value increases. These observed
morphological characteristics of TiO, nanoblossoms depending on f,, values can be explained
by the effect of EG on metal oxides in mixture solvents. The use of EG as a solvent can
induce nanostructures to form chain-like complexes with appropriate metal cations, which
could readily aggregate into 1D nanostructures within an isotropic medium.** In the
fabrication of titania, partially chelated titanium complexes are produced in the presence of

EG as the glycolate ligand has a chelating feature.*” Thus, EG serves not only as a solvent but
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also as a bidentate chelate to bridge adjacent titanium atoms and to form 1D structures.”®
However, as the f,, value increases, the amount of EG is decreased while the amount of water
is increased. This means that with the increase of f,, the formation of 1D TiO, nanostructures
becomes more difficult while the swelling of 1D TiO, nanostructures becomes easier. Thus,
the spiky arms of TiO, nanostructures become lumpy and stumpy as the f,, value increases,
and TiO, nanoblossoms can be fabricated on Ti foil in mixture solvents of water and EG with
the f,, range of 0.4-0.6. Figure 2-S2a shows that no TiO, products were grown in water-free
EG, indicating that EG could not serve as the oxygen source but that water only could supply

oxygen atoms in the fabrication of TiO, nanoblossoms in our mixed solvents.
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Figure 2-3. HRXRD patterns of TiO, nanoblossoms grown on Ti foil in mixture
solvents of water and EG with indicated f, values. The standard diffraction lines of
anatase and rutile TiO, are also shown for comparison. The asterisks indicate diffraction
peaks of bare Ti foil.
The HRXRD patterns in Figure 2-3 show that all our prepared TiO, nanoblossoms have
crystallites of both the anatase (JCPDS card no. 84-1286) and the rutile (JCPDS card no. 88-
1175) TiO; structures. For this reason, the microstructural details of both the anatase and the

rutile crystal structures of our TiO, nanoblossoms have been observed in the HRTEM images

and the FFT patterns of Figure 2-1. All the HRXRD peaks of TiO, nanoblossoms can be
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indexed to the standard peaks of the anatase and the rutile TiO, structures showing a strong
preferential orientation of the anatase (101) or the rutile (110) planes. The fractions of the
anatase structure obtained from 1101 (anatase) aNd l11outitey IN Figure 2-3 are given in Table 2-1. It
is found that the intensity of the rutile structure is decreased while the intensity of the anatase
structure is enhanced as the f,, value increases. The properties of our mixed solvents have
been considered to play a crucial role in the crystallite determination of TiO, nanostructures.
First, H,O. in solvents can react with Ti*" ions to form a dinuclear complex, Ti,Os(OH),*™ (x
= 1-6),%* which may retard the hydrolysis of the Ti precursor. The comparatively slow
hydrolysis rate could provide enough time for the formation of Ti-O chains to grow
crystalline crystals. Meanwhile, EG in mixture solvents can induce to produce partially
chelated titanium complexes. The glycolate ligand has a chelating feature to prevent the
approach of water molecules toward the central metal ion, slowing down significantly both
the hydrolysis of [TiFs]* and the subsequent condensation of [Ti(OH)g]*. Thus, EG in mixed
solvents plays a key role to retard all the reactions of egs 2 and 3.*" In addition, it is reported
that EG coordinates with metal ions first to form a complex as proved by the slow generation
of the precipitate when reagents are mixed together; a relatively slow reaction rate is known
to be crucial for the synthesis of high-quality crystals.*® Also, EG has relatively larger
viscosity than water. When the viscosity of a solvent is increased, the diffusion of ions in the
solvent becomes to be slowed down. Eventually, the described retardation of reactions caused
by EG may provide sufficient time for ions to move to the crystalline lattice sites of the
thermodynamically stable state.”>*>*! It is reported that the rutile TiO, structure is fabricated

at a higher crystallization temperature than the anatase structure,***®

implying that the rutile
crystal structure is thermodynamically more stable than the anatase crystal structure. Thus,
the retardation of reactions caused by EG provides a chance for atoms to settle down in the

stable rutile lattice sites, increasing the proportion of the rutile peaks observed in the HRXRD
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patterns of TiO, nanoblossoms. High photocatalytic efficiencies are expected in our TiO;
nanoblossoms having cocrystalline structures because nanoscale p-n junctions exist at
interfaces between the anatase and the rutile domains.**** It has been reported*“° that the
anatase and the rutile crystals act as n-type and p-type semiconductors, respectively. Near a p-
n junction, electrons and holes diffuse to the p-n interface from the n-type and the p-type
regions, respectively, inducing the formation of an inner electric field at the p-n interface. For
photocatalytic materials, an inner electric field can help to enhance the photocatalytic
efficiency.* Especially, TiO, nanoblossoms grown in a mixture solvent with f,, = 0.5 have
both the anatase and the rutile structures in an almost equal ratio, meaning that well-defined
nanoscale p-n junctions are assembled successfully. The individual mean crystallite sizes of
the anatase and the rutile crystal structures in TiO, nanoblossoms can be determined from the
line widths of HRXRD peaks by using the Scherrer’s equation.®”*® The mean crystallite
diameters of anatase crystals in TiO, nanoblossoms grown with f, = 0.4, 0.5, and 0.6 have
been estimated to be 18, 30, and 49 nm, respectively, by using the anatase (101) peak at 26 =
25.3°, while those of rutile crystals in TiO, nanoblossoms grown with f,, = 0.4, 0.5, and 0.6
have been measured to be 58, 36, and 24 nm, respectively, by using the rutile (110) peak at 26
= 27.9° supporting that tiny domains consisting of the anatase and the rutile crystals of 33
nm in average diameter are dispersed well, and good nanoscale p-n junctions are formed
consequently in TiO, nanoblossoms grown with f, = 0.5. The HRXRD patterns of as-
synthesized and annealed TiO, nanoblossoms grown with f, = 0.5 in Figure 2-S3 of the
Supporting Information show that crystal structures of TiO, nanoblossoms have changed
hardly via the annealing process, although the crystallinity of our TiO, nanoblossoms has
been increased to a some degree. Incomplete crystallites detected at 20 = 59° have been
disappeared clearly after annealing, supporting that the annealing process can improve the

crystallinity of our TiO, nanoblossoms substantially.
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Table 2-1.  Anatase fractions (fanatase), band-gap energies (Eg), maximum-PL wavelengths
(Amax), and photodegradation catalysis rate constants (k) of TiO, nanoblossoms grown on
Ti foil in mixture solvents of water and EG

; £ ES Amax k_°1

v " (eV) (nm) (h™)
0.4 0.10 2.92 391 (71)° 4.82
0.5 0.61 3.14 399 (100) 5.89
0.6 0.73 3.15 395 (92) 5.23

®1101(anatase) / (l101(anatase) + l110(rutitey) N Figure 2-3. ® The band-gap energy of TiO, nanoblossoms grown at f,,
=1is3.18 eV ° The photodegradation rate constant in the absence of TiO, nanoblossoms is 0.226 h™ while
the photodegradation rate constant in the presence of TiO, nanoblossoms grown at f,, = 1 is 3.63 h™.

¢ Relative PL intensity.

Absorbance (a.u.)
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Figure 2-4. Absorption spectra of the aqueous colloidal solutions of TiO, nanoblossoms
grown on Ti foil in mixture solvents of water and EG with indicated f,, values. The right

graphs indicate Kubelka-Munk plots to find the band-gap energies indicated in the units of
eVv.

The absorption spectra of Figure 2-4 show that the absorption edge of our prepared TiO,

nanoblossoms is shifted slightly to the blue as the f,, value is increased. This is attributed to
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increase in the amount of anatase crystallites with the increase of the f,, value as described
with Figure 2-3. It has been well known that the band-gap energy of the anatase TiO; (3.2 eV)
is larger than that of the rutile TiO; (3.0 eV), supporting that the increase of anatase domains
leads to the blue shift of the absorption edge of a TiO, material. This trend is extended to the
Kubelka-Munk plots that have been derived from the absorption spectra of our TiO;
nanoblossoms in Figure 2-4. In the Kubelka-Munk plots of Figure 2-4, the intercepts of
dashed lines correspond to the band-gap energies of as-prepared TiO, nanoblossoms.*® The
band-gap energies of our TiO, nanoblossoms have been found to be in the range of 2.92-3.18
eV (Table 2-1), supporting that our TiO, nanoblossoms lie within the band-gap range between
the rutile and the anatase structures. Thus, we are suggesting that our TiO, nanoblossoms
consist of nanoscale anatase-rutile crystal junctions; the portion of anatase domains and the
subsequent band-gap energy of TiO, nanoblossoms increase with the increment of the fy,

value.

Intensity (a.u.)

T T
340 400 460 520
Wavelength (nm)

Figure 2-5. Photoluminescence spectra of TiO, nanoblossoms grown on Ti foil in
mixture solvents of water and EG with indicated f, values. TiO, nanoblossoms were
suspended in water and excited at 266 nm.

The photoluminescence (PL) spectra of Figure 2-5 show that the spectrum of TiO,

nanoblossoms grown with f,, = 0.5 is more red-shifted than any other TiO, nanoblossoms.
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(Table 2-1) The PL spectrum of a TiO, nanomaterial can be considered to have three kinds of
physical origins:*® self-trapped excitons, oxygen vacancies, and surface states. In this case,
the PL spectrum of our TiO, nanoblossoms has been attributed mainly to oxygen vacancies
because crystalline TiO, has an indirect band gap.>*>* In particular, the long-wavelength side
of the PL spectrum has been considered to result from oxygen vacancies. Thus, the fact that
the PL spectrum of TiO, nanoblossoms grown at f,, = 0.5 is most red-shifted in Figure 2-5
suggests that oxygen vacancies are most abundant in TiO, nanblossoms grown at f,, = 0.5.
Furthermore, Figure 2-5 and Table 2-1 indicate that TiO, nanoblossoms grown with f, = 0.5
have stronger PL than any other TiO, nanoblossoms, also suggesting that the amount of
oxygen vacancies as well as trap sites is largest in our TiO, nanoblossoms grown with f,, =
0.5. These results support that incoherent lattice-lattice interfaces resulting from nanoscale
anatase-rutile crystal junctions are richest in our TiO, nanoblossoms grown with f,, = 0.5; the

presence of vacancies or defects is inevitable near to nanoscale crystal junctions.

The photocatalytic absorption spectral changes of the aqueous solution of methylene blue
with elapsed time in Figure 2-6a,b show that the organic dye of methylene blue was
effectively degraded by the photocatalysis of our TiO, nanoblossoms. Especially, it is shown
that the photocatalytic performances of TiO, nanoblossoms grown at f,, = 0.5 (Figure 2-6a)
are more efficient than those of TiO, nanoblossoms grown with f, = 1 (Figure 2-6b) at the
same concentrations of photocatalysts. When light was irradiated to TiO, nanoblossoms,
generated holes were transferred to hydroxyl ions or water molecules to produce hydroxyl
radicals subsequently. These generated hydroxyl radicals could oxidize methylene blue to
make the solution colorless gradually.®® Thus, the absorbance of methylene blue declined
with the elapsed time. Linear relationships in Figure 2-6¢ indicate that the photocatalytic

degradation of methylene blue signifies the first-order kinetics of In (C/Co) = — kt.***® The
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Figure 2-6. Photocatalytic absorption spectral changes of methylene blue(ag) in the
presence of TiO, nanoblossoms grown at (a) f, = 0.5 and (b) f, = 1 with elapsed times
indicated in the units of min. (c) First-order kinetic plots for the photocatalytic degradation
of methylene blue in the presence of TiO, nanoblossoms grown at f,, values of (diamonds)
0.4, (triangles) 0.5, (circles) 0.6, and (squares) 1. The kinetic plot of crosses was obtained
in the absence of TiO, nanoblossoms. The rate constants obtained from the best-fitted lines
are given in Table 2-1.

first-order Kinetic plots of Figure 2-6¢ demonstrate that TiO, nanoblossoms grown at f,, = 0.5
have the most efficient photocatalytic activity. The photodegradation rate constant of
methylene blue in the presence of TiO, nanoblossoms grown with f, = 0.5 is 5.89 h™,
whereas that in the absence of any TiO, nanoblossoms is 0.226 h™, revealing that the actual
photocatalytic rate constant of TiO, nanoblossoms grown with f,, = 0.5 becomes 5.66 h™. The
enhanced photocatalytic activity of TiO, nanoblossoms grown at f,, = 0.5 has been attributed
to their well-defined nanoscale p-n junctions arising from their excellent cocrystalline
structures consisting of the anatase and the rutile tiny crystallites. Inner electric fields
generated at the definite p-n junctions in TiO2 nanoblossoms grown at f,, = 0.5 have been

considerd to induce best photocatalytic performances.
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2.5.  Conclusions

We have facilely fabricated blossom-like TiO, nanoparticles via a solvothermal reaction
of titanium foil in mixed solvents of water and EG. The morphological, structural, and optical
properties of TiO, nanoblossoms have been controlled well by varying the relative amount of
water in mixed solvents. Our TiO, nanoblossoms have cocrystalline structures having both
the anatase and the rutile crystals; the proportion of the anatase structures in TiO,
nanoblossoms has been increased as the volume fraction of water in mixed solvents (fw)
increases. TiO, nanoblossoms having the highest photocatalytic performances have been
fabricated at the optimum solvent condition that f, is 0.5. In this condition, TiO;
nanoblossoms have been found to have the anatase and rutile structures almost equivalently,
indicating that well-defined nanoscale p-n junctions, which help to enhance catalytic
performances via forming definite inner electric fields, have been formed between the anatase
and the rutile domains. Also, TiO, nanoblossoms grown at f, = 0.5 have the smallest
crystallite diameters, revealing that the tiny crystal domains of the two structures are
dispersed well to form definite nanoscale p-n junctions. This is also supported by the
abundant presence of oxygen vacancies in TiO, nanoblossoms grown with f,, = 0.5. Thus,
TiO; nanoblossoms grown at f,, = 0.5 show the best photocatalytic activity, which is mainly
attributed to the best-defined nanoscale p-n junctions resulting from their excellent

cocrystalline structures.
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2.7. Supporting Information

R(111)

+

R(111)

Figure 2-S1. (a,b) TEM images, (c,d) HRTEM images, and (e,f) FFT patterns of TiO,
nanoblossoms grown on Ti foil in mixture solvents of water and EG with f,, values of (a,c,e) 0.4
and (b,d,f) 0.6.
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Figure 2-S2.

FESEM images of TiO, nanostructures grown on Ti foil in mixture solvents of

water and EG with f,, values of (a) 0, (b) 0.1, and (c) 0.25. Each scale bar indicates 1 um.
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Figure 2-S3. HRXRD patterns of as-synthesized and annealed TiO, nanoblossoms grown on Ti
foil in mixture solvents of water and EG with f,, = 0.5. The standard diffraction lines of anatase
and rutile TiO, are also shown for comparison. The asterisks indicate diffraction peaks of bare Ti

foil.
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