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1. Introduction
1.1 Heteroelemental Doping of TiO, for Visible-light Absorption
1.1.1 Overview of This Section
This section begins with a brief review of heteroelemental doping of silicon
semiconductors for enhanced electrical conductivity, after which control of the

light-absorption properties of TiO, by heteroelemental doping is introduced.

1.1.2 Heteroelemental Doping of Silicon Semiconductors

A schematic representation of the electronic structure of a semiconductor is
shown in Figure 1-1. The lower band, which is filled with electrons, is called the
valence band, and the upper band without electrons is called the conduction band. The
energy gap between the top of the valence band (£,) and the bottom of the conduction
band (E.) is called a band gap (Ey). Semiconductors do not allow currents to flow
without thermal energy, since no mobile charge carriers are present in the energy bands.
When thermal energy greater than the band gap is input, however, electrons are excited
to the conduction band from the valence band, leaving holes in the valence band
(so-called “charge separations”), and these acquire mobility that contributes to electrical

conductivity."”

Conduction band

o 000
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Mobile electrons Band gap, Eg
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Mobile holes

Figure 1-1. Schematic representation of the electronic structure of a semiconductor.

It is known that the electrical conductivity of semiconductors is considerably
enhanced by substitutional doping of the semiconductor lattice with carefully chosen
impurities, or in other words, heteroelemental doping. The doping of silicon with
phosphorous or aluminium is a good example for explaining the mechanism of

heteroelemental doping-enhanced electrical conductivity of semiconductors.
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Upon formation of four covalent single bonds by a silicon atom, four sp> hybrid
orbitals are created using their four valence electrons (3s°, 3p°), leading to production of
tetrahedral structures. In the case of phosphorous doping, the valence electrons of
phosphorous are 3s?, 3p”, and since only four of these electrons (3s%, 3p) are involved
in the creation of sp’ hybrid orbitals, it can be assumed that the one extra electron is
electrostatically associated with the excess positive inner charge of phosphorous (Figure
1-2A, left). The enhanced electrical conductivity of silicon doped with phosphorous is
ascribable to this extra electron, which can easily jump to the conduction band to
involve electrical conductivity. Atoms that can donate unused electrons to the valence
band are called donors, and energy levels created just below the conduction band by
donors are called donor levels (Figure 1-2A, right).

Silicon acquires similarly enhanced electrical conductivity when it is doped with
aluminium. Since the valence electron configuration of aluminium is 3s?, 3p', a deficit
of one electron corresponding to the introduction of one hole to the aluminium occurs
(Figure 1-2B, left). The holes introduced via aluminium doping easily accept electrons
from the valence band to generate holes in the valence band, and these are involved in
the electrical conductivity. The energy levels created just above the valence band by

acceptors are called acceptor levels (Figure 1-2B, right).
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Figure 1-2. (A) Donor impurity in a semiconductor crystal (left) and the associated
energy band diagram (right) and (B) acceptor impurity in a semiconductor crystal (left)

and the associated energy band diagram (right).

1.1.3 Heteroelemental Doping of TiO;
1.1.3.1 Light Absorption by TiO,
The most intensively investigated semiconductor oxide is TiO, because of its

superior physical and chemical properties.*® TiO, absorbs light with energy
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corresponding to the band gap energy, and a charge separation then occurs. The band
gap energy of TiO, corresponds to light in the range from UV to near-UV. It is due to
these light absorption properties of TiO, that it has been used for applications in
pigments and photocatalysts.

The band gap energy of TiO; is dependent on its crystal phases. TiO, has three
polymorphs: anatase, rutile and brookite (Figure 1-3).”® The parameters of the different
crystal phases are shown in Table 1-1. It should be noted that the number of reports on
brookite is limited, since synthesis of brookite in a single phase is difficult compared to

synthesis of anatase and rutile.”®

Table 1-1. Parameters of TiO, polymorphs.

Crystal phases Crystal systems . Lattice psrametersc iig?g?:g
Anatase Tetragonal 5.36 5.36 9.53 3.2
Rutile Tetragonal 4.59 4.59 2.96 3.0
Brookite Orthorhombic 9.15 5.44 5.14 3.2
B Cc

Figure 1-3. Crystal structures of (A) anatase, (B) rutile and (C) brookite.

1.1.3.2 Doping of TiO, with 3d Transition Metals

Although TiO, absorbs UV to near-UV light, visible-light absorption is
developed by substitutional doping of the TiO, lattice at the Ti site with carefully
chosen 3d transition metals. It is common for 3d metals such as V, Cr and Fe to create
localized levels between the TiO, band gaps, and for electrons to be excited from the

valence band to the localized level or from the localized level to the conduction band,
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resulting in visible-light absorption.’

In the case of V, the visible-light absorption is ascribable to electron
photoexcitation from the valence band to the V », level (Figure 1-4A). The visible-light
absorption of Fe- and Cr-doped TiO, is ascribable to electron photoexcitation from the
Fe g level to the conduction band (Figure 1-4B), and to electron photoexcitation from
the valence band to the Cr o, level and from the Cr y, level to the valence band,
respectively (Figure 1-4C).”
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Figure 1-4. Schematic diagram illustrating the photoexcitation process under visible
light of (A) V-, (B) Fe- and (C) Cr-doped TiO,. Reprinted from Ref. [9] with

permission.

1.1.3.3 Doping of TiO, with Nitrogen

Likewise, doping with non-metal elements such as N, C, P and F has also been
studied to control the light-absorption properties of TiO,.'”"* Among these, nitrogen
doping has been studied extensively to develop visible-light absorption by TiO,. It is
common for the absorption edge of TiO; to be extended to around 2.4 eV when anatase
or rutile is interstitially doped with nitrogen to form an NO, species. This is ascribable
to the fact that the antibonding state of the NO, species creates a localized level ~ 0.7
eV above the valence band of TiO, (Figure 1-5) to excite electrons from the localized
state to the conduction band. On the other hand, when nitrogen is substituted for doping
of TiO; at the oxygen site, an N 2p level is created slightly (~ 0.1 eV) above the valence
band of anatase, while in the case of rutile, an N 2p level is created slightly (~ 0.05 eV)
below the valence band. Visible-light absorption is therefore, not developed in the case

of substitutional doping of TiOz.M’15



Chapter 1
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Figure 1-5. Electronic structures for substitutional and interstitial models of

nitrogen-doped TiO,. Reprinted from Ref. [14] with permission.

1.1.3.4 Co-doping with a 3d Transition Metal and Nitrogen

Co-doping with a 3d transition metal and nitrogen has also been conducted, but
the number of reports is limited compared to that for mono-doping. The merit of
co-doping is its ability to suppress the formation of vacancies which are formed for
purpose of charge compensation in mono-doped systems. Enhancement of visible-light
absorption due to electron photoexcitation between the localized level created by
nitrogen and that created by the 3d transition metal is, moreover, also to be expected.
Previous reports on co-doping with 3d transition metals and nitrogen that shows
enhanced visible-light absorption compared to mono-doping systems are listed in Table

1-2 16-25
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1.2 Creation of TiO;-based Heterojunctions for Enhanced Photocatalytic Activity
1.2.1 Overview of This Section

This section will begin with a brief outline of p-n junction, which is a
representative semiconductor-semiconductor heterojunction.'™ It will then describe the
mechanism of TiO, photocatalysts, and follow this with details such as the mechanism
of enhanced charge separation efficiency and the subsequent enhanced photocatalytic

activity present synthetic procedures of TiO,-based herterojunctions.

1.2.2 p-n Junction

When a heterojunction between n- and p-type semiconductors, a so-called “p-n
junction”, is created, electrical behavior different from that of the separate components
emerges. In the junction region, electrons are diffused from the n-type region to the
p-type region, and holes are diffused in the opposite directions, respectively. As a result
of this charge diffusion, electrons and holes are combined to create a depletion region,
in which neither electrons nor holes exist. In the depletion region, negatively charged
acceptor atoms are left in the p-type region and positively charged donor atoms are left
in the p-type region, respectively, and these charges create diffusion potential. The
Fermi levels of two components must exhibit an equal thermal equilibrium, with their
energy levels shifted in the vertical direction with respect to each other, resulting in
bending of the band structure (Figure 1-6). Due to this bending of the band structure,
electrons and holes are quickly separated in the depletion region.

A B

Ec Ec
___________ EF
___________ EA
Ep--mmmme--
| A
i B )
p-type n-type

n-type

Figure 1-6. Schematic representation of (A) n- and p-type semiconductors with no

junction region and (B) a p-» junction in thermal equilibrium.
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The p-n junction shows totally different electrical conductivity depending on the
direction of electric current. When the p-type is connected to the positive electrode, the
Fermi level changes to enhance diffusion of electrons from the n-type region to the
p-type region and diffusion of holes from the p-type region to the n-type region, and the
p-n junction shows electrical conductivity (Figure 7A). This arrangement is called a
forward bias. On the other hand, when the p-type is connected to the negative electrode,
the Fermi level changes to suppress charge diffusion (Figure 7B). This arrangement is

called a reverse bias.'™

A B

p-type n-type p-type n-type

Figure 1-7. Schematic representation of a p-n junction under (A) forward and (B)

reverse biases.

1.2.3 TiO,-based Heterojunctions
1.2.3.1 Photocatalytic Reaction of TiO,

While photoexcited electrons and generated holes are easily recombined after
light-induced charge separation, when photoexcited electrons or created holes are
moved to adsorbed reactants on the outer particle surface of semiconductors, the
adsorbed reactants are reduced or oxidized by photoexcited electrons or created holes,
respectively (Figure 1-8). TiO, is one of the most promising semiconductor
photocatalysts because of its low cost, stability and non-toxicity, and efforts have thus
been made to enhance the photocatalytic activity of TiO, mainly by increasing its
surface area and enhancing its charge separation efficiency, since these largely affect the

photocatalytic activity of semiconductor photocatalysts. Creation of heterojunctions
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between TiO, nanoparticles and metal nanoparticles or other types of TiO, nanoparticles
is known to be an effective methodology for enhancing their charge separation

efficiency.

reduction

E
& 1charge
recombination
:’-\/\/\
oxidation

Figure 1-8. Schematic of charge separation induced by light irradiation and subsequent

photocatalytic reactions.

1.2.3.2 TiO,-Metal Heterojunction

Creation of heterojunctions between TiO, and metals such as Pt is one of the
most promising strategies for enhancing photocatalytic activity, since electron-hole
recombination in TiO, can be suppressed due to electron diffusion from TiO, to the
metals (Figure 1-9). When n-type semiconductors including TiO, are connected to
metals, whose work function (¢,) is larger than that of the n-type semiconductors (¢s),
electrons are diffused from the semiconductors to the metals, resulting in an equal
Fermi level of thermal equilibrium. As a result of the electron diffusion, the metal
acquires an excess negative charge, while positively charged donor atoms are left in the
semiconductor. As a result, a depletion region, in which no charges exist, is created in
the semiconductor, and the conduction band of the semiconductor bends upward toward
the surface (Figure 1-10). The barrier created between the semiconductor and metal is
called a Schottky barrier, and the height of the barrier (¢,) is given by the below

equation:

¢b: ¢m‘EX

where E, represents the electron affinity measured from the energy gap between the

conduction band edge and the vacuum level of the semiconductor. The enhanced charge

10
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separation efficiency and subsequent enhanced photocatalytic activity of the TiO,-metal
heterojunction can be explained by diffusion of photoecxited electrons from the TiO; to

the metals due to creation of a Schottky barrier.?

reduction
i etal
(=
v\?/&idation

Figure 1-9. Scheme for charge diffusion from TiO; to metal.

EO TTTTATTTTTTTRTTT T \\
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>
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Figure 1-10. Schematic of a Schottky barrier.

1.2.3.3 TiO,-TiO, Heterojunction

In addition to TiO,-metal heterojunctions, it is also well known that the
photocatalytic activity of TiO, is enhanced by creating heterojunctions between
different types of TiO,, and combinations of anatase and rutile have been investigated
especially. In order to reveal the mechanism of the enhanced photocatayltic activity of
TiO, with an anatase-rutile heterojunction, Kawahara et al. prepared patterned
anatase/rutile TiO; film, which decomposed CH;CHO more efficiently than sole anatase

or rutile film, and investigated the locations of Ag nanoparticles deposited on the
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patterned film via photoreduction of aqueous Ag" species.”” Ag nanoparticles were
deposited on rutile particles at the anatase/rutile interfaces, and electron transfer from
anatase to rutile was thus indicated (Figure 1-11). The electron transfer was ascribable
to the fact that the conduction band potential of anatase is about 0.2 eV higher than that
of rutile®® and the energy barrier should suppress an opposite electron transfer. The
enhanced photocatayltic activity of TiO, with anatase-rutile heterojunction was
therefore ascribable to the enhanced charge separation efficiency of anatase via electron

transfer from anatase to rutile (Figure 1-12).

Figure 1-11. SEM image of the boundary region of anatase and rutile after Ag
photodeposition. “A” and “R” denote anatase and rutile, respectively. Reprinted from

Ref. [27] with permission.

reduction

oxidation

Figure 1-12. Schematic of charge transfer between anatase and rutile.

1.2.3.4 Synthetic Procedures for TiO,-TiO, Heterojunction Creation
1.2.3.4.1 Calcination of Anatase

In this section, representative studies on the creation of TiO,-TiO,
heterojunctions are presented. Li ef al. deposited amorphous titania by impregnation of

rutile nanoparticles with a solution of titanium tetraisopropoxide in 2-propanol and

12
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subsequent drying, and the amorphous titania was transformed into anatase by calcination
at different temperatures for anatase-rutile hererojunction creation.”” The anatase/rutile
ratios on the outer particle surface were controlled by changing the time period and
temperature (Figure 1-13), and the highest activity for H, evolution from water
containing methanol was observed only when anatase and rutile co-existed on the outer
particle surface. This result indicated that the charge separation efficiency of TiO, was

enhanced via charge transfer between anatase and rutile.

Anatase

® 06000

1004 ©--0---0 0~ 4100 [
- hY
80- 4 {180 @
s -, ]
— | [——
E 60: "~. -1 80 g
2 ,
8  40- 2! 140 g
2 ] \ 8
2 ) * 1o &
x i, 7
4 1 S =
0 o0 3

500 550 600 650 700 750 800
Calcination temperature /°C  —
Figure 1-13. Dependence of bulk rutile content (filled circles, solid line) and surface

anatase content (open circles, broken line) on the calcination temperature. Reprinted

from Ref. [29] with permission.

1.2.3.4.2 Dissolution-Reprecipitation of Anatase

Kawahara et al  prepared anatase-rutile heterojunctions via a
dissolution-reprecipitation process of rutile TiO, using an aqueous H,SO4 solution.™
Rutile TiO, nanoparticles were partially decomposed into Ti*", amorphous titania was
deposited on the outer particle surface of the rutile nanoparticles, and the amorphous
titania was transformed to anatase by subsequent annealing. The obtained particles with
anatase-rutile heterojunctions showed higher photocatalytic activity compared to the
original rutile or a simple anatase/rutile mixture, indicating enhanced charge separation

by electron transfer via the heterojunctions.

13
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1.2.3.4.3 Coating Method

Kawahara et al. prepared patterned anatase/rutile TiO; film on quartz substrates
by the coating method.”” A Ti(OC4Hy)4 solution containing 1-phenyl-1,3-butanedione
(BzCH,Ac) was hydrolyzed, and a quartz substrate, on which rutile film was deposited,
was dipped in this solution. The dried gel film was irradiated with UV-light through a
photomask. BzCH,Ac forms a chelate complex with Ti*" and absorbs about 360 nm of
light to induce low solubility of the gel for ethanol, such that only the gel under the
photomask was leached out by ethanol treatment. The gel film exhibited 0.2 mm wide
stripes and spacing of 0.2 mm (Figure 1-14). This patterned amorphous TiO, was
transformed to anatase by calcination at 500 °C, producing patterned anatase/rutile TiO,
film.

TiO:(A) Quartz 0.20000
l 1 1 um
4 § Fr— -

0.20000
0.529

0.000

0.000 0.705

Figure 1-14. Three-dimensional surface-structure photograph of patterned anatase/rutile

film. Reprinted from Ref. [27] with permission.

1.3 Objectives of This Thesis

As described in the above discussion, light absorption by TiO, can be controlled
by heteroelemental doping to create localized levels between the band gaps. On the
other hand, when a heterojunction is created between different types of TiO,, charge
transfer occurs via the heterojunction, resulting in enhanced charge separation
efficiency and subsequent enhanced photocatalytic activity.

In this thesis, control of light absorption by TiO, via heteroelemental doping is
attempted through co-doping with Nb and N. As mentioned above, the number of
reports on co-doping of TiO; is limited compared to those on mono-doping. Moreover,

co-doping of TiO, has been conducted by rather complicated processes such as the

14
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sol-gel method. One objective of this thesis is to propose a facile methodology for
preparation of co-doped TiO, and control of light absorption by TiO, via creation of
localized levels between band gaps.

In this study, however, attachment of TiO, particles to the outer particle surface
of layered titanate is described as a route to enhancing charge separation and subsequent
enhanced photocatalytic activity via creation of heterojunction. Layered titanates have
been utilized in conjunction with TiO, to create TiO,-based heterojunctions, since they
are exfoliatable via intercalation reactions and can then be restacked with TiO,
nanoparticles, resulting in large interfaces for efficient charge transfer. Creation of
heterojunctions between layered titanates and TiO, requires multi step intercalation
reactions and strict conditions. The other objective of this thesis is to suggest a facile
methodology for creating layered titanate-TiO, heterojunctions that show enhanced
charge separation.

In chapter 2, preparation of TiO, with different Nb contents which were
subsequently annealed under a NHj3 flow is described. Nb-doped TiO, with different Nb
contents was prepared by liquid-feed flame spray pyrolysis (LF-FSP), which is a
promising tool for producing mixed-metal oxide nanopowders in which elemental
mixing is often at the atomic level. The effect of Nb-doping and the NH; annealing on
the light-absorption properties of TiO, are discussed.

In chapters 3 and 4, creation of heterojunctions between TiO, and layered
tiatanates and charge transfer via the heterojunctions are introduced.

In chapter 3, creation of heterojunctions between protonated layered titanate and
TiO, by mixing them in water at room temperature under ambient pressure is described.
Formation of the protonated layered titanate/TiO, composite is investigated by
monitoring the aggregation size in water and observing the agglomerate after water
evaporation. The photocatalytic activity of the composite for oxidative decomposition
of formic acid is investigated to discuss possible enhanced charge separation efficiency
as a result of charge transfer via the heterojunctions. Charge transfer via the
heterojunctions is also discussed. Finally, the photocatalytic activity of the composite
for hydrogen evolution from water is investigated.

In chapter 4, a methodology for creating protonated layered titanate-TiO,
heterojunctions on the outer particle surface of the protonated layered titanate by

treating layered potassium titanate with diluted HCl and then drying it at room

15
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temperature under reduced pressure is described. In order to investigate photoexcited

electron transfer from the protonated layered titanate to TiO, via heterojunctions,

hydrogen evolution under light with energy larger than the band gap energy of the

protonated titanate was investigated. In order to investigate photoexcited electron

transfer from rutile to the protonated titanate via the heterojunctions, meanwhile, light

that can excite only rutile was irradiated. Hole transfer between them was not

investigated based on the results in chapter 3.

Chapter 5 shows the conclusions of this thesis.

1.4 References

[1]
[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

Solid-State Physics; Ibach, H. and Luth, H.; Springer: New York, 1991.
Understandibg Solids, The science of Materials; Tilley, R. J. D.; Wiley: New
Delhi, India, 2004.

Solid State Physics; Ashcroft, N. W. and Mermin, N. D.; CENGAGE Learning:
India, 1976.

Fujishima, A.; Zhang, X.; Tryk, D. A. TiO, Photocatalysis and Related Surface
Phenomena. Surf. Sci. Rep. 2008, 63, 515-582.

Chen, X.; Mao, S. S. Titanium Dioxide Nanomaterials: Synthesis, Properties,
Modifications, and Applications. Chem. Rev. 2007, 107, 2891-2959.

Pfaff, G.; Reynders, P. Angle-Dependent Optical Effects Deriving from
Submicron Structures of Films and Pigments. Chem. Rev. 1999, 99, 1963—1982.
Mo, S.-D.; Ching, W. Y. Electronic and Optical Properties of Three Phases of
Titanium Oxide: Rutile, Anatase, and Brookite. Phys. Rev. 1995, 51,
13023-13032.

Landmann, M.; Rauls, E.; Schmidt, W. G. The Electronic Structure and Optical
Response of Rutile, Anatase and Brookite TiO,. J. Phys. Condens. Matter 2012, 24,
195503.

Umebayashi, T.; Yamaki, T.; Itoh, H.; Asai, K. Analysis of Electronic Structures
of 3d Transition Metal-Doped TiO, Based on Band Calculations. J. Phys. Chem.
Solids 2002, 63, 1909—1920.

Yu, J. C.; Yu, J.; Ho, W.; Jiang, Z.; Zhang, L. Effects of F-doping on The
Photocatalytic Activity and Microstructures of Nanocrystalline TiO, Powders.
Chem. Mater. 2002, 14, 3808-3816.

16



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Chapter 1

Irie, H.; Watanabe, Y.; Hashimoto, K. Carbon-Doped Anatase TiO, Powders as a
Visible-Light Sensitive Photocatalyst. Chem. Lett. 2003, 32, 772-773.

Ohno, T.; Mitsui, T.; Matsumura, M. Photocatalytic Activity of S-doped TiO,
Photocatalyst under Visible Light. 2003, 32, 364-365.

Irie, H.; Watanabe, Y.; Hashimoto, K. Nitrogen-Concentration Dependence on
Photocatalytic Activity of TiO,. Ny powders. J. Phys. Chem. B 2003, 107, 5483—
5486.

Valentin, C. D.; Finazzi, E.; Pacchioni, G.; Selloni, A.; Livraghi, S.; Paganini, M.
C.; Giamello, E. N-doped TiO,: Theory and Experiment. Chem. Phys. 2007, 339,
44-56.

Valentin, C. D.; Pacchioni, G.; Selloni, A. Origin of the Different Photoactivity of
N-Doped Anatase and Rutile TiO,. Phys. Rev. B - Condens. Matter Mater. Phys.
2004, 70, 085116.

Breault, T. M.; Bartlett, B. M. Composition Dependence of TiO,:(Nb,N)-X
Compounds on the Rate of Photocatalytic Methylene Blue Dye Degradation. J.
Phys. Chem. C 2013, 117, 8611-8618.

Liu, L.; Chen, S.; Sun, W.; Xin, J. Enhancing the Visible Light Absorption via
Combinational Doping of TiO, with Nitrogen (N) and Chromium (Cr). J. Mol.
Struct. 2011, 1001, 23-28.

Song, K.; Zhou, J.; Bao, J.; Feng, Y. Photocatalytic Activity of (Copper,
Nitrogen)-Codoped Titanium Dioxide Nanoparticles. J. Am. Ceram. Soc. 2008, 91,
1369-1371.

Jaiswal, R.; Patel, N.; Kothari, D. C.; Miotello, A. Improved Visible Light
Photocatalytic Activity of TiO, co-doped with Vanadium and Nitrogen. App!.
Catal. B Environ. 2012, 126, 47-54.

Gu, D.-E.; Yang, B.-C.; Hu, Y.-D. V and N Co-Doped Nanocrystal Anatase TiO,
Photocatalysts with Enhanced Photocatalytic Activity under Visible Light
Irradiation. Catal. Commun. 2008, 9, 1472-1476.

Sakatani, Y.; Ando, H.; Okusako, K.; Koike, H.; Nunoshige, J.; Takata, T.; Kondo,
J. N.; Hara, M.; Domen, K. Metal Ion and N co-doped TiO, as a Visible-Light
Photocatalyst. J. Mater. Res. 2004, 19, 2100-2108.

Zhang, X.; Liu, Q. Visible-Light-Induced Degradation of Formaldehyde over
Titania Photocatalyst Co-Doped with Nitrogen and Nickel. Appl. Surf. Sci. 2008,

17



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Chapter 1

254,4780-4785.
Hao, H.; Zhang, J. The Study of Iron (III) and Nitrogen co-doped Mesoporous
TiO, Photocatalysts: Synthesis, Characterization and Activity. Microporous

Mesoporous Mater. 2009, 121, 52-57.

Zhao, Y. F.; Li, C.; Lu, S.; Liu, R. X.; Hu, J. Y.; Gong, Y. Y.; Niu, L. Y. Electronic,
Optical and Photocatalytic Behavior of Mn, N Doped and co-doped TiO;:
Experiment and Simulation. J. Solid State Chem. 2016, 235, 160—168.

Lim, J.; Murugan, P.; Lakshminarasimhan, N.; Kim, J. Y.; Lee, J. S.; Lee, S.-H.;
Choi, W. Synergic Photocatalytic Effects of Nitrogen and Niobium co-doping in
Ti0,; for the Redox Conversion of Aquatic Pollutants under Visible Light. J. Catal.
2014, 310, 91-99.

Linsebigler, A. L.; Lu, G.; Yates, J. T. Jr. Photocatalysis on TiO, Surfaces:
Principles, Mechanisms, and Selected Results. Chem. Rev. 1995, 95, 735-758.

Kawahara, T.; Konishi, Y.; Tada, H.; Tohge, N.; Nishii, J.; Ito, S. A Patterned TiO,
(Anatase)/Ti10; (Rutile) Bilayer-Type Photocatalyst: Effect of the Anatase/Rutile
Junction on the Photocatalytic Activity. Angew. Chem., Int. Ed. 2002, 41, 2811—
2813.

Scaife, D. E. Oxide Semiconductors in Photoelectrochemical Conversion of Solar

Energy. Solar Energy 1980, 25, 41-54.

Zhang, J.; Xu, Q.; Feng, Z.; Li, M.; Li, C. Importance of the Relationship between
Surface Phases and Photocatalytic Activity of TiO,. Angew. Chem., Int. Ed. 2008,
47, 1766—-1769.

Kawahara, T.; Ozawa, T.; Iwasaki, M.; Tada, H.; Ito, S. Photocatalytic Activity of
Rutile-Anatase Coupled TiO, Particles Prepared by a Dissolution-Reprecipitation
Method. J. Colloid Interface Sci. 2003, 267, 377-381.

18



Chapter 2

CHAPTER 2

Nb-doping of TiO, by Liquid-feed Flame Spray
Pyrolysis and Subsequent Ammonia Annealing for

Tunable Visible-light Absorption

19



Chapter 2

2. Nb-doping of TiO, by Liquid-feed Flame Spray Pyrolysis and Subsequent

Ammonia Annealing for Tunable Visible-light Absorption

2-1. Introduction

Titanium dioxide (TiO,) is widely used in applications including pigments,1
photoca‘[alysts,z’3 dye-sensitized solar cells (DSSC),4’5 sensors,’ transparent conducting
oxides (TCO)’ and Li ion battery anodes,”” due to its superior
physical/(electro)chemical properties and low cost. In order to improve their properties,

10-15

combining of different TiO, polymorphs (e.g. anatase and rutile) and doping of TiO,

at the Ti site with metal elements such as Cr, Co, Ni and Pt are common strategies.lé'19
Among the reported doping strategies, niobium (Nb) dopant effectively improves the
performance of photocatalysts,”’ DSSC,*' TCO* and Li ion battery anodes.”

Gas-phase pyrolysis methods such as flame spray pyrolysis (FSP) and
liquid-feed flame spray pyrolysis (LF-FSP) have been used to prepare mixed-metal
oxide,” and have been applied for doping of elements including Nb into TiO,.>%
Titanium alkoxide and niobium chloride have previously been used as Ti and Nb
precursors, respectively, but the possibility that differences in their thermal
decomposition behavior induce phase segregation cannot be excluded.

Likewise, TiO, doping with F, C, S and N have also been studied.’*

In particular,
N-doping has been investigated extensively to generate visible-light absorption in TiO5,
which, when undoped, absorbs light with a wavelength longer than ca. 400 nm very
poorly because of its wide band gap (~ 3.2 eV and ~ 3.0 eV for anatase and rutile,
respectively).2

In this study, Nb-doped TiO, nanopowders with different Nb contents were prepared
by LF-FSP using chelated metal alkoxides as Ti and Nb precursors, since enhanced Nb
solubility was expected due to their very similar thermal decomposition behaviors. The
obtained Nb-doped TiO, with different Nb contents was subsequently annealed under
NHs, to correlate the Nb doping concentration and color of NH; annealed Nb-doped

TiO, nanopowders. The origin of the developed colors is discussed based on light

absorption properties.
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2-2. Experimental

Reagents

Ammonium  niobate oxalate hydrate = [NH4Nb(C,04),0-xH,O] and
triethanolamine [(HOCH,CH,);N] were purchased from Sigma-Aldrich. Titanium

isopropoxide [Ti(O'Pr)s] was purchased from Fischer Scientific.

Precursor preparation

Titanatrane {N(OCH,CH,),Ti[OCH,CH,N(CH,CH,OH),]}
Titanatrane was prepared as previously reported.””>> Ti(O'Pr); was reacted with
N(CH,CH,OH); at a 1:2 molar ratio under an N, flow. N(CH,CH,OH); was added
dropwise using an addition funnel while the mixture was stirred constantly over a 4 h
period. The resulting titanatrane dissolved in an isopropanol byproduct, had a

TGA-determined ceramic yield of 14.3 %.

Niobatrane [N(OCH,CH,),Nb[(OCH,CH,),NCH,CH,OH]

Niobatrane was synthesized by reacting niobium hydroxide [Nb(OH)s, 59 g,
0.33 mole], which was prepared by adding aqueous ammonia to an aqueous solution of
ammonium niobate oxalate hydrate, with triethanolamine [(HOCH,CH;);N, 98 g, 0.66
mole] using ethylene glycol [HOCH,CH,OH, 20 ml] as a solvent in a 500-ml
round-bottomed flask equipped with a distill head at 190 °C in an N, atmosphere. Once
a transparent orange liquid was obtained, most of the ethylene glycol was distilled off,
and the reactor was cooled down. The resulting niobatrane had a TGA-determined

ceramic yield of 9.5 %.

Powder synthesis

Nb-doped TiO, nanopowders were prepared by liquid-feed flame spray pyrolysis
(LF-FSP). Titanatrane and niobatrane were dissolved in ethanol at selected relative
concentrations of Nb (0, 0.1, 0.5, 1, 5 and 10 mol% with respect to Ti) to give a 3 wt%
ceramic yield solution. The resulting solution was subsequently aerosolized with
oxygen into a quartz chamber, where it was combusted in an oxygen-rich environment.
Produced powders were collected downstream in rod-in-tube electrostatic precipitators
(ESP) operated at 10 kV. Details of the LF-FSP process, including the apparatus,

particle formation mechanism, and chelated metal alkoxides precursor studies, can be
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found elsewhere.***** The collected nanopowders were then annealed at 600 °C under

an NHj flow (140 mL/min) for 3 h.

Characterization

The X-ray powder diffraction (XRD) patterns were recorded on a Rigaku
rotating anode goniometer operating at 40 kV and 100 mA with monochromated Cu Ka
radiation (0.1541 nm). For lattice parameter calculation, the powders were mixed with
silicon powder as an internal standard. The JADE program 2010 was used to refine
lattice constants, and to determine the presence of crystallographic phases and their
weight fractions. Specific surface areas and corresponding average particle sizes were
determined by the Brunauer-Emmett-Teller (BET) multipoint method from the nitrogen
adsorption isotherms measured using a Micromeritics ASAP 2020 sorption analyzer.
Prior to measurement, samples were evacuated at 150 °C for 8 h. BET-derived average
particle sizes (d) were obtained using the equation below, where SSA and p are the
specific surface area and the density, respectively.

= 6
(SSA) x p

Scanning electron microscopic (SEM) images were obtained with an FEI NOVA
NanoLab. Thermogravimetric analysis (TGA)/differential scanning calorimetry (DSC)
curves were recorded on a Q600 simultaneous TGA/DSC (TA instruments). Raman
spectra were obtained with a Renishaw in Via reflex spectrometer using a 532 nm laser.
X-ray photoelectron spectroscopy (XPS) analyses were performed using a JEOL
JPS-9010 spectrophotometer. The binding energies were calibrated with reference to the
C 1s signal at 285.0 eV. Inductively coupled plasma atomic emission spectrometry
(ICP-AES) was performed on an Agilent 5100 instrument. The samples were dissolved
for the ICP-AES measurement as follows: The sample (10 mg) was dispersed in an
H,SO4/HNO; mixture (8 mL, 1/1 in V/V) containing (NHy4),SO4 (2 g) in a 100-mL glass
conical beaker and the dispersion was heated at 200 °C for 30 min. The temperature was
then raised by 50 °C every 30 min, and the final temperature was 350 °C. After cooling
to room temperature, HCI (9 M, 20 mL) and a small amount of water were added and
then heated at 160 °C for 15 min. UV-vis spectra were obtained with a JASCO V-750
spectrophotometer equipped with an integrating sphere (ISV-722 attachment).
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2-3. Results and Discussion
2-3-1. Preparation and Characterization of TiO, Nanopowders with Selected Nb
Contents.

Table 2-1 shows Nb doping contents determined by ICP-AES. The Nb contents

in the samples were in good agreement with the nominal values.

Table 2-1. Nb contents in the samples determined by ICP-AES.

Nb content / mol%

Theoretical content Measured content

0 N. D.
0.1 0.1
0.5 0.5

1 0.9

5 4.9
10 9.8

Figure 2-1 shows XRD patterns of the samples with different Nb contents. In the
XRD pattern of the undoped sample, the diffraction peaks at 26 (CuKa) = 25.2°, 36.9°,
37.7°, 38.5°, 48.0°, 53.8°, 55.0°, 62.1°, 62.6° and 68.7° were indexed to (101), (103),
(004), (112), (200), (105), (211), (213), (204) and (116) planes of anatase, respectively,
while those at 26 (CuKa) = 27.4°, 36.1°, 41.2°, 44.0°, 54.3° and 56.6° were indexed to
(110), (101), (111), (210), (211) and (220) planes of rutile, respectively. In the XRD
patterns of the Nb-doped samples, the diffraction peaks appeared at similar positions to
those of the undoped sample and no diffraction peaks attributable to Nb compounds
were observed regardless of the Nb content, indicating that they remained as binary
mixtures of anatase and rutile.

In order to discuss the effect of metal precursor species on the solubility limit of

Nb in TiO,, the results of XRD analyses were compared with those of Nb-doped TiO;
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prepared by FSP in previous reports.”” >’ The reaction temperatures were 700-1200 °C
for FSP and 1500-2000 °C for LF-FSP, respectively.”* Based on these facts, the
solubility limit of Nb in TiO, was determined to be around 15 mol% judging from the
phase diagram.**** It should be noted, however, that FSP/LF-FSP is a non-equilibrium
process,”® and it is thus difficult to predict the actual solubility limit of Nb in TiO, based
on the phase diagram. When NbCls was used as the Nb precursor, Nb,Os was
segregated from TiO, with 10 mol% Nb content, while TiO, was obtained with no
Nb,Os with < 10 mol% Nb content.”® In this study, however, no Nb,Os was obtained,

even with 10 mol% Nb content as we expected, indicating that the Nb solubility was

enhanced.
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Figure 2-1. XRD patterns of a) undoped and Nb-doped TiO, powders with different Nb
contents: b) 0.1, ¢) 0.5, d) 1, e) 5 and f) 10 mol%. “A” and “R” denote anatase and rutile,

respectively.

Figure 2-2 shows the TGA/DSC curves of titanatrane and niobatrane, which
were used as the Ti and Nb precursors, respectively. They showed very similar
decomposition behaviors, and the use of these precursors for preparation of Nb-doped

TiO; is thus likely to be effective in preventing phase segregation. On the other hand,
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according to the literature,” NbCls decomposes to form Nb,Os at > 900 °C, which
seems to be higher than the decomposition temperature of metal alkoxide. The
segregation of Nb,Os from TiO, with a smaller Nb content™ is therefore likely to be

ascribable to the different thermal decomposition behavior of NbCls.
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Figure 2-2. TGA/DSC curves of (A) titanatrane and (B) niobatrane.

Raman spectra (Figure 2-3) exhibited six Raman bands regardless of the Nb
content. The Raman bands at 141, 192, 394, 514, 636 cm’™! were assigned to E,, Eg, A1,
By, E, modes of anatase, respectively, and the band at 445 cm™ was assigned to an E,

.1 44,45
mode of rutile.”™

No additional bands were observed. These results indicate that all
samples remain unchanged as binary mixtures of anatase and rutile, in good agreement
with the XRD results. Table 2-2 summarizes phase composition (wt%) of the samples
determined by the Rietveld refinement*® using reference files (PDF# 98-000-0081 and
PDF# 98-000-0375 for anatase and rutile, respectively). Regardless of the Nb content,
the main component of the samples was anatase (~ 80 wt%) and the rest (~ 20 wt%)
was rutile.

The anatase/rutile phase compositions were compared with those in previous
reports on Nb-doped TiO, with different Nb contents prepared by FSP. In the previous
reports, the Nb-doped TiO, prepared by FSP consisted of anatase and rutile with lower

27,29
7, I

Nb contents, while the rutile content decreased with increases in the Nb content. n

this study, however, no such trend was observed.
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Figure 2-3. Raman spectra of a) undoped and Nb-doped TiO, powders with different Nb
contents: b) 0.1, ¢) 0.5, d) 1, ) 5 and f) 10 mol%. “A” and “R” denote anatase and rutile,

respectively.

Table 2-2. Phase composition of undoped and Nb-doped TiO, powders with different

Nb contents.

Phase compositions / wt%

Nb contents / mol%

Anatase Rutile
0 81 19
0.1 81 19
0.5 82 18
1 81 19
5 84 16
10 83 17

Figure 2-4 provides the variation in unit cell volumes for anatase and rutile vs.

Nb content. For both anatase and rutile, unit cell volumes increased with increases in
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Nb content. Considering that ionic radii of Nb>* (0.069 nm) and Nb*" (0.074 nm) are
both larger than that of Ti*"(0.068 nm),” the increase in the unit cell volume with
increases in the Nb content suggests that Nb substitutes on the Ti*" sites of both anatase
and rutile. Successful Nb-doping has been reported previously.”****’ No linear
correlation between unit cell volume and Nb content was observed, which is possibly

due to Ti*" vacancies formed as a result of Nb doping (this point will be discussed

later).*®
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Figure 2-4. XRD-defined unit cell volume (10~ nm”) as a function of Nb contents in A)

anatase and B) rutile.

Figure 2-5 shows SEM images of Nb-doped TiO, nanopowders with different
Nb contents. All samples consisted of spherical particles with average particle sizes
(APSs) of 20-50 nm. Table 2-3 lists BET-derived SSAs and corresponding APSs. The
APSs of Nb-doped TiO;, nanopowders with 0.1, 0.5, 1, 5 and 10 mol% Nb content were
27, 30, 28, 26 and 27 nm, respectively, consistent with particle size ranges estimated
from SEMs (Figure 2-6). These results indicate that Nb content has essentially no effect
on particle size and morphology in Nb-doped TiO, nanopowders.

The average particle sizes in this study were compared with those of Nb-doped
TiO, prepared by FSP using NbCls as an Nb precursor,”® and the sizes were closely

similar despite the difference in precursor species.
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Table 2-3. BET-derived specific surface areas and average particle sizes of Nb-doped

TiO, powders with different Nb contents.

Nb content / mol% SSAs (m2g™) APSs (nm)
0.1 51 27
0.5 51 30
1 54 28
5 59 26
10 56 27

0.1 mol% 1 mol%

it
M

5mo|%ﬁ e, | 10 mol%

Figure 2-5. SEM images of Nb-doped TiO, powders with 0.1, 1, 5 and 10 mol% Nb

contents.
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Figure 2-6. Size distribution and average particles sizes determined by SEM images of
Nb-doped TiO, with different Nb contents: (A) 0.1, (B) 1, (C) 5 and (D) 10 mol%.

Figure 2-7 A shows XPS spectra of the Nb 3d region of undoped and Nb-doped
TiO, powders. While no peak was identified in the XPS spectra of undoped and
Nb-doped TiO, powders with < 1 mol% Nb contents, two peaks at 209.7 eV and 206.8
eV were observed in the XPS spectra of Nb-doped TiO, powders with > 1 mol% Nb
contents. These peaks are ascribable to Nb>* 3ds,, and Nb>* 3ds, respectively.49 These
peaks are not detected in the spectra of TiO, powders with 0.1 and 0.5 mol% Nb
contents, likely due to the Nb content being below the detection limit. As shown in
Figure 2-5 B, Ti 2p XPS spectra show two peaks at 464.4 ¢V and 458.6 ¢V from Ti*"
2p12 and Ti*" 2p35, respectively.so These results indicate that Ti was present as Ti*" and
Nb as Nb°>".
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Figure 2-7. XPS spectra of (A) Nb and (B) Ti in a) undoped and Nb-doped TiO, powders
with different Nb contents: b) 0.1, ¢) 0.5, d) 1, e) 5 and ) 10 mol%.

Photographs of undoped and Nb-doped TiO, nanopowders are presented in
Figure 2-8 A. Both samples were white regardless of the Nb content. Given that Nb was
doped as Nb*, as indicated by XPS, two possible routes to compensate for Nb™" excess
charge can be considered; one is creation of one Ti*" vacancy per four Nb>* introduced
and the other is the reduction of Ti*" to Ti’". According to a previous report,”’ when Ti>"
forms via Nb>* doping of TiO,, the sample absorbed visible light (ca. 520 nm — ca. 560
nm) via creation of a Ti’" level in the band gap, resulting in yellow powders. In the
present system, however, no evidence for visible-light absorption in these regions is
observed from the diffused-reflectance UV-vis spectra of Nb-doped TiO, (Figure 2-8 B),
indicating that the excess positive charge accompanied by Nb°* is compensated by Ti*"
vacancy formation. Strict oxidative conditions of the LF-FSP synthesis also supports
this argument.”’ On the other hand, according to a previous report,”’ peroxo species that
exhibit visible-light absorption (- ca. 520 nm) formed on the surfaces of Nb-doped TiO,
in compensation for the excess Nb’" positive charge, accompanied by a yellow
coloration. A similar material was also synthesized under strict oxidative conditions
(1073 K in air) similar to the present study. However, the peroxo species were not

detected in the LF-FSP synthesized Nb-doped TiO, based on the diffused-reflectance
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UV-vis spectra.

Figure 2-8 B shows the diffused-reflectance UV-vis spectra of undoped and
Nb-doped TiO; powders. All samples showed UV-light absorption and absorption edges
at ca. 410 nm (ca. 3.0 eV) corresponding to the band gap energy of rutile (3.0 eV). This
result is ascribable to the fact that the samples contained rutile, whose band gap energy
of 3.0 ¢V is smaller than that of anatase (3.2 eV).” Regardless of the Nb content, the
band gap energies of Nb-doped TiO, nanopowders were very similar to that of undoped
TiO; nanopowder, indicating that the band gap of rutile was not narrowed by Nb-doping,
a result consistent with the absence of the low-valence species. This result is consistent
with that for Nb-doped TiO, with different Nb contents prepared by FSP using niobium

. 28
chloride as an Nb precursor.
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Figure 2-8. (A) Photographic images of a) undoped and Nb-doped TiO, with different
Nb contents: b) 0.1, ¢) 0.5, d) 1, ) 5 and f) 10 mol%. (B) Diffused-reflectance UV-vis
spectra of undoped and Nb-doped TiO, powders with different Nb contents.

2-3-2. N-doping into Nb-doped TiO, Nanopowders.

The Nb contents in Nb-doped TiO, nanopowders after NH3 annealing remained
unchanged (Table 2-4). As shown in the XRD patterns (Figure 2-9), the diffraction
peaks were observed at similar positions to those of the samples before NH3 annealing,
and no new peaks were observed, indicating that the anatase and rutile structures were

maintained after the NH; annealing in all samples. In the Raman spectra of the samples
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(Figure 2-10), the five Raman bands ascribed to anatase were observed in all samples,
while 445 ¢cm™ band from rutile was observed only in samples with < 1 mol% Nb
contents. The Raman band observed at 141 cm™ in the undoped TiO, spectrum shifted
to a higher wavenumber in the spectra of Nb-doped TiO,, and this will be discussed

later.

Table 2-4. Nb contents in undoped and Nb-doped TiO, powders after NH; annealing
determined by ICP-AES.

Nb content / mol%

Initial content Measured content

0 N. D.
0.1 0.1
0.5 0.5

1 0.9

5 5.0
10 9.7

32



Chapter 2

R
R A

f L RAMMA R R A f‘-.‘/&“R A A

° L o A A e -
o I L B - A~ o . e
>
2lec
g
E

b -

a
20 30 40 50 60 70

20/ ° (Cu Ka)

Figure 2-9. XRD patterns of a) TiO, powder with no Nb content and Nb-doped TiO,
powders with different Nb contents: b) 0.1, c¢) 0.5, d) 1, e) 5 and f) 10 mol% after NH;

annealing . “A” and “R” denote anatase and rutile, respectively.
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Figure 2-10. Raman spectra of a) TiO, powder with no Nb content and Nb-doped TiO,
powders with different Nb contents: b) 0.1, ¢) 0.5, d) 1, ) 5 and f) 10 mol% after NH3

annealing. “A” and “R” denote anatase and rutile, respectively.
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Figure 2-11 shows the XPS spectra of the Nb 3d (Figure 2-11 A), Ti 2p (Figure
2-11 B) and N 1s (Figure 2-11 C) regions of TiO, nanopowder with no doping and
Nb-doped TiO, nanopowders with different Nb contents after NH3 annealing. Two
peaks at 209.7 eV and 206.8 eV were observed in the Nb 3d XPS spectra of Nb-doped
TiO, nanopowders with > 1 mol% Nb contents. These binding energy values were the
same as those of the samples before NH3 annealing (Figure 2-11 A). These peaks are
assigned to Nb>* 3ds, and Nb”" 3ds,, respectively.”’ The Ti 2p XPS spectra showed two
peaks at 464.4 eV and 458.6 eV, which are the same as those of the samples before NH;
annealing (see Figure 2-11 B). These peaks are assigned to Ti* 2p1, and Ti*" 2p3s,
respectively.”’ The N 1s XPS spectra (Figure 2-11 C) showed a new peak at 396 eV in
the samples with > 1 mol% Nb contents, and the peak intensity increased with increases
in the Nb content, while no peak was observed in the samples with < 1 mol% Nb
contents. This peak is ascribable to N-Ti bonding,”* which was formed via substitutional
N-doping into the TiO, lattice at oxygen sites, indicating that the amount of the
substitutionally doped nitrogen likely increased with the Nb content. On the other hand,
no N-O bonding (400 eV) peak, formed via interstitial N-doping,”> was observed.
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Figure 2-11. XPS spectra of (A) Nb, (B) Ti and (C) N in a) TiO, powder with no Nb
content and Nb-doped Ti0O, powders with different Nb contents: b) 0.1, ¢) 0.5,d) 1,e) 5
and f) 10 mol% after the NH; annealing.
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The Raman band at 141 cm’, observed in the spectrum of undoped TiO,
nanopowder shifts to 142 cm™ after NH; annealing and shifts further to higher
wavenumbers with increases in the Nb content (Figure 2-9). An earlier report has
ascribed this shift to oxygen vacancy formation in the anatase phase.’® The formation of
oxygen vacancies via NHj annealing can arise by two mechanisms: one is substitutional
N-doping into the TiO, lattice at oxygen sites, and the other is reduction by H,, which
forms by decomposition of NHj; at the annealing temperature.

When nitrogen is substitutionally doped into the TiO, lattice at oxygen sites,
compensation of excess negative charge due to O substitution by N* can occur by
generating O® vacancies, and substitutional doping of nitrogen, as indicated by XPS
analysis, thus likely involves oxygen vacancy formation. Alternatively, according to

33,54 TiO, can be reduced by H, to form oxygen vacancies when TiO,

previous reports,
powder is annealed under NHj3 at > ca. 550 °C. Based on this mechanism, since the
Nb-doped TiO, nanopowders were annealed under reducing conditions, low-valent
metal species such as Ti*" or Nb*" and oxygen vacancies are likely formed. Oxygen
vacancy formation by similar mechanisms can be expected for rutile.

As shown in Figure 2-12 A, all samples became colored after NH; annealing,
and the color changed from yellow to dark green with increases in the Nb content.
Figure 2-11 B shows the diffused-reflectance UV-vis spectra of the samples after NH;
annealing. UV-light absorption (- ca. 410 nm) (region I) and visible-light absorption (ca.
410 - ca. 520 nm) (region II) was observed in all samples, while visible-light absorption
(ca. 520 nm -) (region III) was observed only in samples with > 0.5 mol% Nb contents.
The yellow color is due to absorption in visible light in region II (ca. 410 nm - ca.520
nm). The color became dark green with increases in the Nb content as a result of
enhanced visible-light absorption in region III (= ca. 520 nm).

The light absorption edge in region I ca. 410 nm (ca. 3.0 eV) in all samples
regardless of the Nb content, was the same as that before NH; annealing, indicating that
the band gap of rutile is not narrowed via NHj3 annealing. Development of visible-light
absorption in region II is common in interstitially N-doped TiO, which creates localized

333435 \while substitutional N-doping does not develop

levels in the TiO, band gap,
visible-light absorption.”® Thus, the visible-light absorption in region II indicates that

interstitial N-doping occurred regardless of the Nb content, although its presence was
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not confirmed by XPS analysis. Which phase, anatase, rutile, or both, was involved for
interstitial N-doping cannot be discussed.

Light absorption in region III was observed only for > 0.5 mol% Nb contents,
and is likely due to formation of Ti*" via reduction of Ti*" by H, to create a donor level
below the conduction band of TiO,.*****® Enhanced light absorption in region III with
increased Nb content can be correlated with increases in the number of Ti’* formed, as
discussed above. Possible Nb*" formation can be excluded from the mechanism of light
absorption in region III, since it does not develop visible-light absorption in Ti0,.”"®

Bartlett et al. prepared Nb-doped TiO, with different Nb contents by the sol-gel
method, which was subsequently annealed under NH; flow at 500 °C, but no
enhancement of visible-light absorption in region III was observed regardless of the Nb
content.” According to the previous report,3 30 NH; decomposes into H, at above ~ 550

°C, and the absence of absorption in region III in the previous report is thus ascribable

to the fact that NH; was not decomposed into Hy.
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Fig. 2-12. (A) Photographic images of a) TiO, powder with no Nb content and TiO, with
different Nb content: b) 0.1, ¢) 0.5, d) 1, ) 5 and f) 10 mol% after the NH; annealing. (B)
Diffused-reflectance UV-vis spectra of undoped and Nb-doped TiO, powders with
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different Nb contents after the NH; annealing. The inset shows the expanded version of
the spectra in region IIL
2-4. Conclusions

Nb-doped TiO, nanopowders with different Nb contents were synthesized by
Liquid-feed Flame Spray Pyrolysis (LF-FSP) and subsequently annealed under NHj;
flow to develop and tune the visible-light absorption of TiO,. Nb-doped TiO,
nanopowders with different Nb contents were prepared by controlling the mixing ratios
of chelated metal alkoxides precursors (titanatrane and niobatrane for Ti and Nb,
respectively). The use of chelated metal alkoxides as Ti and Nb precursors was likely to
be favorable to improving the Nb solubility limit in TiO,. Nb-doping into TiO,
nanopowders was demonstrated by compositional and crystal structural analyses. After
the NHj3 annealing, white Nb-doped TiO, nanopowders became colored. This color
change was attributable to interstitial N-doping, which was demonstrated by
diffused-reflectance UV-vis spectroscopy. The color of the Nb-doped TiO, nanopowders
after NH; annealing was varied from yellow to dark green depending on the Nb
contents. This phenomenon is likely due to the localized levels created by interstitial
N-doping and Nb-doping-induced Ti*" level creation via reduction by H,, which was
formed as a result of NH; decomposition. Visible-light absorption by the interstitial
N-doping, which corresponds to yellow coloration of TiO,, was developed regardless of
the Nb content, while that by Ti* level, which corresponds to blue coloration, was
developed only in the samples with > 0.5 mol% Nb contents, and the color of the
samples thus varied from yellow to dark green depending on the Nb content. The
methodology demonstrated in the present study to develop and tune the visible-light
absorption of TiO, via synthesis of Nb-doped TiO, with different Nb contents by
LF-FSP and subsequent NHj3 annealing has the potential to be applied in designing
high-performance TiO, materials concerned with visible-light absorption, such as

photocatalysts or pigments.
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3. High-performance Heterojunction Created by Simple Integration of Protonated

Layered Titanate with TiO, Nanoparticles

3-1. Introduction

Development of highly active solid photocatalysts has been extensively
investigated for efficient use of solar energy for fuel production, fine chemical
synthesis and removal of hazardous organic compounds.'” Extensive efforts have
been directed to modifying existing photocatalysts and synthesizing new ones in
consideration of an increase in their surface areas and enhancement of their
charge separation efficiency, since these factors largely affect the activities of
photocatalyst particles. Layered inorganic semiconductors such as layered
titanates and niobates have been utilized as scaffolds for designing highly
efficient photocatalysts, because they possess an interlayer space that is
expandable via intercalation reactions and can therefore provide huge nanospaces
for reactants and functional units for semiconductor-based heterojunction
creation.”® A representative example is the enhanced photocatalytic activity
observed for photocatalysts with heterojunctions created via layer-by-layer
assembly of two kinds of layered semiconductor nanosheets resulting from
enhanced charge-separation efficiency due to efficient coupling based on their 2D

9,10

structures.” - In addition, with tuning of their interlayer structures, they show

such unique and useful phenomena as substrate- or product- selective

11-15

photocatalytic reactions that are difficult to achieve with conventional

semiconducting particles. Unmodified layered inorganic semiconductors,

13 a5 a result, the obtained

however, show negligible photocatalytic activity;
photocatalysts with heterojunctions show photocatalytic activity lower than that
of such commercial photocatalysts as P25 TiO, which is often used as a
benchmark photocatalyst. Achieving remarkable enhancement of the
photocatalytic activity of layered inorganic semiconductors more easily and
inexpensively without intercalation reactions is thus a challenging issue.'®

Herein, a new methodology for remarkably enhancing the photocatalytic

activity of layered inorganic semiconductors by making unique use of P25 is
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reported. A lepidocrocite-type layered titanate (AxTi,.,M;O4: A, interlayer alkali
metal cation; M, metal or vacancy) was selected to enhance the photocatalytic
activity, since lepidocrocite-type layered titanates have widely been investigated
due to their superior intercalation abilities."” P25 is one of the most active
photocatalysts; therefore, the modification of P25 with co-catalysts has been

16,18,19 .
2Tt 1s

conducted to synthesize photocatalysts with high activity levels.
demonstrated that simple (particle-level) mixing of a layered titanate and a much
smaller amount of P25 (as a kind of co-catalyst) produces a composite showing
considerably higher photocatalytic activity than P25 for different reactions as a
result of a transfer of photoexcited electrons from the layered titanate to P25 via a
heterojunction and retardation of the charge recombination, without intercalation
reactions. A high level (apparent quantum vyield of 73% at 320 nm) of
photocatalytic activity for H, evolution from an aqueous methanol solution is

achieved when the P25 component is replaced with Pt-loaded P25, although an

unusually small amount of Pt is used in the composite.

3-2. Experimental

Reagents and materials

KyCO3 (>99.95 %), LixCOs (>99.95 %), HCI (35.0-37.0 %) and methanol
(>99.5 %) were purchased from Kanto Chemical Co., Inc. Formic acid (99.0 %), Nitro
Blue Tetrazolium Chloride (NBT) and H,PtClg*6H,O (99.9 %) were purchased from
Wako Pure Chemical Industry, Ltd. WOs3 (> 99.0 %) was purchased from Kishida
Chemical Co., Ltd. P25 (>95.0 %) was supplied by Nippon Aerosil Co., Ltd. All

reagents and materials were used as received.

Characterization

X-ray diffraction (XRD) patterns of the samples were collected using a powder
X-ray diffractometer (Smart Lab, RIGAKU) with Cu Ka radiation at 40 kV and 30 mA.
The crystal morphology was observed with a field-emission scanning electron
microscope (FE-SEM) (JEOL JEM-6500F). Agglomerate size distribution was
determined by dynamic light scattering (DLS) using a Nanotrac Wave (Microtrac Bel

Corp.) Transmission electron microscopic (TEM) images were obtained with a JEOL
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JEM-6500F equipped with an energy dispersive X-ray spectroscopy (EDS) analyzer.
Inductivity-coupled plasma atomic emission spectroscopy (ICP-AES) was performed on
an Agilent 710-ES. Each sample (6.0 mg) was decomposed for measurement with 12 M
H,SO4 (5.0 mL) at 200 °C for 3 h. UV-vis spectra were obtained with a JASCO V-750

spectrophotometer.

Preparation of HTO

H.07Ti1.73002704 (referred to as “HTO”, equivalent to Hj;Ti;7304; O
denotes a defect) was prepared by a solid-state reaction and subsequent acid
treatment. Ko gTi; 731192704 (KTLO) was prepared according to the previous
reportzo by solid-state reaction from K,COs;, Li,CO3 and TiO; (at the molar ratio
of 2.4:0.8:10.4). The starting materials were mixed using a planetary ball mill
(Planet M2-3, Gokin Planetaring) and the mixture was calcined in air at 600 °C
for 30 min, and then calcined for another 20 h after grinding. KTLO (400 mg)
was dispersed in 0.1 M HCI (200 mL) and the dispersion was shaken (160 rpm,
12h). The reaction was conducted three times. The solid was separated by
centrifugation (3500 rpm, 20-60 min), washed with deionized water, and dried

under reduced pressure at room temperature.

Photocatalytic oxidative decomposition of formic acid

. . . . . 421.22
Oxidative decomposition of formic acid™”

was performed in a
stainless-steel container (75 mL) equipped with a Pyrex window as follows: the
sample (layered titanate or both layered titanate and additive powders) was added
in an O;-saturated aqueous solution (5 mL) containing 5 vol% of formic acid, and
the suspension was sonicated for 1 min and then irradiated using a solar simulator
(San-Ei Electric, A >300 nm, 1000 Wm > (1 solar)) under stirring. The gas in the
glass tube was collected with a gas-tight syringe and quantified using a Barrier

Ionization Discharge (BID) gas chromatograph (ShimadzuBID-2010 plus)

equipped with a Micropacked ST column. Argon gas was used as a carrier gas.
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Quantitative analysis of O,

O, yields of the photocatalysts were quantified according to the previous
report.”> HTO (15 mg), P25 (2 mg) or an HTO/P25 mixture (13 mg/2 mg) was
dispersed in an aqueous 2-propanol solution (5 mL, 4 vol%, O, saturated), to
which NBT had been added at a concentration of 1 mM, by sonication. The
suspension was irradiated with a 350-W mercury lamp (USHIO Inc.) (>300 nm)
for 3 min. This reaction was conducted in a glass tube. After irradiation, the
photocatalyst was removed by centrifugation (45000 rpm, 15 min), and the
supernatant was analyzed by UV-vis spectrometer (Shimadzu UV-3100PC). NBT
reacts with O, , generated by a reaction between O, and photoexcited electrons of
a photocatalyst, at a molar ratio of 1:4 to form insoluble Formazan deposits on
the photocatalyst, as shown in Figure 3-1.% Therefore, by quantifying the amount
of NBT recovered from the aqueous dispersion, the amount of generated O, can

be quantified.

NO, NO, NO, NO,

+40,” + 2H* +40,
H3CO OCH3 @ H3CO OCH, @

NBT Formazan

Figure 3-1. Reaction between NBT and O, .

Determination of the oxidation site in a HTO/P25 composite

The oxidation site in an HTO/P25 composite was determined according to
the previous report.”* The HTO/P25 mixture (15 mg) was dispersed in a 0.1 M
Pb(NO3), aqueous solution (5 mL, O, saturated) by sonication in a glass tube.
The pH of the dispersion was adjusted to 1.0 by adding HNOs;. After
photoirradiation (>300 nm) for 24 hours, the solid was separated by
centrifugation (3500 rpm, 20 min) and dried under reduced pressure at room
temperature. The sample (1 mg) was dispersed in ethanol (1 mL) by sonication,
and a carbon-coated TEM grid (Ouken-Shoji, 200-A mesh) was dipped in the

dispersion followed by drying at room temperature for TEM-EDS observation.
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Preparation of Pt-loaded photocatalysts

Pt-loaded photocatalysts were prepared according to the method used in
the previous report.”> The sample was suspended in an aqueous methanol solution
(5 mL, 1/1 in V/V) in a Pyrex glass tube (34 mL), and H,PtClg*6H,O (Pt/sample
= 0.5 wt%) was added to the suspension. The resulting suspension was sonicated
for 1 min and then deaerated by argon bubbling. The glass tube was sealed with a
rubber septum and irradiated with an ultra-high-pressure mercury lamp (350 W,
Ushio Inc.) under stirring for 10 min. The solid was separated by centrifugation
(3500 rpm, 20 min), washed with water, and dried under reduced pressure at

room temperature.

Photocatalytic H, evolution

Photocatalytic H, evolution from water was performed in a Pyrex glass
tube (34 mL) as follows: the sample (layered titanate or both layered titanate and
additive powders) was added to an aqueous methanol solution (5 mL, 1/1 in V/V),
and the suspension was sonicated for 1 min and then deaerated by argon
bubbling.”” The glass tube was sealed with a rubber septum and irradiated with a
solar simulator (San-Ei Electric, A >300 nm, 1000 Wm ~ (1 solar)) under stirring.
For apparent quantum yield (AQY) calculation,” the glass tube was irradiated
with a monochromated light (320 nm) for 3 h using a 500-W Xe lamp (Ushio
Inc.) and SM-25 monochrometer (Bunkoukeiki). The gas in the glass tube was
collected with a gas-tight syringe and quantified using a TCD gas chromatograph
(Shimadzu GC-8A) equipped with SHINCARBON-ST 50-80 columns. Argon
gas was used as a carrier gas. The H; concentrations were calibrated with an
authentic sample. The number of incident photons was determined using an
S1337-1010BQ silicon photodiode (Bunkoukeiki). AQY was defined by the

following equation®:

AQY (%) = Number of reacted electrons % 100 %
QY (%) = Number of incident photons 0
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_ Number of evolved H, molecules x 2

X 1009
Number of incident photons 00%

3-3. Results and Discussion
3-3-1. Preparation of a Layered Titanate

XRD patterns of the sample after the solid-state reactions are shown in
Figure 3-2 A. The diffraction peaks at 26 (CuKa) = 11.3°, 22.6°, 24.0°, 29.0°,
32.2°,34.6°, 38.2°, 42.3°, 46.4°, 47.5° and 49.0° were indexed to the (020), (040),
(110), (130), (021), (060), (041), (131), (061), (200) and (151) planes of KTLO,
respectively.?® Figure 3-2 B shows XRD patterns of the sample obtained after
acid treatment of KTLO. The diffraction peaks at 260 (CuKa) = 9.4°, 18.8°, 23.8°,
27.5°,28.7°, 33.2°, 38.7°, 45.8°, 47.8° and 48.8° were indexed to the (020), (040),
(110), (130), (060), (031), (041), (051), (071), (200) and (151) planes of HTO,
respectively.”® The increase in (020) d-spacing from 0.78 nm to 0.92 nm is
ascribable to the fact that interlayer K* was replaced by H', since H" is hydrated
more efficiently than K to expand the interlayer space.®

The acid-treated KTLO did not contain K and Li, as confirmed by
ICP-AES analysis (data not shown). This is ascribable to the fact that almost all
the interlayer K ions and framework Li ions were extracted during the acid
treatment. The structural and compositional analyses thus revealed the formation
of HTO by acid treatment of KTLO.

Figure 3-3 shows SEM images of the samples. KTLO consisted of
rounded rectangular particles (70—100 nm) with smooth surfaces (Figure 3-3 A).
The HTO appears similar to KTLO, with some particle fragments on the edges of
the particles (Figure 3-3 B).
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Figure 3-2. The XRD patterns of (A) KTLO and (B) HTO.

Figure 3-3. The SEM images of (A) KTLO and (B) HTO.

3-3-2. Mixing of HTO with P25

Figure 3-4 shows the agglomerate size distribution of HTO, P25 and the
HTO/P25 mixture in water determined by DLS analysis. HTO and P25 showed
peaks with a size of ca. 1.3 pym and ca. 0.3 um, respectively. They were assigned
to aggregated particles, since the primary particle sizes of HTO and P25 were ca.
100-200 nm and ca. 20-50 nm, respectively. The HTO/P25 mixture showed a
peak with a size of 2.2 um, which was much larger than those of HTO and P25.
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In the TEM image of the HTO/P25 mixture after the evaporation of water, it was
found that HTO and P25 possessed particle interfaces (Figure 3-5). These results
indicate that HTO and P25 particles can contact each other when mixed in water

to create heterojunctions.

Il P25
J§ HTO
B HTO/P25 mixture

Frequency (a. u.)

o 1 2 3 4 5 6 7 8
Particle size / pm

Figure 3-4. Agglomerate size distribution determined by DLS of P25 (13 mg),
HTO (2 mg) and HTO/P25 mixture (13 mg/2 mg) suspended in water (5 mL).
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Figure 3-5. TEM image of the HTO/P25 mixture (13 mg/2 mg) suspended in

water (5 mL) after evaporation of water.

3-3-3. Enhanced Photocatalytic Formic Acid Oxidation and the Mechanism

As shown in Figure 3-6, P25 decomposed formic acid photocatalytically to
generate CO,, as reported previously.”’ HTO was completely inactive for the
reaction. On the other hand, the HTO/P25 composite showed about five times
higher activity than P25.

Figure 3-7 shows the photocatalytic activity of HTO/P25 composite with
different HTO/P25 mixing ratios. The HTO/P25 composite (13 mg/2 mg) showed
the highest photocatalytic activity, and the mixing ratio was thus optimized at 13
mg/2mg.

P25 is one of the most active photocatalysts for the decomposition of
organic compounds, and only a limited number of TiO, materials have shown
photocatalytic activity considerably higher than that of P25.%%%*?° The
photocatalytic activity of the HTO/P25 composite was comparable to that of
hydrothermally treated P25, which, to the best of my knowledge, shows the best
photocatalytic activity for oxidative decomposition of formic acid among
unmodified TiO, photocatalysts. The photocatalytic activity of the HTO/P25
composite, moreover, was higher than that of Pt@HTO, an HTO with its outer
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particle surface modified with 0.5 wt% Pt nanoparticle, one of the most efficient
co-catalysts (Figure 3-6). All the results indicate the merits of using P25 as an
additive for simple, low-cost development of high photocatalytic activity in HTO

and many other layered inorganic semiconductors with electronic band structures
similar to that of HTO.?!

o [3)] o (3]

CO, evolution rate / pmol h-1
(3]

15/0 0/15 13/2 15/0 0/15 13/2
HTO/P25 mixing ratios

Figure 3-6. CO; evolution rates at different HTO/P25 (mg/mg) mixing ratios
under simulated solar light (Ieft) A > 300 nm and (right) A > 370 nm. The gray bar
indicates the CO, evolution rates for Pt@HTO.
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Figure 3-7. CO; evolution rates at different HTO/P25 (mg/mg) mixing ratios

under simulated solar light (>300 nm).

To discuss the mechanism of the high photocatalytic activity of the
HTO/P25 composites, a photocatalytic reaction under simulated solar light with a
wavelength of A > 370 nm, at which HTO is not excited but P25 is (Figure 3-8),
was conducted first. As shown in Figure 3-6, the photocatalytic activity of the
mixture was similar to that of P25 under these conditions. In light of the fact that
formic acid is decomposed directly by photogenerated holes in TiO, (or the
decomposition is initiated by the holes) in the presence of molecular O,,*? this
result indicates that under full-spectrum solar light irradiation, electron transfer
from P25 to HTO via heterojunction scarcely occurs to enhance the
photocatalytic activity of P25. It is thus suggested that HTO, which is inactive
without P25 because the photogenerated -electron-hole pairs are easily
recombined (possibly due to its low crystallinity and/or low O, reduction ability,
as discussed later), shows extremely enhanced activity as a result of a charge
transfer from HTO to P25 to retard the charge recombination on HTO. In the
previous report,'® although a lepidocrocite-type layered titanate showed scarcely

any photocatalytic activity for the decomposition of alcohols to H,, it did show
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photocatalytic activity after modification of the outer particle surface with Pt.

This observation supports our hypothesis.
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Figure 3-8. Diffused-reflectance UV-vis spectra of samples.

Considering the electronic band structures of HTO and P25 (Figure
3-9),33’34 both electron and hole transfer from photoexcited HTO to P25 are

thermodynamically favorable, and P25 can thus enhance the charge separation of

HTO.
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Figure 3-9. Electronic band structures of semiconductors used in this study
determined on the basis of Ref. 1, 33 and 34.

To investigate photoexcited electron transfer via heterojunction, the O,
yield was monitored by a method proposed by Matsumura, e al.,”> who had
quantified the O, yield of TiO, using NBT, which reacts with O, , generated by
a reaction between O, and photoexcited electrons of a photocatalyst, to form
insoluble Formazan deposits on TiO,. As shown in Figure 3-10, in the case of
P25 and the HTO/P25 composite, the color of the dispersion changed visibly
from yellow to purple, indicating the formation of O, which reacted with NBT to
form Formazan.” On the other hand, the color of the HTO dispersion did not
change via UV-light irradiation, indicating that HTO did not generate O, . Figure
3-11 shows the absorption spectra of an 1 mM NBT aqueous solution and those
after UV-light irradiation with different samples. Absorbance of an aqueous NBT
solution decreased via UV-light irradiation in the case of P25 and the HTO/P25
composite, and absorbance was lower for the HTO/P25 composite than for P25.
Considering that the color of the dispersion changed from yellow to purple, this
result indicates that both P25 and the HTO/P25 composite generated O, and that
the amount of O, generated by the HTO/P25 composite was larger than that
generated by P25. The constant absorbance of HTO further indicates that O, was
not generated by HTO. The O, generation rates of different samples calculated
using the absorbance are shown in Figure 3-12. The HTO/P25 composite
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generated an approximately three times higher amount of O, than P25 alone.
This result confirms that photoexcited electrons are transferred from HTO to P25,
and that the O, on the surface of P25 is subsequently reduced. The fact that
efficient charge separation occurred in P25 via inter-particle electron transfer

3035 suggests remarkably enhanced charge separation

between rutile and anatase
efficiency on the HTO/P25 composite. Since the optical spectrum of light used in
quantitative analysis of O, is different from that used in photocatalytic oxidative
decomposition of formic acid, the number of photoecxited electrons calculated

from the generated O, is not comparable to that of holes calculated from the

evolved CO,.
i{' R

P25 |
_—
HTO/P25
composite
-

Figure 3-10. Photographic images of dispersions of different samples (left)
before and (right) after UV-light irradiation.
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Figure 3-11. UV-vis absorption spectra of 1 mM NBT aqueous solution and

supernatant following removal of different samples after UV-light irradiation.
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Figure 3-12. O, evolution rates at different HTO/P25 (mg/mg) mixing ratios.

To further confirm the photoexcited electron transfer from HTO to P25 via
heterojunctions, the photocatalytic activity of the HTO/WO3; mixture, in which
transfer of both photogenerated electrons and holes from HTO to WOj; is possible
judging from the electronic band structures of HTO and WO3; (Figure 3-9), was

examined. The HTO/WO; mixture showed much lower photocatalytic activity
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compared to the HTO/P25 composite (Figure 3-13). If the main reason for the
high photocatalytic activity of the HTO/P25 composite was hole transfer between
them, high photocatalytic activity should also be observed for the HTO/WO3;
mixture. A poor O, reduction ability of WO3, due to the fact that the conduction
band potential of WO3 is more positive than the potential for single-electron

1,36

reduction of O,, cannot be excluded as a mechanism for the unenhanced

photocatalytic activity of HTO upon mixing with WOs.
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Figure 3-13. CO; evolution rates at different (left) HTO/P25 (mg/mg) mixing
ratios and (right) HTO/WOj3 (mg/mg) mixing ratios.

Possible transfer of photogenerated holes from HTO to P25, resulting in
retardation of the charge recombination on HTO and enhancement of the
photocatalytic activity, was also studied. It is known that PbO, is deposited on
photocatalyst particles from Pb®" by oxidation with photogenerated holes, and
this phenomenon has been used to determine the oxidation sites of photocatalyst
particles.”® Figure 3-14 shows XRD patterns of the HTO/P25 composite (13 mg/2
mg) before and after UV-light irradiation. In the XRD pattern of the sample
before UV-light irradiation, the diffraction peaks at 26 (CuKa) = 10.1° and 27.4°
were indexed to the (020) and (130) planes of HTO, and those at 20 (CuKa) =

59



Chapter 3

25.2°, 37.7° and 48.0° were indexed to the (101), (004) and (200) planes of
anatase, the main component of P25. On the other hand, in the XRD pattern of
the sample after UV-light irradiation, the diffraction peaks at 20 (CuKa) = 19.5°,
22.5° and 38.5° were indexed to the (111), (200) and (222) planes of Pb(NO3),,
and those at 26 (CuKa) = 32.1° and 49.4° were indexed to the (101) and (200)
planes of PbO,. Although peaks due to PbO, were observed in the XRD pattern
of the HTO/P25 composite after UV-light irradiation, PbO, nanoparticles were
not observed on P25 particles adjacent to HTO particles in the TEM image
(Figure 3-15). No further formation of PbO, on the P25 component was
confirmed by the TEM elemental mapping, as shown in Figure 3-16. These
results indicate that Pb>" was not oxidized on P25 but was oxidized in the
interlayer space of HTO, confirming that hole transfer from HTO to P25 via
heterojunction had not occurred (the possibility that quite small PbO, particles

formed on the outer surface of HTO particles cannot be ruled out).

e HTO

* P25

« Pb(NO,),
PbO,

Intensity ( a. u.)

| |
10 20 30 40 50
20/ ° (Cu Ka)

Figure 3-14. XRD patterns of HTO/P25 mixture (13 mg/2 mg) (A) before and
(B) after UV-light irradiation in Pb(NO3), aqueous solution.
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Figure 3-15. TEM images of HTO/P25 mixture (13 mg/2 mg) (A) before and (B)
after UV-light irradiation in a Pb(NOs), aqueous solution.

Figure 3-16. TEM image and the corresponding elemental mappings of
HTO/P25 mixture (13 mg/2 mg) after UV-light irradiation in a Pb(NOs), aqueous

solution.
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Accordingly, the photocatalytic activity developed in HTO, in which
photogenerated electrons and created holes are likely to be recombined easily (Figure
3-17 A), is ascribable to photoexcited electron transfer from HTO to P25 and
subsequent enhancement of the charge separation efficiency of HTO (Figure 3-17 B).

L

Figure 3-17. Scheme for photocatalytic reactions on (A) HTO and (B) the HTO/P25

“@
oy
W

composite.

3-3-4. Photocatalytic H, Evolution from an Aqueous Methanol Solution

Based on the above mechanism, it was assumed that the photocatalytic
activity of HTO for reduction reactions can also be enhanced upon mixing with
P25 particles. Therefore, the photocatalytic activity of the HTO/P25 composite
for H, evolution from water, one of the most desired reactions for fuel production,
was demonstrated. As shown in Figure 3-18 A, H, evolved linearly with
irradiation time in all the samples except for P25, a result consistent with the
previous report, which showed negligible activity of P25 under similar
conditions.” Upon mixing with P25 particles, the photocatalytic activity of HTO
was considerably enhanced (ca. 600 %), as expected (Figure 3-18 B). The AQY
of the composite at 320 nm was 23 %. When P25 was replaced with 0.5 wt% of
Pt nanoparticle-modified P25 (Pt@P25), the activity was further enhanced by up
to 3100 % and the AQY reached 73 % at 320 nm (at 3 h irradiation in Figure
3-19). This enhanced activity was ascribable to enhanced charge separation due
to integration with P25 resembling to photocatalytic formic acid oxidation on the
HTO/P25 composite, in addition to the presence of a Pt co-catalyst for Hj
evolution. It should be noted that the photocatalytic activity of the HTO/Pt@P25

composite was even higher than that of Pt@P25 with the same amount of catalyst
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(15 mg), although the amount of Pt contained in the HTO/Pt@P25 system was
only 0.06 wt%, which was much smaller than that (0.5 wt%) contained in the
Pt@P25 sole system. Intercalation of appropriate visible light sensitizers into the

HTO component might allow more efficient utilization of solar energy.
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Figure 3-18. (A) The time courses of H, evolution from an aqueous methanol
solution (5 mL, 1/1 in V/V) and (B) H, evolution rate of HTO (blue), P25 (black),
HTO/P25 mixture (13 mg/2 mg) (red), Pt@P25 (purple) and HTO/Pt@P25
mixture (13 mg/2 mg) (green) under simulated solar light (=300 nm).
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Figure 3-19. The time course of H, evolution from an aqueous methanol solution
(5 mL, 1/1 in V/V) of HTO/Pt@P25 composite (13 mg/2 mg) under

monochromated light irradiation (320 nm).

3-4. Conclusions

The remarkably enhanced photocatalytic activity of a composite of
lepidocrocite-type layered titanate particles and a much smaller amount of P25
TiO, particles, prepared by simple mixing of these particle in reaction media,
enhanced photocatalytic reactions such as oxidative decomposition of formic acid
in water and H, evolution from an aqueous methanol solution. The enhancement
was ascribable to heterojunction creation for efficient charge separation via
transfer of photogenerated electrons from the titanate to P25. The AQY at 320
nm was up to 73 % when an unusually small amount of the Pt co-catalyst was
used. This simple, low-cost and efficient methodology can be applied to other
layered inorganic semiconductors and their intercalation compounds, making

their applications in photocatalysis more effective and realistic.
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4. Room-temperature Rutile TiO, Nanoparticle Formation on Protonated Layered

Titanate for High-performance Heterojunction Creation

4-1. Introduction

Development of TiO, and TiO,-based materials with better properties and
performance is a crucial and as-yet challenging issue for various important applications,
including dye-sensitized solar cells and photocatalysts.'” Heterojunctions between
different TiO, phases (e.g. anatase and rutile, the main polymorphs of TiO5), including
heterostructures of different TiO,-based nanostructures, can create synergy effects, such
as enhanced electron mobility”'" and charge separation efficiency'*"” via intra-particle
charge transfer, which are beneficial for the above-mentioned applications. Especially in
the field of photocatalysts, state-of-the-art or benchmark TiO, heterojunctions were
formed under rather strict conditions, such as calcination at high temperatures or

hydrothermal reactions of TiOz.B'16

In contrast, layered titanate-based heterojunctions
were formed via soft chemical routes, including exfoliation and restacking that enable
intercalation of a variety of functional units, and have thus attracted increased

17-20 . . . . 21-25 :
Upon intercalation of different TiO, nanostructures, for instance,

attention.
layered titanate materials have shown remarkably enhanced photocatalytic
performances, possibly because of a prompt charge transfer to the surface resulting from

2639 However, the photocatalytic activity of these

the extreme thinness of the nanosheets.
layered titanate-based heterojunctions is often lower than that of conventional TiO,

heterojunctions.

Layered potassium titanate with a lepidocrocite structure (e.g. Ko sTi;.73Li92704,
referred to as “KTLO” hereafter) has been investigated for designing heterojunction
photocatalysts. The interlayer potassium cations can be exchanged with protons by
treatment with diluted HCI and the protonated forms (e.g. Hj 07T1; 73002704, referred to

31,32

as “HTO”, equivalent to H; ¢7Ti;.7304; O denotes a defect) are often used for further

. . . 18
intercalation reactions.

Here, a methodology for creating protonated layered titanate (HTO)-rutile
heterojunctions with no intercalation reactions is reported. Rutile was formed from
HTO on the outer particle surface of HTO to create heterojunctions via dilute HCI
treatment and subsequent drying at room temperature under reduced pressure. Although

room-temperature formation of rutile nanoparticles through a sol-gel reaction has
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already been reported,”>° this is the first report on room-temperature rutile formation
using layered potassium titanate as a starting material. After Pt-loading, the resulting
protonated layered titanate/rutile composite with heterojunctions exhibited higher
photocatalytic performance for H, evolution from water containing methanol as a
sacrifice agent under simulated solar light compared to that of Pt-loaded P25, the

standard photocatalyst for this reaction.

4-2. Experimental
Reagents and materials

K>CO3 (>99.95 %), Li,CO3 (>99.95 %), Na,COs (>99.5 %), a-Al,O3 (>99.0 %),
HCI (35.0-37.0 %) and methanol (>99.5 %) were purchased from Kanto Chemical Co.,
Inc. HyPtClge6H,0 (99.9 %) was purchased from Wako Pure Chemical Industry, Ltd.
P25 (>95.0 %) was supplied by Nippon Aerosil Co., Ltd. Anatase (JRC-TIO-1) and
rutile (JRC-TIO-6) were supplied by the Catalysis Society of Japan. All reagents and

materials were used as received.

Characterizations

X-ray diffraction (XRD) patterns of the solid products were collected using a
powder X-ray diffractometer (Smart Lab, RIGAKU) with Cu Ka radiation at 40 kV and
30 mA. Raman spectra were obtained with a Renishaw in Via reflex spectrometer using
a 532-nm laser. The morphology was observed with a field emission scanning electron
microscope (FE-SEM) (JEOL JEM-6500F). High-resolution transmission electron
microscopic (HRTEM) images were obtained with a JEOL JEM-6500F microscope.
Inductivity coupled plasma atomic emission spectroscopy (ICP-AES) was performed on
an Agilent 710-ES spectrometer. UV-vis spectra were obtained with a JASCO V-750
spectrophotometer equipped with an integrating sphere (ISV-722 attachment). The
nitrogen adsorption/desorption isotherms were measured at 77 K with a BELSORP 28
instrument (BEL Japan, Inc) to determine the specific surface areas by the

Brunauer-Emmett-Teller (BET) method.
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Crystal structure analysis

Crystal structure analysis was revisited using X-ray pair distribution functions
(PDFs).>” The X-ray total scattering data were collected at the BLI0XU beamline at
SPring-8 (4 = 0.20133 A) on a FPD detector (Perkin Elmer, XRD0822). The samples
were sealed in 1 mme Lindemann glass capillaries. The raw data were converted to
PDF format after data correction (background subtraction, etc.) and normalization with
form factors as reported previously.’ The PDFs were analyzed using the PDFgui

program.”

Preparation of layered titanates

KTLO was prepared according to the method used in the previous report.*’
K,CO;3, Li,CO;3 and TiO; (at a molar ratio of 2.4:0.8:10.4) were mixed using a planetary
ball mill (Planet M2-3, Gokin Planetaring), and the mixture was calcined in air at
600 °C for 30 min, and then was calcined for another 20 h after grinding. Na,Ti;O; and
K;Ti409 were prepared according to the method used in the previous report.41 K,COs
and TiO, (at molar ratios of 1:3) or Na,COs and TiO, (at molar ratios of 1:3.5) were
mixed, and the mixture was heated in air at 800 °C for 20 h, and then was calcined for

another 20 h after mixing.

Synthesis of R/-HTO
KTLO was dispersed in dilute HCI (30 mL, 0.5 M) by ultrasonication, and the

dispersion was stirred with a magnetic stirrer at room temperature under ambient
pressure for 3 days. The cake was separated from the dispersion by centrifugation (3500
rpm, 20 min) and dried under reduced pressure at room temperature for 10 days, while
the cake was washed repeatedly with water before drying to prepare protonated layered

titanate (HTO).*

Preparation of Pt-loaded photocatalysts

Pt-loaded photocatalysts were prepared according to the method used in the
previous report.*> The sample was suspended in aqueous methanol solution (5 mL, 1/1

in V/V) in a Pyrex glass tube (34 mL), and H,PtClge6H,0O (Pt/sample = 0.5 wt%) was
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added to the suspension. The resulting suspension was ultrasonicated for 1 min and then
deaerated by argon bubbling. The glass tube was sealed with a rubber septum and
irradiated with an ultra-high-pressure mercury lamp (350 W, Ushio Inc.) under stirring
for 10 min. The solid was separated by centrifugation (3500 rpm, 20 min), washed with

water, and dried under reduced pressure at room temperature.

Quantitative analysis of rutile in R/HTO

The amount of immobilized rutile in R/HTO was calculated using a calibration
curve, which showed rutile/a-Al,O; intensity ratios as a function of the rutile content in
HTO/rutile binary mixtures prepared according to the method reported previously.*
HTO and rutile with a particle size similar to that of rutile in R/HTO (JRC-TIO-6
supplied by the Catalysis Society of Japan) were mixed at different ratios by an agate
mortar, and a-Al,O3 (20 wt%) was added to the mixture as an internal standard. The
obtained mixtures with 0-Al,O; were analyzed by XRD, and the (111) plane of
rutile/the (104) plane of a-Al,Os intensity ratios were plotted against the rutile wt% in

the mixtures to prepare the calibration curve.

Photocatalytic H, evolution

The sample (15 mg) was suspended in an aqueous methanol solution (5 mL, 1/1
in V/V) in a Pyrex glass tube (34 mL), ultrasonicated for 1 min and then deaerated by
argon bubbling.*’ The glass tube was sealed with a rubber septum and irradiated with a
solar simulator (San-Ei Electric, A >300 nm, 1000 Wm ?) under stirring. The gas in the
glass tube was collected with a gas-tight syringe and quantified using a TCD gas
chromatograph (Shimadzu GC-8A) equipped with a SHINCARBON-ST 50-80 column.
For the apparent quantum yield (AQY) calculation, the glass tube was irradiated with a
monochromated light for 3 h using a 500 W Xe lamp (Ushio) and SM-25
monochrometer (Bunkoukeiki). The number of incident photons was determined using
an S1337-1010BQ silicon photodiode (Bunkoukeiki). AQY was defined by the

following equation according to the previous report45:
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AQY (%) = Number of reacted electrons % 100
Qv (%) = Number of incident photons

_ Number of evolved H; molecules x 2 « 100
B Number of incident photons

4-3. Results and Discussion

Formation of KTLO was confirmed by XRD (Figure 4-1). KTLO was reported
to have an orthorhombic structure (CmCm space group)™ as determined by XRD. The
local structure determined by PDF analysis taking the K-sites disorders into
consideration was a = 3.816(12), b = 15.60(7), ¢ = 8.90(3) A in an orthorhombic
structure, but its space group was found to be Cmll (suggesting a monoclinic cell
structure). For the room-temperature formation of rutile, KTLO was treated with dilute

HCI (0.5 M) under ambient conditions as in other studies.’***

After centrifugation, a
cake separated from the dispersion was dried at room temperature under reduced
pressure for 10 days. Although no thermal treatment was conducted, this product
(referred to as “R/HTO”) contained rutile, as revealed by XRD (Figure 4-1) and Raman

spectroscopy (Figure 4-2).%0

For comparison, the cake was washed repeatedly with
water and then dried at room temperature under reduced pressure as in other studies,
and then the protonated product, HTO was recovered.” The HTO structure was
determined by PDF refinement to be in a monoclinic system of the Pm space group (a =
18.40(7), b = 3.776(9), ¢ = 2.990(9) A, B = 89.3(4)°). HTO and KTLO did not contain

rutile, as confirmed by XRD (Figure 4-1) and Raman spectroscopy (Figure 4-2).4647
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The basal spacing of the HTO phase in R/HTO was almost identical to that of
HTO (0.92 nm), suggesting that rutile was not intercalated into the HTO phase. The
distribution of the rutile phase was analyzed by SEM and HRTEM as follows. Figure
4-3 shows SEM images of KTLO, HTO and R/HTO. KTLO consisted of rounded
rectangular particles (70—100 nm) with smooth surfaces. The HTO appeared similar to
KTLO, with some particle fragments on the edges of the particles. In contrast, the
R/HTO surfaces were covered with large numbers of nanoparticles (10-20 nm), and the

morphology of the HTO particles in R/HTO appeared similar to that of HTO.

Figure 4-3. SEM images of KTLO, HTO and R/HTO.

The smaller particles were ascertained to be rutile by HRTEM observation
(Figure 4-4), which further revealed that the rutile particles were not simply formed as
isolated particles but were attached to HTO particles (Figure 4-4). The presence of a
large interface strongly suggests that efficient charge transfer between HTO particles
and rutile via the heterojunction is possible. The amount of the rutile in R/HTO was
calculated to be 21 wt% by a reported method (Figure 4-5).** It should be noted that
KTLO was completely transformed to rutile when treated with 1 M HCI at 60 °C
(Figure 4-6) without subsequent drying.
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" HTO (200) &

Figure 4-4. HRTEM image of R/HTO. Inset shows an expanded image of the area

indicated by a white square.
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Figure 4-6. XRD pattern of rutile prepared from KTLO by treatment with 1 M HCI at

60 °C for one day.
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As shown in synchrotron in-situ X-ray total scattering patterns of the cake
(HCl-treated KTLO) at room temperature (Figure 4-7), three diffraction peaks at 26
(CuKa) =36.1°, 41.2° and 69.0°, which are indexed to (101), (111) and (301) plane of
rutile, respectively, appeared just after the start of the drying. Figure 4-8 A shows the
result of PDF analysis of HTO, in which the experimental data (blue curve) was
successfully fitted with the simulated data (red curve), further confirming the fact that
rutile was not contained in HTO. On the other hand, as shown in Figure 4-8 B, the
experimental data of the cake after 195 min from the start of the drying (blue curve) can
be fitted with two phases of HTO and rutile (red curve), confirming the fact that rutile
was formed during the drying process. As shown in Figure 4-9, phase fraction of rutile
(Wt%) increased slightly with time (e.g., 12.4 % at 35 min to 13.3 % at 195 min). It can
be assumed that the phase fraction of rutile increases by up to ca. 20 % upon longer
drying.

In order to acquire even clearer understanding of the mechanism, the
compositions of a separated supernatant were studied. Upon acid treatment of KTLO, a
large portion of the interlayer K ions and almost all the framework Li ions were
extracted (Table 4-1). Such efficient Li extraction from the framework is ascribable to

weakness of the solids.**>°

Table 4-1. Extraction of K, Li and Ti from different layered titanates and TiO,. The

amounts (wt%) of the extracted elements are based on the starting KTLO.

Amount extracted (wt%)

Samples K K T
KTLO 849 938 216
K,Ti,Oq 976  N.D. 3.5

Na,Ti,O, N.D.  N.D. 1.2

(Jgg?tﬁso?” N.D. N.D. 0.1
P25 N.D. N.D. N.D.
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Figure 4-7. Change in synchrotron X-ray total scattering patterns of the cake coating a
glass capillary. The data were collected every 5 min (5-min averaged data): top, start
time of 5-55 min (from blue to black); 2nd, 65-105 min; 3rd, 115-165 min; and bottom,
HTO sample packed in a glass capillary. Asterisks (*) mark in the patterns show the
peaks assignable to the rutile structure. The black lines below show the Bragg peak
positions of HTO, and the green lines show those of rutile. The arrows indicate the

direction of peak growth.
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function of Omax = 21.0 A™. The fitting range was carried out using two phases of HTO
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Figure 4-9. Phase fraction of rutile (wt%) obtained by PDF analysis.

In addition, a considerably larger number of Ti ions was extracted compared to
other types of layered titanates such as K, Ti4O9 and Na,Ti;O7 (Figure 4-10), and titanias
such as anatase TiO; (JRC-TIO-1) and mixed-phase TiO, (anatase and rutile, P25). This
efficient Ti extraction from KTLO is ascribable to defects formed by Li extraction.

Moreover, rutile was not formed from other types of layered tiatanates or titanias when
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treated in the same manner as KTLO, which was revealed by Raman spectroscopy
except for P25 (Figure 4-11). P25 contains rutile originally, thus the (101) plane of
anatase/the (110) plane of rutile intensity ratio after the acid treatment was compared
with that of before the acid treatment (Figure 4-12). The intensity ratio was constant,
indicating the fact that rutile was not formed from anatase in P25 via the acid treatment.
It should be noted that rutile was not formed when the supernatant, which contained
dissolved Ti from KTLO, was dried up at room temperature for 10 days (mainly KCI
was formed) as shown in Figure 4-13, suggesting that rutile was not formed via

dissolution and precipitation process of KTLO cake during drying process.

Na,Ti,O

Figure 4-10. Crystal structures of K,Ti4O9 and Na,Ti;0-.
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Figure 4-12. XRD patterns of P25 before and after acid treatment. The asterisk
indicates a diffraction peak from Al,O; used as a standard for normalizing the XRD

pattern.
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Figure 4-13. XRD pattern of powder obtained by drying supernatant at room
temperature under reduced pressure after dilute HCI treatment of KTLO. The inset

shows an expanded XRD pattern of the area indicated by a red square.

In light of the above facts, two possible mechanisms could be proposed for the
room-temperature rutile formation from HTO. One is that the crystal structure of HTO
was locally disordered as a result of considerable extraction of Li and Ti ions from the
framework during dilute HCI treatment and then reconstructed into rutile during the

3435 amorphous titania crystallized

drying process. According to the previous reports,
into rutile even with aging at room temperature. Considering the fact that Li and Ti ions
were efficiently extracted from the framework, the surface structure of HCl-treated
KTLO is likely to be amorphous, making this scenario possible. The fact that rutile was
not formed from other types of layered titanates and titanias from which metal ions
were not extracted is in good agreement with this scenario. Based on the fact that rutile
formation was not observed when the cake was washed with water after the acid

treatment, chloride ions, which catalyze crystallization of rutile in the sol-gel process at

room temperature,” are likely to play an important role.
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On the other hand, in the zeolite conversion process, one zeolite decomposed
into locally ordered aluminosilicate species (referred to as “nanoparts’), whose structure
was similar to the local structure of the original zeolite, and the nanoparts assembled
into another zeolite.’' > As shown in Figure 4-14 A, HTO has 1D chains of edge-shared
TiOg octahedra formed along the ¢ axis (Ti-Ti distance 2.990 A, determined by PDF
analysis), which in turn forms a 2D structure through edge-sharing along the b axis
(Ti-Ti distance 3.057 and 3.125 A). Rutile also has such 1D chains along the ¢ axis
(Ti-Ti distance of 2.941 A, rutile phase in Figure 4-8 B), which are similar to the 1D
chains in HTO, though they form 3D structures through corner-sharing along the a axis
as well as the b axis (Ti-Ti distance 3.578 A) (Figure 4-14 B). Based on the
experimental findings, another possible mechanism for the room-temperature rutile
formation is that the HTO segments or “titania nanoparts,” were formed during dilute
HCI treatment, and those segments were adsorbed on to the outer particle surface of
HTO particles and crystallized into rutile during the dying process. In this case, the fact
that rutile was not formed when the cake was washed with water after acid treatment is
assumed to be ascribable to removal of the nanoparts from the HTO surface during
washing. There are two possible reasons for the absence of signals assignable to such Ti
segments in the PDF spectra. One is that the dissolved Ti segments from HTO were
larger than 20 A, as the PDF for data within this range can be regarded as HTO and
rutile. The other is that the amount of the Ti segments was below the detection limit
judging from the fact that the amount of rutile formed remained almost constant during

measurement.
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Figure 4-14. Crystal structures of (A) HTO and (B) rutile.

Figure 4-15 A shows the diffuse reflectance UV-Vis spectra of HTO, rutile and
R/HTO. HTO absorbed only UV light with a wavelength shorter than 370 nm, while
R/HTO absorbed light with a wavelength longer than 370 nm like sole rutile. The
precise point of absorption onset was determined to be 408 nm (equivalent to a bandgap
energy of 3.0 eV) by a Tauc plot™ prepared from the diffuse reflectance UV-vis
spectrum (Figure 4-15 B). The successful extension of light absorption of HTO to the
longer wavelength region can be explained by the presence of attached rutile

nanoparticles (20 wt%).
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Figure 4-15. (A) Diffused-reflectance UV-vis spectra and (B) Tauc plots of HTO, rutile
and R/HTO.

The photocatalytic activity of R/HTO was evaluated by H, evolution from an
aqueous methanol solution® under simulated solar light (>300 nm). As shown in Figure
4-16, the photocatalytic activity of R/HTO was about four times higher than that of
HTO, although rutile (JRC-TIO-6) was inactive under identical conditions. This
indicates the synergy effects of the co-presence of HTO phase and surface rutile
nanoparticles. As shown in Figure 4-17, AQY on R/HTO for H, evolution from an
aqueous methanol solution correlates well with the photoabsorption of R/HTO,
indicating that the photocatalytic activity of R/HTO in the >370 nm region (up to 408
nm), can be accounted for by the sensitization effect of rutile, since HTO cannot absorb
light in this region. This is thermodynamically favorable, because the conduction band
potentials (Ecg) of rutile and HTO are almost identical (the Ecp of rutile is 0.05 eV
higher than that of HTO) according to the previous reports (Figure 4-18).°>°
Considering that hole transfer from P25, whose main component is anatase, to HTO did
not occur in our previous report,57 hole transfer from rutile, whose valence band

potential is more negative than that of anatase, to HTO and subsequent enhanced charge

separation can be ruled out. As shown in Figure 4-19, H, was continuously evolved on
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R/HTO even 24 h after the start of irradiation, a result further supportting the formation

of HTO-rutile heterojunction.
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Figure 4-16. The time courses of H, evolution from an aqueous methanol solution on
R/HTO (purple), HTO (blue), rutile (light blue) and P25 (red). Open and filled circles

represent before and after Pt lording, respectively. Inset shows the expanded graph.
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Figure 4-17. The action spectrum in H; evolution from an aqueous methanol solution of

R/HTO.
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Figure 4-18. Energy diagrams and schemes for electron transfer between HTO phase

and rutile in R/HTO under (A) A <370 nm and (B) A >370 nm light irradiation.
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Figure 4-19. The time course of H, evolution from an aqueous methanol solution on

R/HTO for long-term.

Given that the AQY of R/HTO at 320 nm was 14.1% (Figure 4-17) while those
of HTO and rutile were 4.2% and 0% (data not shown), respectively, the possibility of
enhanced photocatalytic activity of HTO phase in the < 370 nm region should be
considered as another possible factor contributing to the high activity under simulated
solar light. It is generally known that electron transfer from an excited TiO, particle to a
neighboring one through their heterojunction can suppress charge recombination,
enhancing the photocatalytic activity. Since electron transfer from HTO phase to rutile
is also thermodynamically favorable, as mentioned above, enhanced charge separation
at the HTO-rutile heterojunction can be a factor in the enhanced photocatalytic activity

of HTO phase in the <370 nm region.

Since the benchmark photocatalyst for this reaction is Pt-loaded P25 TiO,
(Pt@P25),” Pt-loaded R/HTO (Pt@R/HTO) (0.5 wt% Pt loading) was prepared. The
photocatalytic activity of Pt@R/HTO was considerably higher than that of Pt@HTO
and Pt@rutile, indicating that the synergy effects of the co-presence of HTO phase and
rutile were maintained after Pt-loading. The photocatalytic activity of Pt@R/HTO,
which exhibits 5000 % activity of HTO, was 150 % of the benchmark Pt@P25.
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Since the specific surface area of RZHTO (51 m” g') was almost identical to that
of P25 (50 m” g") (Figure 4-20), the mechanism of the high photocatalytic activity of
Pt@R/HTO is not attributable to the accessibility of a reactive substrate to the
photocatalyst surface. The higher photocatalytic activity of Pt@R/HTO compared to
that of Pt@P25 is ascribable to two factors: First, pure HTO shows higher
photocatalytic activity than P25 (P25 shows hardly any photocatalytic H, evolution
activity),” possibly due to the fact that the conduction band potential of HTO is more

55,56

negative than that of anatase, which is the main component of P25: and second,

electron transfer between HTO phase and rutile in R/HTO is more effective than that
between anatase and rutile in P25, possibly because of their similar conduction band
potential. The photocatalytic activity of the present Pt@R/HTO was significantly higher
than benchmark P‘[@P25.43
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Figure 4-20. N, adsorption (open)/desorption (filled) isotherms of P25 (black) and
R/HTO (red). Values in the graph are the BET surface areas of the samples.

4-4. Conclusions

A methodology for the creation of protonated layered titanate-rutile
heterojunctions on the outer particle surface of protonated layered tiatanate by treating
layered potassium titanate with HCI and drying it at room temperature under reduced

pressure was proposed. The photocatalytic activity of this protonated layered
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titanate/rutile composite with heterojunctions after Pt-loading for H, evolution from
water containing methanol as a sacrifice agent under simulated solar light was 150 % of
Pt-loaded P25 TiO,, a benchmark photocatalyst. This unprecedentedly high activity
resulted from the enhanced activity of the protonated layered titanate due to efficient
charge separation at the protonated layered titanate-rutile heterojunction in addition to
the sensitization effects of rutile, which absorbs light with longer wavelengths
compared to protonated layered titanate. This methodology could be a breakthrough in
the creation of high-performance heterojunctions under mild conditions by optimizing
such experimental conditions as the acid solution concentration and temperature during

acid treatment.
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5. Conclusions

Facile methodologies for preparing titania-based composites with controlled
electronic structures are described in this thesis.

A methodology for preparing TiO, co-doped with Nb and N via synthesis of
Nb-doped TiO; by liquid feed flame spray pyrolysis and subsequent NH; annealing is
proposed. Creation of localized levels between band gap via NH; annealing was
indicated by development of visible light absorption, and the absorbance of visible light
increased with the Nb content. Precise control of visible-light absorption may be
possible by optimizing the doped Nb content.

A protonated layered titanate-TiO, heterojunction was created simply by mixing
protonated layered titanate and P25 TiO; in water to form a composite. The composite
showed enhanced photocatalytic activity, which was ascribable to enhanced charge
separation as a result of photoexcited electron transfer from the protonated layered
titanate to P25 via the created heterojunction.

Rutile TiO, was formed from protonated layered titanate on the outer particle
surfaces of the protonated layered tiatante to create a heterojunction by treating layered
potassium titanate with diluted HCl at room temperature and drying it at room
temperature under reduced pressure. As a result of photoexcited electron transfers from
rutile to the protonated layered tiatanate and vice versa via the heterojunction, charge
separation was enhanced, resulting in enhanced photocatalytic activity.

The electronic structures of TiO, were controlled by creating localized levels
between band gaps via doping of TiO, nanoparticles with Nb and N to control the light
absorption properties of TiO,, or by creating heterojunctions between protonated
layered titante and TiO, to enhance the charge-separation efficiency. The methodologies
proposed in this thesis are facile compared to the conventional methodologies, and they
are expected to be applied for synthesis of pigments or photocatalysts with better

performances.
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