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CHAPTER 1

Introduction

1.1. Introduction

Titanium dioxide (TiOy) is a well-known and important photocatalyst used for
water and air purification [1]. Because of the strong oxidation power of photogenerated
holes from TiO,, it decomposes almost all organic compounds under UV illumination.
However, its quantum yield is not so high because of poor charge separation efficiency
and its low Fermi level for O, reduction. Therefore, to date, various methods have been
used to improve the photocatalytic performance of TiO,, such as surface modification,
morphology control, application of an external field, and a Z-scheme design [1-10].

Additionally, the photoinduced hydrophilicity of a TiO, photocatalyst was
discovered in 1995 [11]. A highly hydrophilic surface is generated when UV is
illuminated onto the TiO, surface. This surface exhibits both antifogging and self-
cleaning properties. Polycrystalline TiO, film coatings have been applied to various
industrial items [12]. To date, two mechanisms have been proposed for this intriguing
property: photocatalytic decomposition of surface organic contaminants [13-15] and
photoinduced surface structural change [16,17].

Heteropolyacids (HPASs) constitute a subclass in a family of polyoxometalates
(POMs), which are clusters of metal oxides that have a well-defined structure [18].
Actually, HPAs are metal oxide frameworks called polyanions that include heteroanions.
Their total charge is balanced by counter-cations. They are not only acid catalysts

because of their exceedingly strong Brgnsted acid sites. In fact, HPAs are also



photocatalysts by oxygen-to-metal and ligand-to-metal charge transfer (O> M LMCT)
under UV illumination. Materials of this group enhance the photocatalytic activity of
TiO, by a Z-scheme [19]. Initially, the systems of HPA(aq)/TiO,(s) were mainly studied.
Recently however, transparent thin films of these hybrid materials have been prepared.
Their unique properties such as excellent sustainability of the hydrophilicity after
stopping UV illumination have been reported [20]. This chapter presents a review of
several recent studies that have examined this hybrid material system for use as a

photocatalyst.

1.2. Titanium dioxide (TiOy)
1.2.1. Three polymorphs

Titanium dioxide (TiOy) is a well-known material used for various applications
because of its abundance, non-toxicity, low cost, and physical and chemical properties.
It is commonly used as a white pigment (no light absorption at 350-700 nm), as a
cosmetic and sunscreen (high reflective index np = 2.5-2.9), and as a source of
ferroelectric materials such BaTiO3. This material naturally presents three polymorphs:
rutile, anatase, and brookite. Rutile is the most stable phase from a thermodynamical
viewpoint. Brookite and anatase transform respectively into rutile at 715 °C and 950 °C
[21]. These three polymorphs are TiOg octahedra having different alignments and
spacing parameters [21, 22]. Crystal structures of these three polymorphs are displayed
in Figure 1-1 [23]. Rutile belongs to a tetragonal system of which the [001] direction is
lined with an edge shared octahedron. The octahedron chain is linked to the other chain
via corner sharing. The study of surface energy on various index of TiO, face [24]

revealed that the most stable face of rutile is (110), and that (110) and (100) faces



possess remarkably low surface energy. Anatase also belongs to a tetragonal system.
Four edges of the octahedron mutually link to form a zigzag chain of the octahedron.
Surface energies of (101) and (001) are low. These faces commonly appear in natural
anatase crystal [25, 26]. Different from rutile and anatase, the crystal system for
brookite is orthorhombic. One octahedron shares three edges and corners, sharing an
edge along [001] as a back-bone and sharing an edge for cross-linking the back-bone.

The most stable face for brookite is (100) [27].

1.2.2. Electronic band structure

Titanium dioxide is a semiconductor with a 3.0-3.2 eV band gap (Eg), which
adsorbs photon energy in the UV range. Fujishima and Honda first reported photolysis
of water using a TiO, electrode under UV illumination in 1972 [28]. Its valence band
(VB) and conduction band (CB) are composed mainly of O2p and Ti3d orbitals,
respectively. This electronic band structure is common among many metal oxide
semiconductors because of oxygen’s high electronegativity [29]. The optical transition
for anatase and rutile are generally regarded respectively as an indirect transition
(optical transition with a change of crystal momentum) and direct transition (optical
transition without a change of crystal momentum). Additionally, although the report
showed dissimilar values, the band gap value of anatase is always wider than that of
rutile. The commonly reported values for anatase and rutile are, respectively, 3.2 and
3.0 eV [30-32]. For brookite, controversy persists in relation to its optical response,
whether direct or indirect transitions. The reported band gap value is around 3.1-3.4 eV

[30, 32]. Some band gap values are presented in Table 1 [32-35].



For an n-type semiconductor such as TiO,, the flat band potential (Erg) is the
position of its Fermi level. It is always slightly below the conduction band edge.
Consequently, the flat band potential is commonly used to state the lower edge of the
conduction band (CB) [29]. Not only the crystallography, but the form of the electrode
material (thin film, single crystal, and polycrystalline ceramics) and measurement
methods influence the values of flat band potentials [36—39]. Although the flat band
position of brookite remains uncertain, the lower edge of conduction band of brookite is
apparently shifted from that of anatase around 0.1 V. Using the average value presented
in previous reports [35-40], a visual conclusion on the electronic band structure of TiO,
is depicted in Figure 1-2. However, the electronic band of TiO, remains controversial.
For example, against the general consensus, Scanlon et al. [41] recently reported the
conduction band of anatase as 0.4 eV below (more positive) that of rutile based on some
evidence from XPS and hybrid quantum-mechanical/molecular-mechanical (QM/MM)

analyses.

1.2.3. Photocatalytic decomposition activity

When TiO, receives photon energy that is greater than its band gap (Eg), electron
and hole pairs are generated. Most organic compounds are decomposed by this hole and
active oxygens (such as Oy, *OH, HO,®* and O°®). Some of them recombine at the
surface or in the bulk. Some electrons and holes are trapped on surface irregularities
whose band energy differs from that of bulk: so-called trapped electron (ey) and hole
(hy'). Figure 1-3 depicts photocatalytic mechanism on TiO,. The trapping process
increases the lifetime of the separated electron and hole to more than a scale of

nanoseconds [42].



From Figure 1-2, flat band potential of TiO; is around -0.15 to 0.15 V vs. NHE.
Considering one electron reduction, the reduction potential for O,/O; is -0.563 V vs.
NHE and for O,, H*/HO,  is -0.13 V vs. NHE [43]. Therefore the conduction band for
TiO, is not anodic sufficient for the reduction of O,/O, and the reduction of O,
H*/HO, is also quite difficult. Consequently, despite strong oxidation power, reduction
power of TiO; is not so strong.

The oxidation on hole (or trapped hole) occurs from 2 us to 80 ps. The reduction on
electron (or trapped electron) by oxygen occurs from 100 ns to 100 us [1]. Charge
recombination occurs during 1-25 us, which is competitive with surface redox reaction.
Consequently, the photocatalytic activity of TiO, is improved with suppression of the
charge recombination. When adding a small amount of noble metal such as platinum
(Pt) onto TiO,, photogenerated electrons from TiO, quickly transfer to the loaded metal
particle. Holes remain on TiO, (Figure 1-4). In other words, charge separation is
enhanced [44, 45]. From ESR signal, the Ti** intensity on TiO, increased under UV
illumination although the Ti** intensity on Pt-TiO, did not increase significantly. In
other words, only a few Ti** were observed on Pt-TiO,, which is evidence that the

photogenerated electron transfer occurred from TiO, to Pt [3].

1.2.4. Photoinduced hydrophilicity (PIH)

When TiO; is illuminated under UV for a certain period, its surface becomes highly
hydrophilic [11]. This phenomenon, commonly designated as photoinduced
hydrophilicity (PIH), is a metastable state from the viewpoint of thermodynamics. Once
UV illumination is stopped, the water contact angle (WCA) of the TiO, surface

increases gradually.



First, this phenomenon was tentatively explained using the same mechanism of
photocatalytic decomposition. Nevertheless, many experimentally obtained results
demonstrated that the photoinduced hydrophilicizing process includes something more.
For example, Miyauchi et al. [17, 46] reported that, dissimilar from TiO,, strontium
titanate (SrTiO3) and tungsten trioxide (WQO3) showed no corresponding effect between
photocatalytic decomposition and photoinduced hydrophilicity. At least two steps are
expected for PIH: (i) decomposition of hydrophobic organic contaminants, which
decreases WCA to around 20-30°, and (ii) an additional effect for decreasing WCA to
almost 0°, such as surface structural change and resultant adsorption of water molecules
[13, 47-49]. From FTIR and XPS analyses, the OH groups on TiO; surface were more
numerous after UV illumination [50-52]. The mechanisms might include the bridging
OH group on Ti from direct reduction by generated electron, the oxidative hole that
adsorbs OH radical and the redox mechanism of water and oxygen [1].
Superhydrophilic surfaces might also be enhanced by introducing tensile residual stress
in a TiO, film because PIH involves a structural change in the outer surface of TiO, [53].
Compressive stress near the surface is increased during UV illumination because
hydrogen insertion on the trapped hole or increase in the number of hydroxyl groups at
the surface results in volume expansion [48, 54, 55]. Some researchers have commented
that the clean TiO, surface is naturally hydrophilic and that it does not need surface

defects for PIH [56].



1.3. Heteropolyacids (HPAS)

1.3.1. POM structure

Polyoxometalates (POMs) are metal oxide clusters in a well-defined structure. Their
chemical formula is based on (MOy),, where M is usually Mo, W, or V. The POMs
structure is divisible into three subsets [18].

(i)  Heteropolyacids (HPAs) are a metal oxide framework called polyanions that
include heteroanions such as tetrahedra of PO,* inside. Generally, it is
represented by the formula of [XxMnOp]", (M = W, Mo, V, Nb, Cr, and Ta and
X= Si, P, etc.) consisting of an M-O octahedral basic structure unit. Keggin
(XM1204™) and Dawson structures (X;M1g0g,™) are examples in this class.
Figure 1-5 [57] portrays these two structures.

(if)  Isopolyanions are a metal oxide framework without a heteroanion such as a
Lindgvist structure (MgO19™) [58].

(iii) Molybdenum blue and molybdenum brown are reduced POM clusters. They
contain molybdenum with high nuclearity in a pentagon building block unit such
as the wheel-like (Mo015:046:H14(H20)70)*" and the ball-like Keplerate
(M01320372(CH3COO)30(H20)72)**"

Actually, HPAs are soluble in a polar solvent such as water and their structures are
maintained in the solution as well as in the solid state [59]. They also have a small
specific surface area (1-5 m?/g) [60]. Consequently, preparation of water-insoluble salts
with large specific surface area, such as Cs;sHosPW1204 [61], is designed for liquid—
solid heterogeneous catalysis. An alternative is the combination with a support that has
a large specific surface area. A support should be neutral or acid, generally SiO, and

activated-carbon are used because basic supports such as MgO decompose HPAs.



For better understanding of heterogeneous HPA catalysts, HPAs are divided into
three substructures: primary, secondary, and tertiary structures [62]. The primary
structure is the HPA structure itself such as Keggin-type HPAs. The secondary structure
is the three-dimensional arrangement including polyanions, counter cations and
additional molecules. The secondary structure relates to the activity of bulk-type HPA
catalysts. The tertiary structure is the assembly of secondary structure to form primary
particles, which are related to physical properties such as particle size, surface area, and

pore structure.

1.3.2. Acid catalysts of HPAs

Heteropolyacids are known as acid catalysts, which have several economic and
environmental benefits attributable to either (i) their potential oxidation power and
redox properties in mild condition, deriving from their Brensted acid site, or (ii) their
thermal stability (decomposition temperature ca. 350-450 °C). The most common
HPAs are Keggin-type HPAs, comprised of a XO, tetrahedron surrounded by 12 MOg
octahedra, where X is a so-called central heteroatom. The M is also a so-called
polyatom (see Figure 1-5 (a)). Normally, Keggin type HPA formulas are described as
XMy, e.g., PWy, is 12 tungsto (VI) phosphoric acid, [PW1,040]>. Typically, even
though [H,W1,040]%* isopolytungstate is not categorized in a class of heteropolyacids,
many studies, including this paper, merge H,W1,049 into the comparative series of
XM1,040 because its structure (shown in Figure 1-6 [63]) and its reduction property
closely resemble Keggin-type HPAs. In solution, acidities of HPAs are stronger than
those of the common acids such as HCI, HNOs, and H,SO, [60]. Tungsten acid

possesses stronger acidity than molybdenum acid, and PW3, is the strongest acid in the



Keggin series [60]. The acidic series of HPA solid phase is PW1,> SiW1,> PMog, >
SiMos; [60, 64]. Acidity of HPAs is related to proton conductivity of the solid phase.
Polar molecules such as alcohols, ethers, and amines are readily absorbed in the HPA
bulk and are adsorbed onto the HPAs. Consequently, not only on the surface but also in
the bulk, the pseudo-homogeneous catalytic reactions advance. These solid HPA
behaviors seem like those of a highly concentrated solution, causing a bulk-type
reaction. This phenomenon is commonly designated as “pseudo-liquid phase in HPAs”.
Figures 1-7 and 1-8 (referred from [62]) depict catalyses of three types for solid HPAs
and various reaction fields of catalysis. Additionally, depending on their support for

immobilized HPAs, the acid strength and catalytic activity differ.

1.3.3. Photoreaction of HPAs

HPAs also present photochromism and electrochromism [65, 66]. The reaction is
known as the photoexcitation of the oxygen-to-metal, ligand-to-metal charge transfer
(O> M, LMCT). An electron from the low energy stage (mainly composed of the O2p
orbital) is excited to the higher energy state (mainly composed of the metal d orbital)
when UV light is illuminated. In other words, O and M orbitals are recognized
respectively as the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) levels. The holes in the HOMO level decompose
organic molecules. The electrons in the LUMO level are delocalized to the excited state
via the intervalence charge transfer among metal centers by receiving visible light
energy [67]. Their reoxidation to the ground state is obtained with the common reducing
agents: O, and H,0O, [68]. A schematic explanation of photocatalysis of Keggin-type

HPAs is presented in Figure 1-9.



The following shows theoretical redox reactions of oxygen in acid aqueous HPA

solutions and their redox potential (V vs. NHE, pH 0) [60].

0, +e +H" > HO; E=-0.05V
0, +2e + 2H" 2 H,0;, E=0.68V
O, + 4e” +4H" > 2H,0 E=123V
HO, + e +H" > H,0, E=144V
H,0, + e +H" = HO + H,0 E=071V
H,0; + 2" +2H" > 2 H,0 E=176V
OH+e +H" > H,0 E=281V

The reduction potential of HPAs depends on the central heteroatoms. The more negative
charge of the heteroatom is the more positive reduction potential, as shown in the
following order: PW1,> > GeW," > SiWy* > FeWs,® > BW1,™ > CoWio® > CuWy,®
[18, 56, 69]. The reduction potential of HPAs decreases concomitantly with increasing
electronegativity of the polyatom or decreasing electronegativity of the heteroatom [70].
Reduction potentials for some HPAs have also been reported [71-73]. Some examples
are the reduction potentials of PW1,040%, SiW1,040", and HoWi1,040%, which are +0.218
V, +0.054 V and -0.162 V vs. NHE (1 M H,SO,) [71]. Considering the oxygen
reduction and the reduction potential of HPAs, one-electron reduction of O, on HPAs
(02, H'/ HO,) is quite unfavorable for some HPAs.

Broadly speaking, two photocatalyst types exist for HPAs: homogeneous reactions
[74-76] and heterogeneous reactions [77-80]. These categories are similar to the

reaction fields of HPA acid catalysis presented in Figure 1-8. First, because of their

10



good solubility in water and polar solvents, HPAs are applied as a photocatalyst in a
homogeneous reaction. They can mineralize several organic molecules such as alcohols
and proteins. Despite good photocatalytic activity in homogeneous systems, as
described previously, the separation of HPAs from the reaction vessel is difficult.
Therefore, insoluble HPAs were developed as supported HPAs or their insoluble salts.
Not only hybridization with the high surface area substrate [81-83], HPAs are
combined to some organic component as HPA-based inorganic/organic composite. This
composite is usually fabricated in lamellar composites via layer-by-layer (LBL) self-
assembly, Langmuir—Blodgett (LB), or sol-gel method [84, 85]. Moreover, HPAs are
attractive materials for a hybrid photosystem because they act as electron pools in

photoelectrochemical processes [86].

1.4. HPA/TIO, systems

HPAs and TiO, possess the close excitation energies for promoting electron from VB
to CB or from HOMO to LUMO under near-UV light (300-375 nm). Therefore,
reduced HPAs and electron-hole pairs are generated simultaneously under UV

illumination.

1.4.1. HPA solution/TiO, particles

Yoon et al. [19] incorporated TiO, colloid with 12-tungstophosphoric acid
((PW1,040)%) in an acid aqueous solution. They proposed a Z-scheme mechanism,
which is similar to photosynthesis in green plants. When HPA was illuminated in 0.1%
polyvinyl alcohol (PVA) aqueous solution, electrons from the CB of TiO, directly

transfer to interfacial HPA and form heteropolyblue (HPB) confirmed by ns-transient

11



absorption spectroscopy. Next, HPB receives energy from visible light. It then becomes
excited HPB (HPB*) via d—d transition or intervalence transition. The HPB* promotes
the reduction methyl orange and it revert to HPA in a process designated as reoxidation.
Ozer and Ferry [87] published concurrent works related to the oxidation ability of 1,2-
dichlorobenzene (DCB) in the system of PWi1,040>/TiO,s, SiWi1,040*/TiO,, and
W1003,"/TiO, in aqueous solution. Considering concentration-independent-degradation
rate constant of DCB derived from Langmuir—Hinshelwood plots, the reduction of the
HPAs is more Kinetically favored than the reduction of O,. They revealed that
PW1,040> was the best electron scavenger of the three. Moreover, competition between
those two reductions occurs when O, and HPAs coexist in the TiO, suspension. The
electron transfer for HPA/TiO, might occur as depicted in Figure 9.

Park and Choi [88] investigated the electron shuttle behavior of PW1,040° /PW1,040*
and Fe**/Fe?" in the suspension of TiO or Pt/TiO,. HPAs receive electrons from the CB
of TiO, and carry them to the inert electrode for producing photocurrent under UV
illumination. Generated photocurrent from HPA/TiO, was larger than that from HPA
alone. In fact, TiO, enhances PW1,04" formation. Additionally, the photocurrent from
HPA/TiO, system decreased when oxygen was dissolved in the system. This effect was
not found when using Fe**/Fe** as the electron shuttle. Their research supports that
HPAs carry electrons efficiently from TiO,to O,. Furthermore, the combination of both
Pt and HPA to TiO, is decrease charge transfer efficiency. When TiO; is changed to Pt-
TiO,, Pt becomes a surface catalyst for the reoxidation of HPA/HPA via reduction of
H* (PW1040" + H" > PW1,040* +1/2H,), and results in poor electron transfer to the

inert electrode.

12



Zhao and his group [89] investigated the mechanism of the photocatalytic activity for
HPA/TIO, systems using TiO, sol and PW1,04> solution containing 2-propanol (IPA).
Under anaerobic conditions, the solution turned blue during UV illumination because of
the reduced HPAs, although the solution with oxygen remained transparent. Charge
separation was improved when TiO, powder was dispersed in the solution of PW1,040%
and 2,4-dichlorophenol (DCP). However, when HPAs adsorb completely onto the TiO,
site, the reaction rate begins to decrease. Moreover, complete mineralization of DCP
was suppressed by increasing the HPA concentration because various aromatic
intermediates were produced. They proposed that the formation of O,* as a necessary
step for mineralization. However, from Electron Study Resonance (ESR) study in this
current experiment, PW1,04> suppress the generation of O," because the
intramolecular electron transfer between reduced HPA and dioxygen involve M-O
covalent bound result in the peroxide compound such as M(O,)* rather than free O,
[90].

Tachikawa et al. [91] investigated electron transfer from CB of TiO, to a series of
HPAs: PW1,04>, SiW1,040", and HyW1,04° using two-color, two-laser flash
photolysis. The equilibrium constants of adsorption of HPAs on the TiO, powder in
water (pH 1) were reported respectively as 5.7, 6.0, and 20 x 10* M. In fact, H,W 1,040
has the highest adsorption on TiO; because of its highest anion valence. Considering the
generation yield of HPA™ and their adsorption capability of HPAs on TiO,, the electron
transfer efficiency order should correspond with their reduction potential as PW1,040°>
SiW1,040" > HoW1204%. In lacking an electron acceptor system, they found that
electron transfer from HPA™ to CB of TiO, and rapidly (within 5 ns) recombine with

he". Therefore, the TiO./PW1,040°/MV?* ternary system was proposed. Methyl

13



viologen dichloride hydrate (MV?**) has more negative reduction potential (-0.45 \/ vs.
NHE) than either HPA™ or TiO,. It cannot adsorb on the surface of TiO,, but it has
good attraction for HPAs because of its positive surface charge in acid solution.
Therefore, it is an electron acceptor for HPA™. Finally, it re-transfers the electron to

HPA and provides HPA'.

1.4.2. Immobilized HPA/TIiO,: solid/liquid reaction

Yang et al. [92] used two transition-metal-monosubstituted polyoxometalates to
conjoin with mesoporous TiO; to decrease both the charge recombination in TiO, and
the solubility of HPAs. 3-aminopropyl triethoxysilane (APS) was used to modify the
TiO, surface for conjunction with HPAs. This photocatalyst was able to degrade
hexachlorobenzene and various dyes. Later, Yang et al. studied a composite of
PW1,040/TiO, under visible light irradiation [93]. They reported acid-base interaction
between TiO, and PW1,; (ETiOH,")(H2PW12040) was confirmed by the shift from the
peak characterized by **P magic angle spinning (MAS) NMR. The composite possessed
a bimodal pore system (4 nm and 0.6 nm). Its poor solubility was confirmed by
determining the dissolved amount of W atom after the reaction. They also found the red
shift of oxygen—metal charge transfer (OMCT), which was enabled by the hybridization
of Ti3d and W5d orbitals and resultant narrowing band gap of TiO,. Depending on the
adsorption ability between dye and composite surface, dye is decomposed by oxidation
of photogenerated hole directly. Directed oxidation by the hole was also proposed for
the decomposition of cyanide by a composite of PW1,04/TiO,, although OH® played an
important role in the decomposition for the pure TiO, [94]. Li et al. also compared

photocatalytic performances between H3zPW1,040/TiO, and HeP,W13062/TiO, which

14



have the different heteroatom-polyatom ratio; Keggin-type HPA (1:12) and dawson-
type HPA (2:18) [95]. The order of degradation rates of parathion-methyl is
H3PW1,040/TiO, > HgP2W1306,/TiO, > TiO,. When the photocatalytic reaction
occurred in an inert atmosphere (absent of O,), the composite catalyst surface became
blue, indicating the reduction product of HPAs produced via intervalence electron
transfer. This situation is similar to the HPA(aq)/TiO(s) system, but the heterogeneous
HPAs give much higher superoxide (O,°") concentration.

Lv and Xu [96] reported hindrance on the photocatalytic decomposition of organic
dye (X3B) on HPAS/TIO,. The positive surface charge of TiO, in acid solution is
decreased by hybridization with HPAs, resulting in the lower adsorption of X3B on
TiO,. Simultaneously, the combination site between HPA/TiO,, (ETiOH,")(H,PW1204),
accelerates surface-bound OH® radicals (not free OH®). Therefore, the photocatalytic
decomposition of X3B was inhibited by HPA/TIO,, which suggests that the substance
characteristics such as polarity and the surface migration are also important.

Li et al. [97, 98] varied the loading amounts of H3PW;,049 0on TiO,, and studied
their respective degrees of photoreactivity for the decomposition of methyl orange
under simulated sunlight. They prepared the composites using an evaporation-induced
self-assembly (EISA) method on the triblock copolymer surfactant P123. Thereby,
ordered mesoporous HzPW1,040/TiO, was obtained. Because of the well-matched
electronegativity and ionic radius between Ti** and W%, H3PW1,049 connects to TiO,
via a W-O-Ti bond. Actually, H3PW1,049 leakage during the photocatalytic reaction
was suppressed by this bonding. The loading amount of HPA was controlled by the
initial concentration of H3PW;3,04 solution. Photodecomposition of methyl orange

increased concomitantly with increasing HPA loading amount during 8.8-32.3%. They

15



also prepared a series of various mesoporous H3PWi,040/TiO,. The order of
photocatalytic activity was 3D-disordered > 3D-ordered > 2D-ordered because of the
different pore size, porosity, crystallinity, and accessibility to the active site of the
catalyst.

Nakajima et al. prepared a hybrid film of Cs;s5HosPW12040 (Cs2.5)/TiO, on Pyrex
glass [99]. The Cs2.5 film was prepared on Pyrex via continuous spin coating using Si-
alkoxide. The Cs2.5 coating possessed an acid site on the film surface. Translucent
TiO,-Cs2.5 hybrid films were prepared by laminating TiO, films with holes on the
Cs2.5 coating using phase-separation of Ti-alkoxide. The decomposition amounts of
1,4- dioxane per unit film area of the no-hole film and the hybrid film were almost equal,
although the TiO, ratio on the no-hole film is larger than that of the hybrid film. The
result suggests that the hybrid film gives better photocatalytic activity than TiO,. It is
particularly interesting that ethylene glycol diformate (EGDF, an intermediate with poor
affinity to TiO,) generation on the hybrid film is less than on the no-hole film. The
holes in the film served as the adsorption field for EGDF because the high electron
density in C=0 bound of EGDF presents Lewis basicity and interacts with the acid site
in Cs2.5. In addition to charge separation, HPAs can also increase affinity to basic
substances and enhance photocatalytic efficiency on TiO,. Recently, they also prepared
porous spherical TiO, particles comprising H3PW 1,040 in hydrophobic nanopores using
octadecylphosphinic acid (ODP), and demonstrated that hydrophobic acidic nanopores
enhance adsorption of EGDF in water and play an important role in the overall
photocatalytic performance of this system [9]. Zhang et al. [100] prepared PW:,040>
/Cr-TiO; nanotube photocatalysts for visible light. Charge recombination is suppressed

by HPA and visible light response is improved by Cr** doping.

16



1.4.3. Immobilized HPA/TiO;: The solid/gas reaction

Yanagida et al. prepared XW1,040/TiO,, anatase hybrid films via LBL processing:
XW1,/TiO; [101]. Additionally, the effect of HPAs on photocatalytic properties of the
hybrid films was studied using various Keggin-type HPAs [102]. TiO, and HPAs have
different surface charges in acid solution. Therefore, by Coulombic attraction, TiO,
particles and HPAs are self-assembled on the silica substrate during alternate immersion
the substrate into the sol of TiO, or the solution of HPAs. With increasing the polyanion
charge, the TiO, deposition amount decreases because of anion-anion repulsion [103]
and XWy,/TiO, charge balance. The photocatalytic activity of the hybrid films
(XW12/TiOy) was studied via gaseous 2-propanol (IPA) decomposition. HPAs enhanced
the activity of the hybrid films because of their charge separation efficiency. When both
UV and visible light from Hg-Xe lamp are applied, the photocatalytic activity order was
H,W1,/TiO, > PW1o/TiO, > SiWyo/TiO, > TiO,. The IPA decomposition of the six-
bilayer sample was 2.5 times higher than that of the two-bilayer sample, indicating that
the bulk part also participates in the decomposition. When visible light was cut, the
activity of PW1,/TiO, was decreased greatly, although those of the other HPAs were
unaffected. When the UV light was cut, the SiW1,/TiO, and H,W1,/TiO; activities were
decreased remarkably. Moreover, different surface-coverage films were prepared:
(PW1,/TiO,)s and (PW1,/TiO,)s + PW1,. When UV light for exciting PWi, (< 350 nm)
was cut, the activity of (PW12/TiO;)s was minor compared to (PW12/TiOy)s + PWas.
When visible light for exciting PWy,” to PW,~ (> 400 nm) was cut, the activity of
(PW12/TiO)s was greater than (PW12/TiO,)s + PW1,. Based on these experiments, the
redox system is shown in Figure 10. When UV is sufficient, oxidation occurs

effectively. Therefore, there are many holes at HOMO. For that reason, electron
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transfers to HOMO instead of LUMO. Because of the H,W;,and SiWi, band structure,
O, reduction occurs on their LUMO and the ground-state H,Wi, and SiW, are
recovered. Consequently, UV excitation alone is important for H,W3,/TiO, and
SiW,/TiO; systems. Visible light is unimportant for their activity. In contrast, UV
excitation alone is inadequate for PW, reoxidation. Visible light is needed for second
excitation to form PWy,”, which has higher reduction potential than O, does.

Nakajima et al. also studied the effects of substituted W in PMoy, as [PWxMo1,.
«040]® (X= 0, 6 and 12) on the photocatalytic activity of the films [104]. Results showed
that PMos, exhibited the highest IPA adsorption capacity. However, under a Hg-Xe
lamp, the photocatalytic activity of (PMo1,/TiO,)s was the worst among these three
films; (PW1,/TiO,)s was the best. The visible light for the secondary excitation of
reduced PMoy,™ to PMoy,” is around 600-750 nm. Therefore, not only a Hg-Xe lamp
but also a Xe-lamp was applied in extended experiments investigating (PMo12/TiO,)s.
These lamps were combined with glass filters to control the wavelength range. When
light for secondary excitation of PMos,” to PMoy,”~ was illuminated, IPA decomposition
decreased remarkably. Surprisingly, the secondary excitation diminishes the
photocatalytic activity in PMo1,/TiO, system. The secondary excitation exists
(thermodynamical viewpoint), but its electron transfer rate is small (kinetics viewpoint).
Consequently, the excited electron in LUMO prefers to transfer to VB of TiO,. Then the
electron recombines with the hole there. Accordingly, the PMo1,/TiO; system gives
better photocatalytic activity when it is under a rich-UV and little-visible light condition.
The electron transfer for PMo1,/TiO, system is shown in Figure 11.

Marci and co-workers investigated photocatalytic degradation of IPA on a

PW12,040/TiO; solid [105-107]. Powders of PW1,/TiO, were prepared by impregnation,
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evaporation, and then annealing. The PW1,/TiO; ratio was varied in 5-30% PW,. The
sample with 20% PW,, provided the best performance in photocatalytic activity.
Moreover, intermediates differed during mineralization between bare TiO, and
PW1,/TiO,. This selectivity was attributed to the physicochemical characteristics of the

solid catalyst surface.

1.5. Objective of this study

As explained earlier, three TiO, polymorphs exist: rutile, anatase, and brookite.
Anatase has been commonly used as a photocatalytic material. Brookite is a metastable
phase. Therefore, it is difficult to prepare brookite in pure phase. Recently however,
several methods have been devised for the preparation of pure brookite such as
hydrothermal method, which is able to control reaction-chemistry parameters (pH,
temperature, etc.) [108-112]. Moreover, many calculations and experiments provide
reasons for the better photocatalytic activity of brookite. Wei-Kun Li et al., using
density functional theory (DFT) calculations, shows that brookite (210), which has the
same structural building blocks but different orientation and shorter interatomic distance
than those of anatase (110), has a better active site at the junction between its unit
structures than anatase has (110) [113]. Several reports describe the high photocatalytic
activity of brookite on the decomposition of IPA and acetaldehyde [109-112] and
photoinduced hydrophilicity [114-116]. Addamo et al. [117] prepared nanostructured
anatase, rutile, and brookite thin films via dip coating in TiO, dispersions from a TiCl,
precursor. Shibata et al. [114] reported that although anatase and brookite-rich films

exhibited almost identical methylene blue and cis-9-octadecanoic acid degradation rates,
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the rate constant for the photoinduced hydrophilicity for the brookite-rich film is better
than that of the anatase film under weak UV illumination.

Based on the assumption that an HPA/brookite system might give better
photocatalytic activity than a HPA/anatase system, hybridized PW1, with brookite-type
TiO, nanoparticles shall be prepared using the same method as that used in previous
work. Some processing parameters will be varied to obtain optimum conditions for
HPA/brookite systems such as TiO, concentration. Then, their photocatalytic activities
and photoinduced hydrophilic will be evaluated. Based on results of these evaluations,
together with film characterizations, the photocatalysis model for HPA/brookite systems

will be clarified.
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Table 1. Reported band gap energy for each polymorph of TiO,

Band gap energies (£,)/ eV

Year Method Ref.
rutile anatase | brookite
Calculation
Extended Huckel MO calculations and
1985 Double-zeta functions for the 3d orbit 3.02 3.23 3.14 [33]
& of Ti.
A combined density functional theory
2012 (DFT) and perturbation theory [34]
*Heyd, Scuseria and Ernzerhof (HSE06) | 3.39 (d) [ 3.60 (id) | 3.30 (d)
Experiment
2007 UV--vis spectra 3.00 3.19 3.11 [35]
2008 Reflectance spectra analysis using the 3.00 (id) | 3.2131d) | 3.13 (id) [32]
Kubelka--Munk formalism 337(d) | 3.53(d) | 3.56(d)
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Figure 1-1. Band energy diagram for (a) rutile (b) anatase and (c) brookite
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Figure 2. Band energy diagram for (a) rutile (b) anatase and (c) brookite
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(a) Keggin structure, XM ,0,,"
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Figure 1-5. Schematic illustration of the structure of heteropolyacid structure: (a)

Keggin structure, and (b) Dawson structure..
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Figure 1-6. Polyhedral representation of the metatungstate anion [o—H, W ,,0,,]®

(a) Surface type (b) Pseudo-liquid BuKtype (II) (¢) Bulk type (II)

%4

polyanion HPA primary particle reactant

Figure 1-7. Three types of catalysis for solid heteropoly compounds: (a) surface type
and (b) pseudoliquids of bulk type (i) and (c) bulk type (II).
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CHAPTER 2

Photocatalytic activity and its stacking order of transparent

[PW1,04]> /brookite hybrid films

2.1 Introduction
2.1.1. Layer-by-layer method

Layer-by-layer (LBL) method is a self-assembly process in which different kinds of
materials are alternatively deposited layer by layer. The LBL composite-thin-film-
preparation method used for decades [1,2]. Spontaneous deposition results from strong
electrostatic attraction on charged surface and oppositely charged molecule in the
solution. Figure 2-1 depicts the preparation of alternative polyanion—polycation film on
planar substrate [2]. It is an easy and simple process. Naturally, the surface charge of
colloid particles depends on pH so surface charge of many materials can be controlled.
Various materials can be composited via LBL method including polyelectrolyte and
other charged materials. Moreover, with LBL, layer thickness of the film is easily
controlled by building block materials, layer number or deposition condition (e.g.
deposit time, temperature and rinse solution). This technique also suits in-planar
substrates such as sphere shape and quite independent of the initial surface roughness of
the substrate. Not only electrostatic, as Quinn et al. reviewed, but also alternative
driving forces such as hydrogen bonding and covalence interaction, drive self-assemble
LBL process for uncharged material thin film [3].

Sasaki et al. studied about TiO/polyion films by LBL assembly process [4,5]. TiO;

colloidal particles are amphoteric: able to react with either acid or base. Therefore, pH
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of their surrounding media can give positively or negatively charged on their surface.
TiO, colloid surface is positive in acid suspension. Polydiallyldimethylammonium
chloride (PDDA), which is polycation, and poly(sodium 4-styrene sulfonate) (PSS),
which is polyanion, were used as the counter polyions for the growth of TiO; film. The
structure of PSS and PDDA is shown in Figure 2-2. Key factors affecting the

adsorption of TiO; are deposition time and concentration of TiO, suspension.

2.1.2. HPAs-TIO; via LBL process

Recently, Yanagida et al. prepared transparent (XW1,/TiOy), (n = times of bilayer
deposition) hybrid thin films using layer-by-layer (LBL) method. We then investigated
their photocatalytic decomposition activity using gaseous 2-propanol (IPA) [6]. The
photocatalytic activity order of hybrid film under UV illumination is shown here:
(H2W12/TiO,)s > (SiW12/TiO)s > (PW12/TiO,)s. However, (PW1,/TiO;)s was increased
by the illumination of UV with visible light. Results suggest that second-step
photoexcitation using visible light increased the reduction rate of PW;, and increased
the charge separation efficiency. Moreover, we investigated effects of heteroatoms and
polyatoms on these hybrid thin films using various tungstate, molybdate, and tungsto
molybdate materials. However, the stacking-order dependence of photocatalytic activity
on the hybrid films was not well investigated. Moreover, all of those earlier studies
were conducted using anatase-type nanoparticles as a TiO; source.

Using the same method for this study, we hybridized PW, with brookite-type TiO,
nanoparticles. Then, their photocatalytic activities were evaluated using gaseous IPA
decomposition. Moreover, the effect of stacking order on the entire photocatalytic

activity was examined using counter polymers.
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2.2. Experimental procedure
2.2.1. Preparation and Characterization of Brookite powder

The starting TiO, suspension (NTB 01, 15 wt% TiO,, pH 4; Showa Denko K.K., Japan)
was dried at 60 °C in air for one day, which produced the dry powder. The crystalline
phase was evaluated using X-ray diffraction (XRD; XRD-6100, Shimadzu Corp., Japan)
and Raman spectrophotometry (Ramanor T64000; Jobin Yvon Co., France). The
chemical composition of the materials was evaluated using X-ray fluorescence analysis
(XRF, RIX2000; Rigaku Corp. Tokyo Japan). The specific surface area of the powder
was evaluated using BET method with N, (Autosorb-1; Quantachrome Instruments,
Boynton Beach, FL, USA). The morphology and powder size in the starting TiO;
suspension were observed using a transmission electron microscope (H-9000UHR;
Hitachi Ltd., Japan). The band gap of the dry powder was evaluated from the diffuse
reflectance spectra [6] using a UV-VIS-NIR scanning spectrophotometer (UV-2450;
Shimadzu Corp., Tokyo Japan). Moreover, the flatband potential for brookite was also
evaluated using Mott-Schottky plot. The commercial brookite sol used for this study
was coated onto a transparent oxide coated glass substrate (15Q/sq resistivity, High-
durability Transparent Conductive Oxide film, TCO; Geomatec Co. Ltd., Yokohama,
Japan) using dip-coating. Then the film was heated at 400 °C for 1 h in air. The coating
procedures were repeated seven times. The electrolysis solution for Mott-Schottky plot
was prepared by dissolving Na,SO,4 (0.5 M) into commercial buffer solutions. Practical
pH value of the solutions was 3.68. The brookite-coated electrode was soaked into the
solution with Pt (counter electrode) and Ag/AgCI electrodes; then Mott—-Schottky plots
were measured using a potentiostat (HZ-500; HD Hokuto Denko Co. Ltd., Kanagawa,

Japan). The voltage was changed from -1 V to +0.4 V. Frequencies used in the
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measurements were 215.4 Hz and 2154 Hz. The procedures for measurement flatband

potential are depicted in Figure 2-3.

2.2.2. Preparation and characterization of (XW1,/TiO,), films

For (XW1,/TiO,)3 film preparation (Figure 2-4), a commercial brookite aqueous
suspension (NTB 01, 15 wt% TiO,, pH 4; Showa Denko K.K., Japan) was used as the
starting material. This suspension was diluted to concentrations of 0.05-0.5 g/l (0.05,
0.1, 0.3, 0.5 g/l), and the pH value was adjusted to 1.5 using a HNO3 aqueous solution
because PW, requires pH lower than 2 to avoid a hydrolysis reaction and TiO; needs
low pH to maintain its well dispersion state in the suspension. For these experiments, 12
tungsto(VI) phosphoric acid n-hydrate (H3(PW12040)nH,0; Wako Pure Chemical
Industries, Ltd., Japan) or ammonium metatungstate hydrate ((NH4)s[H2W12040],
Stream Chemical, USA) was used with no purification. These chemicals were also
dissolved into diluted HNO3 aqueous solution to reach a concentration of 0.5-2 mM
(0.5, 1, and 2 mM).

A quartz glass plate (30 mm x 60 mm x 1 mm; Tosoh Corp. Japan) was washed
and soaked in HCI and methanol mixture (1:1) for 30 min and then soaked into conc.
(95%) H,SO, for another 30 min. The substrate was washed using distilled water. Then
it was immersed into prepared PWj, solution for 20 min. The substrate surface is
positively charged in acid solution. Therefore, the first layer of PW;, molecules was
adsorbed onto the surface of substrates by Coulombic potential. Subsequently, the
sample was rinsed twice in pH 1.5 HNO3; aqueous solutions and dried at 60 °C in the
oven under air atmosphere until dry. To grow the next TiO; layer on PWy,, the (PW12)1

film was immersed again into brookite suspension. The brookite particles have a
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sufficient positive charge for maintaining a well-dispersed state and for LBL coating
using Coulombic attraction with a polyacid ion. Rinsing twice in HNO3 and drying at
60 °C in an oven were also conducted, which produced (PWiyTiO); film. These
procedures were repeated twice to obtain three bilayers (PWiTiOy)s. Identical
procedures were also performed for preparation of other films.

The control (PWy); films and (TiOy); films were prepared using either poly
diallyldimethylammonium chloride (PDDA, typical Mw 100,000-200,000, 20 wt%
aqueous solution; Aldrich Chemical Co., Inc.) or poly sodium 4-styrene sulfonate (PSS,
average Mw ca. 70,000, 30 wt% aqueous solution; Aldrich Chemical Co., Inc.) as
counter polymers. After coating, UV illumination (66 mW/cm? at A = 365 nm) was
conducted for the photocatalytic decomposition of counter polymers using a Hg—Xe
lamp for 6 h.

Using these polymers, films with different stacking order such as
(PW1,—TiO,—TiO, (PTT), TiO,—PW1,—TiO, (TPT), and TiO,—TiO,—PWi,
(TTP)) were also prepared. Table 2-1 shows prepared films with their abbreviation and
schematic of their stacking structure. Detailed procedures for the control films were
described in an earlier report [6]. In the present study, we controlled UV absorbance of
TiO; in all films prepared to almost identical values.

The UV-VIS spectra were also measured at each coating step using a different
UV-VIS-NIR scanning spectrophotometer (V-630; Jasco Corp., Tokyo, Japan). X-ray
photoelectron spectroscopy (XPS, PHI Quantera SXM; PHI Co., U.S.A.) with an Al Ka
X-ray source (1468 eV) was used to evaluate the Ti and W concentration ratio on the
film surface at different LBL step. The (PW12/TiO;); films morphology and thickness

were evaluated through direct observation of the top surface and crosscut section using
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a field emission scanning electron microscope (FE-SEM, S4500; Hitachi, Ltd., Tokyo,
Japan). Surface roughness of the film was evaluated in 500-nm-square area by atomic
force microscopy (AFM, JSPM-5200; JEOL, Tokyo, Japan) with a Si cantilever

(NSC36-b; Mikromasch, Narva Mtn., Estonia).

2.2.3. Evaluation of photocatalytic activity

To preparation of 2-propanol standard gas, reagent grade 2-propanol (2 mL, 99.5%
purity; Wako Pure Chemical Industries Ltd., Japan) was injected into a 1 L glass bottle
which was filled with ambient air. The bottom was sealed tightly with injection rubber;
then it was kept in the dark under constant temperature (20 °C) for 24 h. The liquid—
vapor equilibrium condition was obtained under this condition. The concentration of
gaseous 2-propanol (IPA) inside of the glass bottle was estimated using the following
equation.

PIPA (T)

C=
Pytm + Pipa(T)

In that equation, C is the gaseous IPA concentration
Pipa(T) is the saturated vapor pressure of IPA (cal. 4.4 kPa)
P,im 1S the atmospheric pressure (cal. 101.3 kPa)

Consequently, the gaseous IPA concentration in the bottle is the following.

4.4

C= 1013 7 42

x 107° ; ppm

With this concentration, gas-injection amount, which determines the initial IPA
concentration in the 500 ml sample set, is calculated. Photocatalytic activity was

evaluated using the decomposition of gaseous IPA.
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Before measurement, prepared films were exposed to UV light (1 mW/cm?, 365
nm) for 30 min to remove organic compounds adsorbed onto the surface. A Pyrex glass
vessel (500 mL volume) with a quartz glass lid was used as a batch reactor shown in
Figure 2-5. A sample film was set at the center of the vessel; then the atmosphere in the
reactor was replaced using a gas flow (1.0 L/min, 5 min) of air at 20 °C and 80%
relative humidity. Subsequently, the vessel was sealed. Then 2-propanol standard gas
was injected into it. The injected gas amount was equivalent to that for 500 ppm
concentration. The vessel was then stored in the dark for 5 h.

After the adsorption equilibrium was confirmed, UV illumination was conducted
using a UV illuminator (LA-410UV-1; Hayashi Watch Works Co., Ltd., Japan)
equipped with a Hg—Xe lamp. This light source includes several peaks in the 280450
nm range, with the strongest peak at 365 nm [6] (See Figure 2-7 (a)). The illumination
intensity at the sample surface was adjusted to 1 mW/cm? at 365 nm (even when filters
were used). The photocatalytic decomposition pathway of IPA has been studied
extensively [7-10]. The molecule of gaseous IPA is initially decomposed into acetone,
and finally decomposed to H,O and CO,. The photocatalytic decomposition rate of
acetone by Ti0O, photocatalyst is much slower than that of IPA because of displacement
by water vapor from the TiO; surface [26] and because of the reaction rate difference
from -OH radical [10]. In the present study, the IPA, acetone, and CO, concentrations
were evaluated every 30 min or 1 h for 5 h using a gas chromatograph (GC-14A,
Shimadzu Corp., Tokyo, Japan) equipped with a flame ionization detector (FID), a
methanizer, and a Sunpak-A column (Shimadzu Corp.). The carrier gas was nitrogen.
The respective temperatures for the detector and injection port were 230 °C and 200 °C.

The initial column temperature was 50 °C, which was maintained for 2.5 min. The
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temperature was increased 20 °C/min to 130 °C to achieve peak separation. This
experiment procedure is shown in Figure 2-6.

Two colored glass filters were used to limit the wavelength range of light
illumination: UV-33 (absorbed UV < 330 nm; Asahi Glass Co., Ltd., Japan) and UV-
D33S (absorbed visible light > 400 nm; Asahi Glass Co., Ltd.); see Figures 2-7b and 2-
7c respectively. In both the UV-limited and Vis-limited case, the illumination intensity
was 1 mW/cm? at 365 nm. Other experimental conditions were identical to those of the

all-light illumination cases.

2.3. Results and discussion
2.3.1. Characterization of brookite

The specific surface area of dried brookite powder was 174 m%/g. Figure 2-8 shows
the XRD pattern and Raman spectra of the powder. Although the peaks of brookite by
XRD pattern resemble those of anatase, the obtained Raman spectra coincided well with
those described in previous reports on brookite [11] (such as 128, 153, 247, 322 and 636
cm™, whereas the spectra of commercial anatase powder (ST-21; Ishihara Sangyo
Kaisha, Ltd., Japan) provided peaks at 144, 397, 515, and 639 cm™ under the same
measurement conditions.). This result confirmed that crystalline phase of the TiO; in the
suspension used for this study was brookite. Subsequent XRF analysis revealed that the
powder had greater than 99% purity of TiO,. Figure 2-9 presents TEM image of the
TiO, powder. The particle sizes are 5-20 nm. Their morphology was a square plate-like

shape, as reported by Shibata et al. [12].
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For diffuse reflectance spectra, the Kubelka—Munk (KM) function is used
extensively to obtain information (diffuse reflectance) related to the absorption and
scattering term [13-14].

a(E) (1 - Rd(E,1)?

FE) =S = 2(RaE D)

In that equation, F is the KM function.

a is the absorption coefficient.

S is the scattering coefficient

Rd is the relative diffuse reflectance (this experiment used BaSO, as a

reference)

E is the photon energy

r is the particle radius

A UV-Vis spectrophotometer was used in reflectance mode. The data were reported

as % diffuse reflectance against each wavelength. The dependence of scattering on
photon energy is not constant. In general, the KM-function is assumed as an apparent
a(E). Therefore, we can calculate apparent absorbance using the diffuse reflectance.

(1 — RA(E, 1))?

) = —raEn

Photon energy is calculated from the following.

he (6.62x 1073%)(3 x 10%) .
E=—= ;unit = Joule
A Am)

An electron volt is the energy necessary to raise an electron through 1 volt. Thereby 1

eV =1.602 x 10° .
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p_he_ (662x107)(3x10%) 124
A Am(1.602x10719) T A

sunit = eV

U and the photon

The band gap is estimated by the X-axis interception of the a(E)
energy. In addition, n is ¥ for direct transition; n is 2 for indirect transition. For brookite,
its optical response remains controversial: whether for direct or indirect transition, the
reported values are around 3.1-3.4 eV [15-16]. The band-gap of the powder was
calculated as 3.18 eV from diffuse reflectance spectra by assuming direct transition (see
Figure 2-10). This value is nearly equal to the previously reported value [17].

For TiO, (n-type semiconductor), the flatband potential (Erg) is the position of its
Fermi level; it is always slightly below the conduction band edge. Consequently, the
flatband potential is used to state the lower edge of conduction band (CB) [18]. The

conduction band edge of TiO, can be measured as the flatband potential from the Mott—

Schottky relation [19].

1 _ 2 (E £ kT)
Cszc_SSOCIND appl FE q

In that equation, the following variables are used.

Csc = capacitance of the space charge region

q = electron charge (1.602 x 10*° C)

¢ = dielectric constant of the semiconductor

€ o= permittivity of the free space (8.85 x 10 Fcm™)

Np = donor density (electron donor concentration for n-type semiconductor or hole
acceptor concentration for a p-type semiconductor)

Eapp = applied potential

Erg = flatband potential

k = Boltzmann’s constant (1.38 x 102 J K™?)
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T = absolute temperature.

From the Mott-Schottky plot (1/C? vs. E), the donor density can be calculated from
the slope. The flatband potential can be determined from the X intercept (1/C> = 0)
[20]. This model is based on the following two assumptions.

Q) The capacitance of the space charge region and that of the double layers
must be considered. However, the double layer capacitance is 2—-3 times
greater than the space charge. Therefore, the reciprocal value of the double
charge to the total capacitance is negligible.

(i) The capacitance is calculated from the imaginary component of the
impedances (Z’’) given by 2> = 1/2 =fC.

The X intercept obtained from Figure 2-11 was about -0.51 V. vs. Ag/AgCI (std),

pH 3.68

In principle, the lattice Ti atoms are regarded as Lewis acid sites (adsorb hydroxyl
ion). The bridging lattice oxygen is a Lewis base site (adsorb proton). Therefore,
depending on the pH, the TiO, surface becomes charged either positively or negatively
[19] as shown in the following relation.

TiO(0) + H* +&” = TiO(OH) [21]

Considering the acid-base equilibrium for TiO,, the flat band potential of TiO; is
pH dependent. Fujishima et al. proposed this relation for rutile (001), where the linear
line with slope -59 mV/pH (at 25 °C) was obtained corresponding to the Nernst
equation [22]. This relation is also works for most oxides in water.

Therefore, the flat band potential for brookite used for this study was calculated
from the results as about -0.10 V vs. NHE, pH 0; (-0.51 V vs. Ag/AgCl, pH 3.68) +

(0.059 x 3.68 V per pH) + (0.197 V vs. NHE) = - 0.096 V as NHE, pH 0.
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2.3.2. Characterization of (XW, /TiO,)3 thin films

Figure 2-12 portrays UV-Vis spectra of (PW1,/TiO,)s;. Both PWy, and TiO,
deposition increase the absorbance in the UV range. The spectra for (PW12/TiO,)s
hybrid films imply that transmittance in the visible area (4 = 400-780 nm) was higher
than 80%. Figure 2-13 shows absorbance from UV-Vis spectra at 249 nm of
(PW12/TiO,); prepared using different concentrations of TiO, suspensions (0.05, 0.1, 0.3,
and 0.5 g/l). No significant absorbance variance was found for films prepared using this
difference concentration. The concentration should not be extremely high. It might
cause undesired agglomeration on the film. Therefore the (PW12/TiOy), preparation
parameters are fixed for future experiments in this research: 1 mM of PW, solution,
0.1g/l of TiO, suspensions, and 20 min immersion time. Figure 2-14 also shows
absorbance from UV-Vis spectra at 249 nm of (H,W12/TiO;); prepared using different
immersing times (5, 10, or 20 min) in different concentrations of TiO, suspension (0.1
and 0.5 g/l). Nevertheless, for (H,W1,/TiO,)3 prepared from 1 mM of H,W3, solution,
0.1g/l of TiO; suspensions, and 20 min immersing time, the absorbance of TiO, second
layer drastically increased compared with the first layer. One possibility is that H,W3,
anion is more negatively charged than PW;, causing difference of charge-balancing of
HoW1,/TiO, and PW1,/TiO, system as a result of higher deposition and coagulation of
TiO, for H,W1,/TiO, systems. In contrast, considering H,Wi, deposited on TiOg,
despite H, W1, has a high anion charge (-6) raising capability of anion—anion repulsion,
which obstructs the deposition onto the substrate surface itself. Coexisting NH, ion
remedies this effect [23]. It is expected that, if the absorbance changes during
preparation of (H,W1,/TiO2); and (PW1,/TiO,)3 are equivalent, then the comparable

TiO, amount is predictable. To prepare the matching absorbance of (H,W12/TiO3); and
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(PW12/TiOy)s,the (H,W12/TiO,), the preparation parameters of 1 mM of H, W, solution,
0.1 g/l of TiO, suspensions, 20 min H,W, immersion time and 10 min TiO, immersion
time were fixed. The steady bilayer-step increment indicates that the thicknesses of
PW1,/TiO,, H,W1,/TiO, and PSS/TiO; are almost equal (see Figure 2-15).

Figures 2-16 and 2-17 respectively show UV-Vis spectra of (PW1,/PDDA)s,
(PSS/TiO,); film. Both PW3, and TiO, deposition increase the absorbance in UV range.
After illumination, the decreasing absorbance spectra marks the decomposition of the
counter polymer by TiO, or PWy,. For (PW1,/PDDA); film, the absorbance of PDDA
(wavelength 400 -200 nm, mainly lower than 250 nm) disappeared after illumination for
16 h because of photocatalytic decomposition of PDDA by PW1,. The peak at 250 nm
comes from the difference form of the supporter [6]. For (PSS/TiO,); film, PSS
absorbance at wavelengths of 300-200 nm decreased after 6 h UV illumination because
of the photocatalytic decomposition by TiO,. Figure 2-18 shows the UV-Vis spectra of
(PSS/TiO,); film after different illumination time. The absorbance no longer decreases
even if the illumination time is greater than 6 h.

Figure 2-19 presents the surface atomic ratio of W/Ti for (PW12/TiO;);+PW1, (top
surface is PWj,) and (PW12/TiO,); films (top surface is TiOy). Figure 2-20 shows the
surface atomic ratio of W/Ti for (H;Wq2/TiO2)+H,Ws, (top surface is H,W;p) and
(H2W12/TiO,); films (top surface is TiO,) by XPS measurement. The ratio dependence
on the coating cycle suggests alternative coating using this method. Additionally, the
WI/Ti ratios for (PW1,/TiO,)1+PW1, and H,W1,/TiO,)1+H, W1, were almost equal,
representing the same concentration of PWy, and H, W3, on TiO..

Figure 2-21 shows top and crosscut section views of (PW12/TiOy)3 (H.W12/TiOy)3

and (TiO,)3 by SEM. The thicknesses of these films were 60—-80 nm. From TEM image,
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brookite primary particles were 5-20 nm. Therefore, one might infer that the TiO, is
frequently single-particle adsorption onto the films.

The R, values of the coatings obtained by AFM at five points on the top surface of
(PW1/TiO2)s, (HaWi12/TiO2)3 and (TiOz)s films were, 5-10 nm for (PW1/TiOy);
(H2W12/TiO,)3 and 4-7 nm for (TiO,)s. The AFM images of these films are shown in
Figure 2-22.

From IR spectra in the previous work [24, 25], the Keggin structure of PW1, was
maintained after film processing. With the identical processing to those works, the
existence of Keggin structure in reference (PW12)3 films and (PW1,/TiO,)3 films might
be inferred.

The XRD pattern of (PW1,/TiO,)3 is shown in Figure 2-23. Incident angle is 0.25
degree which corresponds to penetration depth of 10 nm. The peak is merely TiO, top
layer. The main peak resembles to that of brookite, suggesting that the phase is retained

even after film processing.

2.3.3. Photocatalytic properties

Both acetone and CO, were also produced during the IPA decomposition as shown
in Figure 2-24 and Figure 2-25. However, for the future figure, the plots are shown
only the change of IPA to avoid complexity. The C represents IPA concentration and Cy
represents the initial concentration after the storage in the dark for 5 h. The practical Co

values are shown in Table 2-2.

Figure 2-26 shows the IPA concentration change for the (PW1,/TiO,)s, (TiO)s and

(H2W12/TiO,)3 films under all-light (no filters) UV illumination. Both (PW1,/TiO,); and
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(H2W12/TiO,)3 films give better decomposition rate than that of (TiO,)s. The activity of
(PW12/TiOy)3 and (H,W12/TiOy); are quite similar; (H,W12/TiO)s showed only a low
higher decomposition rate, irrespective of the lower reoxidation potential of PWy;,".

As described in the Introduction, visible light is expected to be involved in XW,
photocatalysis mechanism as the secondary excitation especially for PW,. For better
understanding of the mechanism of PW1,/TiO, hybrid, primary or secondary excitation
for XW3, was alternately cut. Figures 2-7(b-c) portray wavelength spectra of the light
source (Hg—Xe lamp) with filters (gray region is light filtered region). The UV-33 filter
cuts the wavelength of the light for the HOMO-LUMO excitation of XW3,, and the
UVD-33S filter cuts the wavelength higher than 400 nm which the light for the
excitation of reduced XWy, (XW12) to XWy,™* in general [6].

When most UV light was cut by UV33 (see Figure 2-27), the IPA decomposition
rate of all (PW12/TiO,)s, (TiO2)s and (H,W1,/TiO;); decreased greatly compared with
the decomposition rate under all-light UV illumination. The UV33 filter not only cut
HOMO-LUMO excitation of XW3, but also the VB-CB excitation of TiO,. Therefore, it
is difficult to conclude that the decomposition rate decreases by the lack of HOMO-
LUMO excitation of XWy, or the VB-CB excitation of TiO,. However, (PW1,/TiO;)3
and (HoW12/TiOy)s still showed better photocatalytic activity than (TiO,)s. This result
indicates that H, W1, and PW 1, receive electrons from TiOs.

Figure 2-28 presents the concentration change for (PW1/TiO);, (TiOz); and
(H2W12/Ti0,)3 under light illumination through UVD33S. The IPA decomposition rate
was slightly lower than the case under all-light UV illumination in (PW1,/TiO,)3 and
(TiOy)3 films. For (H,W12/TiO,)s, the IPA decomposition rate was slightly higher than

the case under all-light UV illumination. The higher and the lower decomposition rate
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differences were extremely small. Accordingly, they were ignored. The activities of
(PW1,/TiO)3 and (HoW12/TiOy); are higher than that of (TiO,)s. It is clear that the
activity of (H,W12/TiO,)s is irrespective to visible light as a result of band position of
H,W:,', as described previously. However, PW," presents the secondary band level on
the visible light region [26]. Tachikawa et al. and Yanagida et al. also report reduced
PW., (PW1,) absorbs visible light to form an excited state PW1, (PWy, ), which can
reduce organic compounds such as methyl viologen or methyl orange in water and 2-
propanol in gas [6, 27]. In addition, the photocatalysis enhancement by visible light is
expected in (PWi12/TiO,); because of the generation of PWi, . Even so, this result
suggests that the effect of visible light on (PW1,/TiO;); hybrid film on the overall

photocatalytic activity is small.

Additionally, Figure 2-29(a) shows the IPA concentration change for the
(PW12/TiOy)s, (TiO2)3 and (PW1p)s films under all-light (no filters) UV illumination.
The changes of acetone and CO, are shown in Figure 2-29(b). Results show that (PW1,/
TiO,); decomposed IPA faster than (TiO,)s, although (PWi,)3 showed no IPA
decomposition activity. The combination of PW3; to brookite increased photocatalytic
activity. These results not only show that PW;, enhances electron—hole separation, as
discussed. They also suggest that PW;, presents much slower reduction or oxidation rate

than TiO..

In conclusion, TiO, shows largely higher activity than PWj, and photocatalytic
activity of PW,/TiO, binary system is almost independent from visible light used for
this study. These suggest an alternative explanation for electron mass transfer in z-

schematic model of PW1,/TiO; system.
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When UV light is illuminated on the surface of this hybrid film, electrons are
excited and holes are generated simultaneously at the valence band (VB) of TiO; and
HOMO level of PW;,. Generated holes in TiO, oxidize IPA directly or through radical
species, whereas the holes in HOMO level of PW; trap electrons from TiO, effectively.
Consequently, it is reduced to PWi,', which absorbs visible light and produces a
stronger reduction power than ground-state PW,". Ground-state PW, was regenerated
by O, reduction [6]. In the case presented herein, the absorbance of TiO; is 4-5 times
greater than that described in reports of previous studies [6, 24, 28]. Therefore, it is
expected that the amount of electrons excited in TiO; is larger than that in PW3; in the
present case. (PW1,/TiOy); thin film was also prepared using an anatase suspension
(STS-100, 20 wt% concentration; Ishihara Sangyo Kaisha, Ltd., Mie, Japan) used in an
earlier study [6]. Then we examined its photocatalytic activity under the same
conditions. The result is depicted in Figure 2-30. The photocatalytic decomposition
activity against gaseous IPA for the case of brookite is higher than that for anatase.
However, this result cannot be attributed simply to the crystalline phase difference. As
described earlier, the absorbance of UV per layer for anatase is less than that for
brookite (see Figure 2-31). Moreover, the specific surface area (anatase, 236 m?/g;
brookite, 174 m?/g) and crystallinity differ. Unless the TiO, particles have the same

physical and chemical properties, the crystalline phase dependence cannot be discussed.

For this study, Figure 2-32 depicts the expected electron transfer scheme of the
hybrid film of PWj, and TiO, (brookite). When TiO, received excited energy, many
electron delocalize from VB to CB. Although some electrons in TiO, are consumed for

healing holes in PW3,, because of numerous electrons in TiO, conduction band and
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lower reduction rate of PWy,, excess electrons would transfer directly to LUMO level of
PW3, (Some disappear by recombination with holes in TiO,.). This study uses a Hg-Xe
lamp as the light source. Even if visible light is generated, the intensity is extremely low
compared with its UV intensity (see Figure 2-7). When the excitation efficiency by
visible light to form PWy,” from PWy, is not high, Reduction 1 in Figure 2-32 might
become more important than Reduction 2 as the practical reduction path. Experimental
results show that PW,, acts effectively as an electron scavenger and that it inhibits the
charge recombination of TiO,, consequently increasing the overall photocatalytic
activity.

Base on this scheme, TiO, surface is expected to be main oxidation site and PW1,
surface is also expected to be main reduction site. Because PW1, exists both above and
below the TiO; layer, electrons from TiO, move in two directions. Hole in TiO, also
travels randomly to TiO, surface and reduction and oxidation site are quite mixed inside
the film. These would cause more chance of electron—hole recombination. For the
optimization of electron transfer and reduction—oxidation site on TiO,/PW3, hybrid film,
different stacking pattern films are prepared and their photocatalytic properties are
evaluated.

In Figure 2-33, TiOo/TiOL/TiO,/PW1, (TTTP) and (PW12/TiO,); presented the same
IPA decomposition rate under all-light UV illumination despite TTTP has lower amount
of PWy,. Additionally, however, the PWi, layer exists on the bottom-most of
PW 1 /TIO,/TIO,/TiO, (PTTT) films, the equivalent IPA decomposition rate was
obtained from (TiO,)zand PTTT. Both PTTT and TTTP have the same amount of TiO,

and PWy, but showed the different decomposition rate; TTTP significantly faster
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decomposed IPA than PTTT. These results suggest that positioning of PWy, layer is
crucial to the entire photocalytic activity of the film; topmost PW;, might be beneficial.

To study the effect of PWi, position on entire photocatalytic activity, a series of
TiO, two layers films were prepared: TiO,/TiO; (TT), PWy/TiO,/TiO, (PTT),
TiO/PW1,/TiO, (TPT), and TiO/TiO,/PWi, (TTP). The results of photocatalytic
activity measurements are shown in Figure 2-34. The activity order was TT < PTT <
TPT < TTP. Therefore, the hypothesis was confirmed, as shown in Figure 2-35.

For the PTT film, PWy, exists on the bottom layer. Despite oxidation site in TiO; is
on the top which is easy for hole oxidation. Actually, O, and water must penetrate
through two layers of TiO,. Insufficient O, and water on the PW, surface decrease the
reduction rate and so the entire photocatalytic activity of the PTT film. Results show
that the electron—hole recombination in the top TiO, coating was not inhibited by PW,
effectively. This film exhibited the lowest photocatalytic ability among the three films.
Consequently, PTT show similar photocatalytic activity of TT.

For TPT, more O, is able to reach the PW3, surface. However, O, and water must
penetrate through the first layer of TiO,. Electrons move in two directions against each
other because of the PW;, position in the film (sandwiched by two TiO; layers). In this
alignment, the bottom TiO, does not contribute well to the overall photocatalytic
activity because holes generated in the bottom TiO, do not transfer to the main reaction
field: the hybrid film top surface. Therefore, TPT showed moderate photocatalytic
activity.

The best stacking order among these three films was TTP. Its activity was almost
equivalent to that of (PW1,/TiO,); despite its smaller amounts of TiO, and PW,. Its

high photocatalytic activity is attributable to the effective electron transport in one
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direction and the abundance of oxygen and water. Although PW3, is located on the top
surface, the UV absorbance of PW; is extremely small compared with that of TiO,, as
shown in UV-Vis spectra. Therefore, the existence of PWj, does not affect the
excitation of TiO, remarkably. Rather, charge separation was attained on the top surface
by virtue of this film alignment. The overall photocatalytic activity was increased.
Figure 2-36 shows that IPA degradation rate on TTTP was slightly faster than the rate
on TTP. However, TTP and TTPT presented very similar IPA decomposition rates in
the initial stage and finally IPA was decomposed completely by TTP earlier than by
TTPT despite TTPT has more TiO, layer number. These reconfirm the importance of

PW3, scavenger for the HPA/TiO, system.

2.4. Conclusion

The design of stacking order of PWj, and TiO, is necessary to obtain high
photocatalytic activity from these hybrid film composites. It was deduced that electron
scavenger effect of PWj, plays an important role in this mechanism. Among the
prepared films, their photocatalytic activity was highest when PW1, was arranged on the
film’s topmost surface. The IPA decomposition rate of the (TiO,/TiO,/TiO,/PW;,) was
equivalent and (TiO,/TiO,/PWy,) film was also almost equivalent to that of

(PW1,/TiOy)s in spite of its smaller material amount.
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Table 2-1. Abbreviation and structure of prepared films sample

Immersion step

PW,,”>Ti0,>PW ,>TiO,>PW ,>TiO,

PSS—>TiO,>PSS->TiO,>PSS->TiO,

PSS->Ti0,>PSS>Ti0,>PSS>TiO,>PW,,

PW,,>TiO,>PSS>Ti0,>PSS>TiO,

PSS>Ti0,>PSS>TiO,

PSS>Ti0,>PSS>TiO,>PW,,

PSS>Ti0,>PW ,>TiO,

PW,,>Ti0,>PSS>TiO,

Abbreviation

Name

or
PTPTPT

(TiO,); or TTT

TTTP

PTTT

TT

TTP

TPT

PTT

Schematic
Structure

0 000 OO0
00 000 OO0

@0 000 000
substrate

substrate

00 000 60O

substrate

00 000 GO0

substrate

substrate

20 000 GO@

substrate

00 000 OO0

substrate

00 000 COO

substrate
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Table 2-2. Practical C value

Film type average C, (ppm)

(PW,,/TiO,), 449
(TiO,), 465
(PW,,); 514
(H,W,/TiO,), 475
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Figure 2-1. Schematic illustration of LBL method [2]
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Figure 2-2. The structure of Poly(diallyldimethylammonium chloride (PDDA), and

Poly(sodium 4-styrene sulfonate)
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TOC* electrode
|
Immersion in 0.1 M NTBOI1.
|
Rinsing in HNO;
|

Drying 60°C

N=7 I
4= Heat-treatment | 400°C, 2 h.

* Transparent oxide coated

Potentiostat
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4 Electrolyte Na,SO, 0.5M
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(pH 3.68)

F
/ \

Pt on electrode TiO, on electrode

Reference electrode
Ag/AgCl Std.

Figure 2-3. Experimental procedure of 2-propanol decomposition
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Pure Quartz

EtOH/HCI soaking

Distill water washing

H,SO, soaking

Distill water washing

Washed Quartz

(n-1) time

Immersing in XW |, solution

15t rinsing in HNO;

2" rinsing in HNO,

Drying @ 60°C

Immersing in TiO, suspension

I8t rinsing in HNO;

2" rinsing in HNO,

Drying @ 60°C

(XW,,/TiO),

AYA

\J\J

(d
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3 |
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Rinsing - Rinsing

30 min.

30 min.

0.5,1,2 mM.

20 min.
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Figure 2-4. (XW,,/Ti0,), preparation procedure
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O ring
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Injection rubber

Quartz lid

Clip

|

Pyrex cell

Figure 2-5.Iillustration of sample setting

Sample film on Quartz substrate

1 mW/cm? at 365 nm , 30 min

|
Sample setting

Gas flow 1.0 L/min, 5 min, 20°C , 80% RH
I
IPA injection
Dark storage 5 hr.

1 mW/cm?, 5 hr.

Figure 2-6. Experimental procedure of 2-propanol decomposition
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Figure 2-7 .Wavelength spectra of the light source (a), light illumination with UV-33
which absorbing UV <330 nm) (b), and light illumination with UV-D33S
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Figure 2-8. (a) XRD pattern, and (b) Raman spectra of dried brookite powder.
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Figure 2-9. TEM micrograph of dried brookite powder
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Figure2-10. Band gap estimation from diffuse reflection spectra
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Figure 2-11. Mott—Schottky plots for the brookite used in this study.
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Figure 2-11. UV-vis absorbance spectra il})cgement per layer of PW, and TiO, of
(PWIZ/Ti02)3a
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Figure 2-13. UV absorbance spectra increment at 249 nm per layer of PW , and TiO,
of (PW,,/Ti0O,); from TiO, suspensions with different concentrations
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Figure 2-14. UV absorbance spectra increment at 249 nm per layer of H,W,, and TiO, of
(H,W,/Ti0O,) from different concentration and immersing time of TiO, suspension
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Figure 2-15. UV absorbance spectra increment at 249 nm per layer of (PW,,/TiO,);,
(H,W,,/Ti0,); and (PSS/Ti0O,);
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Figure 2-16. UV-vis absorbance spectra (a) increment per layer of PW |, and PDDA of
(PW,,/PDDA);, (b) change before and after UV illumination for 16 hours
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Figure 2-17. UV-vis absorbance spectra (a) increment per layer of PSS and TiO, of
(PDDA/ Ti0O,);, (b) change before and after UV illumination for 6 hours.
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Figure 2-18. UV-vis absorbance spectra change before and after UV illumination
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Figure 2-19 Surface atomic ratio of W/Ti for (PW,,/TiO,) + PW, (top surface is PW,,), and
(PW,,/Ti0,) films (top surface is TiO,) according to XPS measurements.
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and (H,W,,/TiO,) films (top surface is TiO,) according to XPS measurements.
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Figure 2-21 SEM images of (PW,,/TiO,); ((a) and (b)), (H,W,/Ti0,); ((c) and (d)) and
(Ti0,); ((e) and (¥)) films: (a), (c) and (e) shows top views; (b), (d) and (f)
are crosscut sections..
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Figure 2-22. Surface atomic ratio of W/Ti for (H,W,,/TiO,) + PW,, (top surface is H,W,), and
(H,W,,/Ti0,) films (top surface is TiO,) according to XPS measurements.
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Figure 2-23. XRD pattern of (PW,/Ti0,), from using 0.25 degree incident angle
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Figure 2-24. Concentration change during dark storage and Hg-Xe lamp illumination
for (TiO,), film.
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Figure 2-25. Concentration change during dark storage and Hg-Xe lamp illumination
for (PW,/Ti0,); film
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Figure 2-26. (a) Decomposition rate of IPA for (PW,/TiO,); (%), (TiO,); (m) and
(H,W,/TiO,); (®) films under UV illumination without filter.; (b)
Concentration changes of CO, (dotted line) and acetone (solid line) for
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Figure 2-27.(a) Decomposition rate of IPA for (PW,/TiO,); (%), (TiO,); (m) and
(H,W,/Ti0,); (®) films under UV illumination with UV33 filter; (b)
Concentration changes of CO, (dotted line) and acetone (solid line) for
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Figure 2-28.(a) Decomposition rate of IPA for (PW,/TiO,); (%), (TiO,); (m) and
(H,W,/Ti0,); (®) films under UV illumination with UVD33S filter; (b)
Concentration changes of CO, (dotted line) and acetone (solid line) for
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Figure 2-29. (a) Decomposition rate of IPA for (PW,,/TiO,); (%), (TiO,); (m) and
(PW,,); (£) films under all-light UV illumination, (b) Concentration
changes of CO, (dotted line) and acetone (solid line) for (a)
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Figure 2-30.(a) Decomposition rate of IPA for (PW,/TiO,); from NTBOl (%)
suspension and (PW,,/TiO,); from STS100 (-) films under UV
illumination without filter; (b) Concentration changes of CO, (dotted
line) and acetone (solid line) for (a)
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CHAPTER 3

Photoinduced hydrophilicity of [PW;,04]’ /brookite hybrid films

3.1. Introduction
3.1.1. Photoinduced hydrophilicity

Together with the photocatalytic decomposition activity, a highly hydrophilic state
can be obtained on a TiO; surface under UV illumination (photoinduced hydrophilicity)
[1-3]. As described in chapter 1, Shibata et al. reported that brookite exhibited the best
photoinduced hydrophilicity among the three polymorphs of TiO, (rutile, anatase and
brookite) because of the exposure of bridging-site oxygen on the surface [4]. In addition,
a relation exists between the photocatalytic activity and photoinduced hydrophilicity on
the anatase thin film. The transformation behavior of film (from hydrophobic to
hydrophilic after light illumination) corresponds to the photocatalytic performance of
the anatase film [5]. However, no comparative study of photocatalytic decomposition
activity and photoinduced hydrophilicity for PW1,/TiO, hybrid films has been reported
to date. For this study, we prepared PPP (PW1,/PW1,/PW1,), TT (TiO/TiOy), TTP
(TiOL/TiO2/PW1,), and PTT (PW1/TiOL/TiO,) films using brookite with the same
method as that used in our previous study. Then their wettability conversion during and
after UV illumination was investigated with comparison of photocatalytic activity on

the decomposition of gaseous 2-propanol (IPA).
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3.1.2. Water solubility and thermostability of Keggin-type HPAs

Normally, a Keggin type HPA formula is abbreviated to XMj,. For example,
PW;, is 12 tungsto (V1) phosphoric acid, [PW1,04]%. Keggin anions have outer oxygen
atoms of three types [6]: (i) terminal oxygen M=0, (ii) edge-shared, and (iii) corner-
shared bridging oxygen M—O-M, as a proton donor, or so-called Brgnsted acid sites, as
shown in Figure 3-1 (replicate from [7]). In solution, bridging oxygen is protonated. In
the solid phase and gas phase, the respective proton donors are the terminal oxygen and
edge-shared bridging oxygen [6]. Therefore, HPAs have extremely high solubility in
polar solvents such as water and alcohol, but they are insoluble in nonpolar solvents
such as hydrocarbons. Their stability order for hydrolysis in water is SiWi, > PW, >
SiMo1; > PMo;y;, [6]. The thermal stability of solid HPAs was reportedly fairly high.
Decomposition temperatures of some Keggin-type HPAs were reported: PW;, (465 °C)
> SiW;, (445 °C) > PMog, (375 °C) > SiMoi, (350 °C). Consequently, to stabilize

HPAs for hydrolysis on the films, the films should be heat-treated at 300 °C.

3.2 Experimental
3.2.1 Sample preparation and characterization

All pH values of solutions and suspensions used for film preparation were adjusted
to 1.5 using a HNO3 aqueous solution to avoid hydrolysis of PWj, and to maintain a
well-dispersed state of brookite. For film preparation, 12 tungsto(V1) phosphoric acid n-
hydrate (H3(PW12040)nH,0; Wako Pure Chemical Industries Ltd., Japan) was used with
no purification. This chemical was dissolved into diluted HNO3 aqueous solution (1
mM). A commercial brookite aqueous suspension (NTB 01, 15 wt% TiO,, pH 4; Showa

Denko K.K., Japan) was used as the TiO, source. This suspension was diluted to
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concentrations of 0.1 g¢/l; the pH value was adjusted to 1.5. Either poly
diallyldimethylammonium chloride (PDDA, typical Mw 100,000-200,000, 20 wt%
aqueous solution; Aldrich Chemical Co. Inc.) or poly sodium 4-styrene sulfonate (PSS,
average Mw ca. 70,000, 30 wt% aqueous solution; Aldrich Chemical Co. Inc.) was used
as a counter polymer.

The hybrid films and control films were prepared via a self-assembly LBL process,
as conducted in a previous study. A quartz glass plate (30 mm x 60 mm x 1 mm; Tosoh
Corp. Japan) was washed and soaked in a HCI and methanol mixture (1:1) for 30 min
and then soaked in conc. (95%) H,SO, for another 30 min. The substrate was washed
using distilled water. Then it was immersed in a prepared solution or suspension for 20
min for each deposition. The substrate surface is positively charged in the acid solution.
Therefore, the first deposition of the negative molecule, PW, or PSS, was adsorbed
onto the surface of substrates by Coulombic interaction. Subsequently, the sample was
rinsed twice in pH 1.5 HNO3 aqueous solutions and dried at 60 °C in the oven under air
atmosphere until dry. The film was immersed again into TiO, suspension or PDDA
solution to grow the next positive deposition, thereby  preparing
PSS/TiO,/PSS/TiO,/PW1,, PW1,/TiO,/PSS/TiO,, PW1,/PDDA/PW;,/PDDA/PW3,, and
PSS/TiO,/PSS/TiO, films. Subsequently, both PSS and PDDA were decomposed using
UV illumination (66 mW/cm? at A = 365 nm) with a Hg—Xe lamp for 6 h (PSS) or 16 h
(PDDA) to prepare TTP, PTT, PPP, and TT films. Detailed procedures used for film
preparation were described in our earlier reports. For this study, we heated the obtained
films at 300 °C for 1 h in air because preliminary experiments revealed that this

treatment suppresses the water-solubility of PWy,.
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The UV-Vis spectra were measured at each coating step using a UV-Vis-NIR
scanning spectrophotometer (V-630; Jasco Corp., Tokyo, Japan). X-ray photoelectron
spectroscopy (XPS, PHI Quantera SXM; PHI Co., U.S.A.) with an Al Ka X-ray source
(1468 eV) was used to evaluate the film surface composition. The binding energy scales
were referenced to 284.5 eV, as determined from the locations of peaks on the Cls
spectra of hydrocarbon (CHy) for correcting the deviation. The Ti and W concentrations
on the surface were evaluated using Ti2p and W4f spectra. The infrared spectra of the
thin films on Si substrate were recorded using a Fourier transform infrared
spectrophotometer (FT-IR 6100; Jasco Corp., Tokyo, Japan). The transmission mode
was used with an incidence angle of 75 ° (Brewster’s angle). Using inductively coupled
plasma optical emission spectrometry (ICP-OES; Prodigy ICP, Leeman Labs, INC
U.S.A)) to confirm the dissolubility of PWj, from the heat-treated films to water.
Surface roughness of the film was evaluated in a 5-um-square area using atomic force
microscopy (AFM, JSPM-5200; JEOL, Tokyo, Japan) with a Si cantilever (NSC36-b;
u-mash Ltd., Narva mnt., Estonia). Using Si cantilever/Ti-Pt probes (NSC35/Ti-Pt-a; p-
mash Ltd., Narva mnt., Estonia), the contact surface potential distribution (CPD) of
samples was also evaluated using Kelvin force microscopy (KFM) mode with the same
system (JSPM-5200). The films’ thickness was evaluated through direct observation of
the crosscut section using a field emission scanning electron microscope (FE-SEM,

S4500; Hitachi Ltd., Tokyo, Japan).

3.2.2. Evaluation of photocatalytic decomposition activity
Before measurements, these films were exposed to UV light (1 mW/cm?, 365 nm)

to remove organic compounds that had adsorbed onto the surface. A Pyrex glass vessel
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(500 mL volume) with a quartz glass lid was used as a batch reactor. A sample film was
set at the center of the vessel. Then the atmosphere in the reactor was replaced by gas
flow (1.0 L/min, 5 min) with air at 20 °C and 80% relative humidity. Subsequently, the
vessel was sealed. Then IPA gas was injected into it. The injected gas amount was
equivalent to that for 500 ppm concentration. The vessel was subsequently stored in the
dark for 5 h.

After the adsorption equilibrium was confirmed, UV illumination was conducted
using a UV illuminator (LA-410UV-1; Hayashi Watch Works, Japan) equipped with a
Hg—Xe lamp (MX4010). The illumination intensity at the sample surface was 1
mW/cm? at 365 nm. The IPA and acetone concentrations were evaluated every 30 min
or every 1 h for 5 h using a gas chromatograph (GC-14A; Shimadzu Corp., Tokyo,
Japan) equipped with a flame ionization detector (FID), a methanizer, and a Sunpak-A
column (Shimadzu Corp.). The carrier gas was nitrogen. The respective temperatures
for the detector and injection port were 230 °C and 200 °C. The initial column
temperature was 50 °C, which was maintained for 2.5 min. The temperature was

increased 20 °C /min to 130 °C to gain peak separation.

3.2.3. Evaluation of photoinduced hydrophilicity

The films were cleaned using vacuuming and pre-UV illumination (1 mW/cm?).
Then the films were stored in the dark for 5-9 days to allow hydrophobicizing.
Subsequently the static water contact angle (WCA) change on the films in every 5, 10,
30, or 60 min during UV illumination (30 pW/cm?) was observed using sessile drop
method with a 2 ul distilled water (Figure 3-2) and contact angle meter (CA-X; Kyowa

Interface Science Co. Ltd., Saitama, Japan). The UV light source was that used for
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photocatalytic activity evaluation. The water droplet should be put at the dot marked on
the opposite side of the testing surface. The procedure is presented in Figure 3-3. In
some cases, to control the surface contamination, the films should be coated with 0.3
wit% stearic acid before evaluation of their photoinduced hydrophilicity. Stearic acid
aqueous solutions were prepared by dissolving 0.015 g of stearic acid
(CH3(CH,)16COOH = 284.48, Wako Pure Chemical Industries Ltd., Japan) in 5 g of
distilled water. The TTP, PTT, and TT films were coated by stearic acid using spin
coating conducted at 2,000 rpm for 30 s. Then these films were dried in a 70 °C oven
for 10 min. This procedure is presented in Figure 3-4.

To evaluate the sustainability of hydrophilicity, we also evaluated the WCA
increase during hydrophobicizing in the dark. We also investigated the effect of
atmosphere on the hydrophobicizing using pure synthesized air and nitrogen (N) with
10% relative humidity. The pre-cleaned films were put into a Pyrex glass vessel (500
mL) sealed with a quartz glass lid in which 90 ml/min of dry air or nitrogen with 10
ml/min of water saturated air or nitrogen, 10% relative humidity, flowed continuously
during dark storage. This system was broken down temporarily every 1 or 2 days to

measure WCA. Then dark storage was continued under identical conditions.

3.3. Results and discussion
3.3.1. Characterization of films

Figure 3-5 presents UV-Vis spectra for TT, TTP and PTT during film preparation.
The films were transparent with more than 80% transmission in the visible range (400—
700 nm). Moreover, the UV—Vis absorbance increment corresponded with respective

levels of deposition. This increment was steady for all film preparation. Nearly equal
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absorbance between TT, TTP, and PTT films showed that the TiO, layer thicknesses
were almost equal.

Figure 3-6 portrays the IR spectra of a PWy, film on a Si substrate. Because the
peaks from the PPP film were quite weak, we have prepared a film by laminating PW,
8 layers (namely PPPPPPPP) and have used it for this measurement. The absorbance of
pure PWy, is reported as 1080, 983, and 889 cm™ [8]. The film shows characteristic
bands of PW,, around 1076, 973, 892, and 801 cm™ that are ascribed to stretching
vibration of P-O, W=0, and W-O-W bonds in the Keggin structure [8-11]. A nearly
single P-O stretching peak (1080 cm™) reflects that the Keggin structure is retained in
the film even after 300 °C heat treatment. The slight shift in the P-O band might be
attributable to the interaction between the Keggin structure and substrate. Sustainability
of H3(PW1,04) crystal was also confirmed using X-ray diffraction analysis of the
directly heated sample of the starting material (Figure 3-7). This result corresponds to
reports of previous studies describing the thermal stability of PW1, [12]. The respective
surface topographies of the PPP, TT, and TTP films obtained by AFM are depicted in
Figure 3-8. The average surface roughness (R,) values of the PPP, TT, and TTP films
by AFM at five points were, respectively, 1.4, 7.4, and 9.3 nm. The film thicknesses
ascertained from observations of the crosscut section of these films using SEM images
were around 30 nm (PPP), 60 nm (TT), and 70 nm (TTP) shown in Figure 3-9.
However, it is noteworthy that the section planes of these films were not perpendicular.
They shifted from the perpendicular plane © degree, as shown in Figure3-10.

The concentration of W against Ti on the surface of TTP film by XPS analysis was
around 5 atom%. Five pieces of the dried 60 °C TTP films or five pieces of the heat-

treated 300 °C TTP were immersed into 100 ml of distilled water for 3 min. Then PW,
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dissolution was observed by ICP-OES. The tungsten (W) concentrations in the solution

were shown in the Figure 3-8.

3.3.2. Photocatalytic activity and photoinduced hydrophilicity

Both TiO, and PWy, can decompose IPA through a photocatalytic reaction. The
decomposition pathway of this reaction has been studied extensively [13-15].
Molecules of gaseous IPA are decomposed initially into acetone, and ultimately to H,O
and CO,. However, the photocatalytic activity of solid state Keggin-type heteropolyacid
was very low under 1 mW/cm? UV illumination [8]. In addition, the decomposition rate
of acetone by TiO, photocatalyst is much lower than that of IPA because of
displacement of water vapor from the TiO, surface [16] and the reaction rate difference
against radical species [17].

Figure 3-11 portrays the concentration change of IPA by UV illumination. In the
figure, Cy represents the initial concentration after 5 h dark storage. The average Co
values for TTP, PTT, and TT films were, respectively, 487 ppm, 470 ppm, and 487 ppm

(for heat-treated 300 — C films) and 451 ppm, 457 ppm and 500 ppm (for dried 60— C

films). To avoid complexity, Figure 3-11 shows only the change of IPA. The changes
of acetone and CO; are presented in Figure 3-12. The order of IPA decomposition rate
was TTP > PTT ~ TT corresponding with the experimentally obtained result in chapter
2. Heat-treatment did not change IPA decomposition ability of PTT and TT but, for
only TTP, IPA decomposition rate decreased after heat-treatment. This might because
the lower crystallinity of PWy, as shown before in Figure 3-7. However, TTP film

decomposed IPA faster than TT and PTT. Consequently, PWi, enhances electron—hole
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separation even after heat treatment at 300 °C. Here after, the mentions about TTP, PTT,
TT or PPP refer to the heat-treated 300 °C films.

First, either dark storage or stearic-acid-coating was performed for
hydrophobicizing processing (see Figure 3-3 and Figure 3-4). To control surface
contamination, stearic acid (0.3 mass%) was coated equally onto each cleaned film
surface. For TTP, the initial water contact angle (WCA) was lower than those for TT or
PTT shown in Figure 3-13. This might be explained by the difference in wettability
between the TiO, top-most films and the PW, top-most films, which causes deposition
of different stearic acid amounts on each film, even when using the same spin coating
conditions. Consequently, other spin conditions were tried to gain the initial WCA of
around 120°. Mainly, angular velocity was decreased while the spin time and coating
number were increased. However, the highest WCA was only 100°; the physical
appearance of coated film was poor (sticky and smudged). The WCA conversion rates
for the normal film occurred in the following order: TTP =PTT > TT (Figure 3-13-(a)).
In contrast, the order for the stearic-acid-coated films was TTP > PTT = TT (Figure 3-
13-(b)). Irrespective of the existence of PW1, on PTT, WCA conversion on stearic acid
coated TT and stearic acid coated PTT was similar. Numerous reports support that the
hydrophilicity relates to the organic decomposition especially in the early stage [18, 19].
Moreover, photogenerated holes play an important role for the hydrophiliciziing
mechanism [20]. Charge separation by PWj, should therefore also affect the
photoinduced hydrophilicity. In general, PWi, of PTT cannot consume electrons from
TiO, effectively because of lacking of oxygen and water playing as an electron acceptor
for reproducing ground-state-PWi,. However, when the film was moistened with water,

the water dissolved the PW, and brought it to the top surface so that charge separation
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occurred. Consequently, the WCA conversion rates of TTP and PTT were the same.
The result from the stearic coated film also corresponds with this assumption. Because
stearic acid is water repellent, water cannot pass through the PTT film to bring PW3; to
the surface. Consequently, the WCA conversion rate of TTP was higher than that of
PTT. These explanations are presented in Figure 3-14. Additionally, the reusability for
TTP and PTT was tested. After three test repetitions, the WCA conversion rates for both
TTP and PTT remained unchanged, as shown in Figure 13-15.

Figure 3-16 portrays the IPA concentration change of IPA by UV illumination. In
the figure, Co represents the initial concentration after dark storage. The practical value
for PPP was 522 ppm. Results show that TTP film decomposed IPA faster than TT,
although PPP showed almost no IPA decomposition activity. These results, which
correspond with that of a previous study performed using samples without heat
treatment, suggests that PWi, enhances electron—hole separation even after heat
treatment at 300 °C. Figure 3-17 presents the contact angle change on the sample
surface under UV illumination in ambient air. The rate of hydrophilicization of the film
was increased by coating PWy,, especially in the early stage of UV illumination. Its
entire order was PPP << TT < TTP. This order is identical to that of photocatalytic
decomposition activity for gaseous IPA, suggesting that the contribution of the
decomposition of organic contaminant on the surface to the initial contact angle
decreases the photoinduced hydrophilicity of brookite, as in anatase [18, 21, 22] and
rutile [23]. The PPP film is more hydrophobic than the TT film under UV illumination.
Therefore, another expected mechanism related to this phenomenon is the wettability
difference between PW3, and brookite. Previous studies demonstrated that surfaces with

different wettability sometimes provide a highly hydrophilic state by providing
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hydrophilic channels and a resultant two-dimensional capillary effect [24, 25]. However,
it is inferred that the contribution of this mechanism is not so important because of the
following result.

Figure 3-18 portrays the sustainability of the hydrophilicity during dark storage. In
this experiment, UV light was illuminated on samples for 8 h. Then they were stored in
the dark. The TTP films exhibited not only a better hydrophilicizing process, but also
better sustainability of hydrophilicity than the TT film showed. The surface wettability
of a composite of two materials is well known to be estimable using Cassie’s theory
[26]. When the unit area of the surface comprises a solid surface area fraction f with a
water contact angle @, the resultant contact angle on the composite surface can be
expressed as the following equation.

cos@’=fcosf 1+ (1-f)cosh,

Therein, & is the contact angle of the second phase. Based on this theory, PWj; is
expected to be more hydrophilic in the TTP surface than TiO, to provide better
sustainability of hydrophilicity. However, as presented in Figuure 3-17, the PPP film
surface was more hydrophobic than that of the TT film.

Figure 3-19 depicts the expected electron transfer scheme of the hybrid film of
PW3, and TiO,. When UV light is illuminated on the surface of the TTP film, electrons
are excited and holes are generated simultaneously at the valence band (VB) of TiO,
and HOMO level of PW;,. Generated holes in TiO, oxidize IPA directly or through
radical species, whereas the holes in HOMO level of PW, trap electrons from TiO,.
Consequently, it is reduced to PW,, which absorbs visible light and produces a

stronger reduction power (PWy,) than ground-state PW ™ [9].
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As described in an earlier report [27], the electrons excited in TiO, are more
numerous than those in PWy, in the (brookite) case examined here. Although some
electrons in TiO, are consumed for healing holes in PW,, excess electrons are expected
to transfer directly to the LUMO level of PWj,, although some disappear by
recombination with holes in TiO,. The excitation efficiency by visible light to form
PW,,”~ from PWi, is not high in this case. Therefore, the direct reduction by PW, is
more important than that by PWy,™ as the practical reduction path. Experimental results
show that PW, functions effectively as an electron scavenger and that it inhibits the
charge recombination of TiO,, consequently increasing the overall photocatalytic
activity. The difference of PWj, between on the TTP and on the PPP films is the
electron scavenger history from TiO, by UV illumination. Reportedly, once PWy; is
reduced into PWy,™ by electron injection from TiO,, a certain period is necessary for
complete reoxidation [28, 29]. Therefore, it is inferred that reduced PWi, (PWi2)
adsorbs water molecules and thereby becomes more hydrophilic than brookite.

PW3, provides absorption in the visible wavelength range. Therefore, we measured
UV-Vis spectra to identify PWy, for the TTP film after UV illumination. However,
clear absorption was not well detected, probably because of a very thin PWy, deposition
thickness. Therefore, we evaluated the state of W on the TTP film before and after UV
illumination by XPS. The TTP film was illuminated by UV (1 mW) for 13 h, then the
sample was set into the XPS. The W state was compared with the sample without UV
illumination. The duration after stopping UV illumination until XPS measurement was
around 1 h. The W(V) and W(VI) peaks are obtainable around 34-35 eV, and the peak
separation of WA4f revealed that the concentrations of W(V) in W(VI) were increased

from 2%—7% by UV illumination.
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A detailed explanation is presented here. The spectra of the TTP film before and after
UV illumination after background subtraction and relative to Cls (248.5 eV) are shown
in Figure 3-20 (black line).

We conducted peak deconvolution again. The results are shown in Figure 3-20. The
spectra of W4f;,, Wafs,,, Ti3P, and W5p;,; exist in the 33—45 eV range. Their respective
estimated binding energies are 35, 37, 37, and 40 eV. Precise separation of Ti3p and
W4fs;, is not feasible. Therefore, in this study, only W4f;, was considered. After
deconvolution, main and minor peaks are apparent at 35.45 eV and 33.95 eV. Binding
energy of W4f7,, was reported by Li ef al. as 35.8 eV [30]. They revealed that the value
shifts to the lower energy level when it is combined with TiO,. Based on their result, the
sample of 8.3% PW;, in TiO, showed W4f;,, at 35.3 eV. The XPS analysis (performed
using W4f5),) revealed that TTP film in this study possesses 5% PW,. Consequently,
W45, spectra should locate in the binding energy range of 35.3 and 35.8 eV. Rothschild
et al. reported 1.1 eV shifting to lower energy side from the oxidation stage (+VI) to the
reduction stage (+V) for W [31]. Therefore, the minor peak at 33.95 eV is attributable to
the reduction state of W4f;,. In this study, TTP film was illuminated for 13 h. Then the
sample was set into the XPS. The duration after stopping UV illumination until XPS
measurement was around 1 h. After UV illumination, the ratio of the reduction stage
increased from 1.7%-7.3%. However, after UV illumination, the deconvolution is more
complex because the reduction stage of W45, should also increase, but we were unable
to include this peak.

Moreover, several additional results suggest the effect of PWy," in the TTP film on
the sustainability of hydrophilicity. Figure 3-21 shows contact angles and surface

potentials measured using KFM for the samples stored in the dark for three days after
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UV illumination for 8 h. In general, the surface potential exhibits a reverse trend against
the contact angle [32, 33]. However that of the TTP film is more negative than expected.
This result might derive from PW3;" in the surface.

Furthermore, we examined the atmospheric dependence of the sustainability of
hydrophilicity for the TTP film under synthesized air and N, with 10% relative
humidity. As might be readily apparent from Figure 3-22, the sustainability is greater in
N, than air. These results also suggest that the reoxidation process of PWy,™ by water
and O, plays an important role in sustaining hydrophilicity.

We prepared a TTP thin film using an anatase suspension (STS-100, 20 wt%
concentration, primary particle size = 6 nm; Ishihara Sangyo Kaisha, Ltd., Mie, Japan)
employed in our previous study [9, 34, 35], and examined the photoinduced
hydrophilicity under the same conditions as those used in the present study. The result is
presented in Figure 3-23. The photoinduced hydrophilicizing rate for the case of
brookite is higher than that for anatase. However, these results cannot simply be
attributable to the crystalline phase difference. As described in an earlier report [27],
absorbance of UV per deposition thickness for anatase is smaller than that for brookite.
Moreover, the specific surface area and crystallinity differ. Unless the TiO, particle
suspensions being examined have the same physical and chemical properties, except for
crystalline phase, the crystalline phase dependence cannot be assessed.

Although Pt-loading is well known to improve the photocatalytic activity of TiO;
by increasing electron—hole separation efficiency [36], this treatment degrades
photoinduced hydrophilicity because Pt is fundamentally hydrophobic [37]. From the
viewpoint of photocatalytic decomposition, PW3, is a scavenger of electrons from TiO..

Therefore, its role is the same as Pt. However, PW, becomes hydrophilic by accepting
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electrons. Therefore, even after stopping UV illumination, the TTP film can sustain a
small contact angle of water for a certain period. Hybridization of SiO, with TiO; is
well known to increase the rate of hydrophilicization under UV illumination and
sustains hydrophilicity in the dark [38—40]. However, this combination decreases the
surface area ratio (commonly 30-40%) of TiO, for photocatalytic decomposition. The
TTP film in this study simultaneously attained high decomposition activity, a high
hydrophilicization rate, and sustainability of hydrophilicity. The electron storage
performance was also reported for the PWi,/ TiO, system [28, 29]. Hybrid films
reported in this study, which are transparent in the visible wavelength range, are useful
in various applications.

3.4 Conclusion

For this study, we prepared hybrid films of PWi, and TiO, (brookite) using LBL
method. Then a comparative study was conducted of photocatalytic decomposition
activity and photoinduced hydrophilicity of the films. The TTP (TiO,/TiO,/PWyy) film
exhibited better photocatalytic activity on the decomposition of gaseous IPA than the
TT (TiO2/TiOy) film. The TTP film also provided more rapid hydrophilicization under
UV illumination, and better sustainability of the hydrophilicity than the TT film. Results
show that the electron scavenger effect of PW, and resultant generation of PWy,™ are
key factors affecting the performance of wettability conversion before and after UV
illumination of this hybrid film.
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Figure 3-1 Keggin ion structure showing three type of outer oxygen atom; (O,)
terminal oxygen M=O, (O,) corner-shared bridging oxygen M-O-M and
(O,) edge-shared [7]

Film sample I Water droplet
2ul

Dot Mark QTZ. Substrate

Figure 3-2 Scheme for sessile drop method
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Figure 3-3 experiment procedure for investigating photoimduce hydrophilic property
of the films
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Figure 3-4 Steric coating procudure and evaluation photoimduce hydrophilic.
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Figure 3-7 X-ray diffraction patterns of Hy(PW,0,,) before (a) and after heat
treatment at 300°C (b)
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Figure 3-5 AFM images of (a) PPP, (b) TT, and (b) TTP films.
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Figure 3-8 Top-view and cross-section SEM images of (a and d) PPP, (b and e) TTP,
and (c and f) TT films.
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Figure 3-11 Concentration changes of IPA for TTP (m), PTT (A), and TT (e) films
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300°C

116



A (CO, concentration)/ ppm

(= (= S (= (= S
=1 =] S S S (e
\O v < (ag] (@\l — (e
1 1 1 1 1
3 Py
.
.
.
.
.
.
" .
. H '« B
. .
. .
. .
“ .
.
Y .
. .
. .
.
“
£ | < -
tt t‘
“’ “
*
*
*
*
.
.
.
mn < -
.
" .
* .
* .
“
O‘ “
. %
*
R
* .
\ .
o‘$ ‘-
ny
.
"Mn‘
1 T 1 .
S (e (= S (e
=] (e S S
<t o @\ —

(a)

wdd /(uonenuaduod U0V )V

Time (h)

(b)

A (CO, concentration)/ ppm

S jel S S S S
=3 =3 =} S S =)
O v < <a) @\ — e}
1 1 1 1
—< .
*
CS x
. .
., N
)
ou
»
ae
v
&Y -
o .
.
o %
o .
- .
o LS
&y (3
)
.
\J
.
L .‘A B
. %
°, .
*
- )
* 0y
» Ly
® .
. A
00 “
. e
* .
*, .
. .
., .
., .
. .
., )
. %
*® .
- Y
.o .A B
o .
. N
., .
m 4
o M
*
*
*
*
T T T
S S S S e}
=} S S =)
< o [@\ —

wdd /(uonenuasuod AU0JIY) V

A (CO, concentration)/ ppm

S S S S S S
=1 =] S (e S (e
O v < o [\l — S
1 1 A‘ 1 1 1
] < -
2 " 1 -
~ %
Qo K
E ,‘
*
= .
| < -
o‘o .
* %
. .
. %
0‘ ‘I
. ‘-
L - I
00‘ “
. .
*
b R
. .
0‘ A
I 1 1 ‘
S S S S S
S S S S
<t o @\ —
wdd /(uonenuaduod U0V
~
Q
N—’

Time (h)

Figure 3-12 Concentration changes of acetone(m) and CO, (A), for (a) TT, (b) TTP
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CHAPTER 4

Comparison of photoinduced hydrophilicity between [PW1,040]*
/brookite and [SiW:,040]* /brookite hybrid films

4.1. Introduction

Extensive comparative research using a different Keggin-type heteropolyacid
tungstate is expected to yield additional information related to the wettability
conversion performance. Figure 1 portrays the band structures of TiO, PW3,04°
(PW1), SiW1,040" (SiW12) and HaW1,040" (HoWiy). For these HPAs, oxygen-to-metal
charge transfer (OMCT) is present in the band of the UV region [1, 2]. The highest
occupied molecular orbital (HOMO) is O2p; the LUMO level is W5d. After OMCT, the
excited electron on the LUMO level delocalizes to an excited state via d—d transition
when receiving visible light [3, 4]. The respective LUMO levels of PW1,, H;W, and of
SiWy, are approximately +0.218, +0.054 and — 0.162 (V vs. NHE [pH=0]) [5]. The
generated electrons on CB of TiO, under UV illumination transfer to the LUMO of
HPAs. Alternatively, they are consumed by the generated hole on the HOMO of HPAs.
Consequently, these HPAs are regarded as electron scavengers and are expected to
enhance the photocatalytic performance with diminishing charge recombination. For use
in this study, we prepared TiOn/TiO2/[XxW1204]" films in the HPAS/TIO, (brookite)
systems and pure brookite films using the same method as that used in an earlier study
[6]. Then their photocatalytic decomposition activity, photoinduced hydrophilicity, and
sustainability of the hydrophilicity were evaluated. Their relation was discussed from

the viewpoint of charge transfer.
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4.2. Experimental
4.2.1. Material characterization

12 tungsto(V1) phosphoric acid n-hydrate (H3(PW12,040)nH,0; Wako Pure Chemical
Industries Ltd., Japan), 12 tungsto(V1) silicic acid 26-hydrate (Hz(SiW1,040).26H,0;
Wako Pure Chemical Industries Ltd., Japan), and ammonium metatungstate hydrate
((NH4)6[H2W1204], Stream Chemical, USA) were dried at 60 °C and then calcined at
300 °C. After drying or calcination, the powder of these three chemicals was
characterized using a Fourier transform infrared spectrophotometer (FTIR; IRPrestige-
21, Shimadzu Crop, Japan). For future characterizations of H,Wy,, X-ray diffraction
analysis (XRD; X Pert Pro, PANalytical, Netherlands) and UV—-Vis spectrophotometer

(UV-2500PC; Shimadzu Crop, Tokyo, Japan) were used.

4.2.2. Sample preparation and characterization

All pH values of solutions and suspensions used for film preparation were adjusted to
1.5 using a HNO3 aqueous solution to avoid hydrolysis of PW3, and to maintain a well-
dispersed state of brookite. For film preparation, 12 tungsto(V1) phosphoric acid n-
hydrate (H3PW12040-nH,0O; Wako Pure Chemical Industries Ltd., Japan) or 12
tungsto(VI) silicic acid 26-hydrate (H;SiW12049-26H,0; Wako Pure Chemical
Industries Ltd., Japan) was used with no purification. These chemicals were dissolved
into diluted HNO;3; aqueous solution (1 mM). A commercial brookite aqueous
suspension (NTB-01, 15 wt% TiO,, pH 4; Showa Denko K.K., Japan) was used as the
TiO, source. This suspension was diluted to concentrations of 0.1 g/l. Then the pH
value was adjusted to 1.5. Either poly diallyldimethylammonium chloride (PDDA,

typical Mw 100,000-200,000, 20 wt% aqueous solution; Aldrich Chemical Co. Inc.) or
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poly sodium 4-styrene sulfonate (PSS, average Mw ca. 70,000, 30 wt% aqueous
solution; Aldrich Chemical Co. Inc.) was used as a counter polymer.

For this study, we prepared TiO,/TiO, (TT; control TiOy(brookite) film),
TiOo/TiO2/SiW 1, (TTS), and TiO,/TiO2/PW1, (TTP) films (left-hand-side is next to the
substrate; a quartz glass plate (30 mm x 60 mm x 1 mm; Tosoh Corp. Japan), and the
right-hand-side is the top deposition) for photocatalytic activity measurements,
SiW.12/SiW12/SiWi, (SSS) and PW1o/PW1,/PW1, (PPP) films for electrochemical
experiments by preparation onto a transparent oxide coated glass substrate (High-
durability Transparent Conductive Oxide film (TCO); Geomatec Co. Ltd., Yokohama,
Japan, resistivity: 15 Q/sq), and SiW12/SiW12/SiW12/SiW12/SiW12/SiW1,/SiW1,/SiW 1,
((SiW31)g) films on a Si (100) wafer (Aki Corp., Miyagi, Japan) for IR measurement.
These hybrid films and the control film were prepared via a self-assembly LBL process,
as described in reports of previous studies [6-8]. The UV-Vis spectra were measured at
each coating step using a UV-Vis—NIR scanning spectrophotometer (V-630; Jasco
Corp., Tokyo, Japan). After the LBL process, UV illumination (66 mW/cm? at A = 365
nm) with a Hg—Xe lamp for 6 h (for the films used PSS) or 16 h (for the films used
PDDA) was conducted to decompose PSS and PDDA. Moreover, we heated the
obtained films at 300 °C for 1 h in air to decrease the water-solubility of PWy, and
SiW3,.

Surface roughness of the film was evaluated in a 5-pum-square area using an atomic
force microscope (AFM, JSPM-5200; JEOL, Tokyo, Japan) with a Si cantilever
(NSC36-b; p-mash Ltd., Narva mnt., Estonia). The films’ thickness was evaluated
through direct observation of the crosscut section using a field emission scanning

electron microscope (FE-SEM, S4500; Hitachi Ltd., Tokyo, Japan). X-ray
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photoelectron spectroscopy (XPS) analysis and infrared (IR) spectra measurement were
conducted using the same conditions and apparatus as those used in an earlier study [6].
4.2.3. Evaluation of photocatalytic decomposition activity

Before measurement, these films were exposed to UV (1 mW/cm?, 365 nm) to
remove organic compounds that had adsorbed onto the surface. A Pyrex glass vessel
(500 mL volume) with a quartz glass lid was used as a batch reactor. A sample film was
set at the center of the vessel. Then the atmosphere in the reactor was replaced by gas
flow (1.0 I/min, 5 min) with air at 20 °C and 80% relative humidity. Subsequently, the
vessel was sealed and IPA gas was injected into it. The injected gas amount was
equivalent to that for 500 ppm concentration. The vessel was subsequently stored in the
dark for 3 h.

After the adsorption equilibrium was confirmed, UV illumination was conducted
using a UV illuminator (LA-410UV-1; Hayashi Watch Works, Japan) equipped with a
Hg—Xe lamp (MX4010). Wavelength spectra of the light source were presented in a
report of our previous study [7]. The illumination intensity at the sample surface was 1
mW/cm? at 365 nm. The concentrations of IPA, acetone, and CO, were evaluated every
30 min or every 1 h for 5 h using a gas chromatograph (GC-14A; Shimadzu Corp.,
Tokyo, Japan) equipped with a flame ionization detector (FID), a methanizer, and a

Sunpak-A column (Shimadzu Corp.).

4.2.4. Evaluation of photoinduced hydrophilicity
The films were pre-cleaned using UV illumination (1 mW/cm?, 365 nm) and were
then stored in the dark for several days to allow hydrophobicizing. Subsequently, the

static water contact angle (WCA) on the films was measured at every 5, 10, 30, or 60
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min during UV illumination (30 pW/cm?) using sessile drop method with 2 pl distilled
water and a contact angle meter (CA-X; Kyowa Interface Science Co. Ltd., Saitama,
Japan). The UV light source was that used for photocatalytic activity evaluation.

To evaluate the sustainability of hydrophilicity, we also evaluated WCA increase
during hydrophobicizing in the dark storage using either pure synthesized air or
nitrogen (N2) with 10% relative humidity as the atmosphere. The pre-cleaned films (UV
illumination under a black-light bulb, 0.5 mW/cm? 365 nm for 72 h) were put into a
Pyrex glass vessel (500 mL). Then the atmosphere was replaced to air or nitrogen (N)
with 10% relative humidity at 20 °C. Subsequently, the vessel was sealed with a quartz
glass lid and stored in the dark. This system was broken down temporarily every 1 or 2

days to measure WCA. Then dark storage was continued under the same conditions.

4.2.5 Electrochemical experiment

The initial WCA of SSS and PPP films was measured using the same contact angle
meter. Then a small positive voltage (50 mV) was applied to the film using a
potentiostat (HSV-100; HD Hokuto Denko Co. Ltd., Kanagawa, Japan). The WCA
change under applying voltage was measured repeatedly every 5 or 10 min for 1 h. Then
the film was stored in a dark desiccator for 2 h without applying voltage. The WCA
change during this dark storage period was also evaluated. The flow diagram of

electrochemical experiment is shown in Figure 4-2.
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4.3. Results and discussion
4.3.1. Characterization of PW,, SiWy, and H, W1, powder

The infrared spectra of dried and calcined powders are shown in Figure 4-3. FTIR
spectra during 700-1200 cm™ are assigned to Keggin structure [XxMnOp]™. the single
peak of P-O and Si-O peak at 1080 and 925 cm™ suggest that Keggin structure was
reserved after heat treatment process. However, for H,Wi,, the W-O and W-O-W
peaks during these wavenumber become broad, reflecting the destroyed Keggin
structure. Because H,;Wi, is isopolyanion, it could be more unstable than the
heteropolyanion that has heteroatom. Young Il Pae [9] et al. reported that WOs-TiO,
prepared from an aqueous solution of ammonium metatungstate [(NHz)s(H2W12040)-
nH,0], which is the same material used for the current study, presented the high of
Brgnsted and Lewis acid sites on the surface of catalyst because of the W=0 bond
nature of complex formed by the interaction between WO3 and TiO,. From FTIR result,
the calcined 300 °C H,W;, powder present the characteristic band of ammonium ion
formed on Brgnsted acid site and ammonia coordinate bond to Lewis acid site at 1454
and 1610 cm™, respectively. From XRD analysis, the 300 °C calcined H,Wj, was
amorphous and for higher calcination temperature; 400 °C and 500 °C, WQOj3 phase were
found (Figure 4-4). Figure 4-5 shows diffuse reflectance spectra (DRS) of the calcined
H,Wy, at 300 °C and dried H,Wi, at 60 °C. Estimated by KM (Kubelka—Munk)
function, indirect transition band gap for H,W1, was narrowed from 3.1 eV to 2.85 eV,

the later one is correspond to the band gap of WO; (2.4-2.8 eV).

These results suggest that Keggin structure of H,W1, could not be maintained after

300 °C film processing. Therefore, we prepared only films in the PW1,/TiO,(brookite),
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SiW1,/TiOy(brookite) systems and pure brookite films using the same method as that
used in an earlier study [6]. Then their photocatalytic decomposition activity,
photoinduced hydrophilicity, and sustainability of the hydrophilicity were evaluated.

Their relation was discussed from the viewpoint of charge transfer.

4.3.2. Characterization of films

The UV-Vis spectra measured at each coating step for TTP and TTS are portrayed in
Figures 4-6. The UV-Vis absorbance increment corresponded with the respective
levels of deposition. Moreover, the films were transparent, with more than 80%
transmission in the visible range (400-700 nm). This increment was steady for all film
preparation. Nearly equal absorbance between TTP and TTS films indicated that the
TiO, layer thickness was almost identical. The concentration ratio values between W
and Ti (JW]/[Ti]) shown in Figure 4-7 on the surface of TTP and TTS films by XPS
analysis were around 0.12 and 0.08, showing that the PW,, concentration on TiO, was
around 1.5 times greater than that of SiWy,. In the LBL process, TiO, and HPAs were
attracted by Coulombic interaction. Therefore, the adsorption amount of SiWi, on TiO,
surface is expected to be smaller than that of PWj, because of the ionic charge
difference ([SiW12040]* and [PW1,040]%). The XPS result is inferred to be close to the
expected concentration ratio (1.3) according to their charge difference. The TTP and
TTS films possessed spherical granule topography, and HPA deposition did not seem to
provide remarkable morphological change to the pure brookite film by LBL process
(Figure 4-8). Their corresponding surface roughness (R,) values were 7.0 nm (TT), 6.3
nm (TTP) and 7.4 nm (TTS). The film thicknesses ascertained from observations of the

crosscut section of these films using FE-SEM image were around 70 nm (Figure 4-9).
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Figure 4-10 portrays the IR spectra of a SiW, film on a Si substrate. The absorbance of
pure SiWy, is reported as 980, 925, and 770 cm™ [10]. The film shows characteristic
bands of SiWi, around 967, 916, and 788 cm™, which are ascribed to stretching
vibration of W=0, Si-O, and W-—-O-W bonds in the Keggin structure [11]. A single Si—
O stretching peak (916 cm™) reflects that the Keggin structure is retained in the film
even after 300 °C heat treatment. The slight shift in the bands might be attributable to
interaction between the Keggin structure and substrate. The Keggin structure of PWy; is

also retained, as described in a previous report [6].

4.3.3. Photocatalytic activity and the surface wettability

The decomposition pathway of IPA by TiO, photocatalyst has been studied
extensively [12-14]. Molecules of gaseous IPA are decomposed initially into acetone,
and are ultimately decomposed to H,O and CO,. However, the photocatalytic activity of
solid state Keggin-type heteropolyacid was extremely low under 1 mW/cm? UV
illumination [7, 15]. Moreover, the decomposition rate of acetone by TiO, photocatalyst
is reportedly much lower than that of IPA [16, 17].

Figure 4-11 portrays the concentration changes of IPA, acetone, and CO, under UV
illumination. The initial concentration values of IPA after 3 h dark storage before UV
illumination for TTP, TTS, and TT films were, respectively, 487 ppm, 492 ppm, and
489 ppm. Based on these values, significant affinity difference against IPA does not
exist for these films. Therefore, we can compare photocatalytic decomposition activity
using IPA decomposition. Results show that both the TTP and TTS films decomposed
IPA faster than the TT film. A similar trend was observed for acetone generation. The

order of CO, generation differed from that for IPA decomposition and acetone
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generation. Although the reason remains unclear, CO, is an ultimate product. Complex
decomposition pathways exist from acetone to CO,. The affinity difference of
intermediate against PW1, and SiWi, might affect the entire CO, generation rate. The
combination of SiWy, to brookite increased the photocatalytic activity to the same
degree as PWy, did. This result, which corresponds with that of a previous study [18]
performed using samples without heat treatment and anatase, suggests that SiW, also
enhances electron—hole separation even after heat treatment at 300 °C. Figure 4-12
shows that IPA decomposition rate increase when the light intensity increase from 0-1
mW/cm?. Therefore, at the testing condition (1 mW/cm?), photocatalytic reaction was
governed not by materials transport, but by a surface reaction. The average reaction
constants in the early stage (0-2 h) for the TT, TTP and TTS films corresponding to the
Figure 4-11 were calculated respectively as 1.7, 3.1, and 2.9 ppm/min. Despite low
surface concentration (66% of PWyy), the reaction constant value of the TTS film is
close to that of the TTP film, suggesting efficient electron consumption of SiWi,. The
concentration change of IPA for the TTP and TTS films under light illumination
through a band-pass filter (absorbed visible light > 400 nm, UVD33S; Asahi Glass Co.
Ltd.) revealed that the effect of visible light for the films on the overall photocatalytic
activity is small (Figure 4-14, the wavelength range of UVD33S is shown in Figure 2-
7). Therefore, it is deduced that the main reduction occurs on TiO, or LUMO of these
HPAs.

Figure 4-15 presents the WCA change on the TTP, TTS, and TT films under UV
illumination in ambient air. The hydrophilicizing rate was increased by combining PW,
and SiWy,, especially in the early stage of UV illumination. Its entire order was TT <

TTS < TTP. This order is identical to that of photocatalytic decomposition activity for
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gaseous IPA. It is noteworthy that WCA of pure PWi, and SiWi, films were
approximately 75° and 45° and that the surface concentration of PW, is greater than
that of SiWy,. Compared to photocatalytic decomposition activity, the effect of PWy,
for the increase of photoinduced hydrophilicizing rate is apparently greater than that of
SiWy,. Figure 4-16 shows the WCA change of the UV-illuminated films during dark
storage under synthesized air with 10% relative humidity. The order of the
hydrophobicizing rate was TTP < TTS < TT. Figure 4-17 shows atmospheric
dependence of the hydrophobicizing rate for UV-illuminated TTP and TTS films during
dark storage. The WCA increment on the TTP film depends closely on the atmosphere;
the increment rate was lower under an oxygen-absent condition. This dependence was
not notable for the TTS film.

Based on these results, we present an expected electron transfer scheme for
PW1,/TiO,(brookite) and SiW1,/TiO,(brookite) films in Figure 4-18. The band-gap of
the brookite used for this study was measured optically. It is reported as 3.18 eV [8].
We obtained flat-band potential value of the brookite as -0.10 V using Mott-Schottky
plots (Practical plots and their measurement conditions were described in section 2.3.1.).
These are almost equal values to those reported from previous studies of brookite [19,
20]. Figure 4-18 was depicted using these values. As described in the Introduction,
HPA/TIO, systems have been investigated as Z-scheme photocatalytic systems. The
direct electron transition from O2p orbitals of HPAs to unoccupied upper W5d level
does not readily occur under the light source used for this study. According to an earlier
study, a certain amount of generated electrons on CB of TiO; under UV illumination

transfers to the LUMO level of HPAs [8]. The excitation efficiency by visible light to
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form PWy,~ from PW4,™ is not high in this case. Therefore, direct reduction by PW1, is
more important than that by PW,,~ as the practical reduction path.

Tatsuma et al. prepared TiO,/WOs3 hybrid films and investigated their energy storage
ability systematically. The CB for WOj; is, like the LUMO levels of PW, or SiW,,
more positive than the CB for TiO,. They revealed that electron transfers from the CB
of TiO; to that of WO; under UV illumination. The electrons are consumed by oxygen
in the dark [21]. They proposed the following proton-related electron consumption
pathways.

0, +2H" +2¢” = H,0, (+0.682 V vs. NHE) [22]

0, +4H" + 4¢” = 2H,0 (+1.229 V vs. NHE) [22]

The potential levels of these reactions are feasible even for SiWy," and PWy, (Figure 4-
1). Electrons accumulate on the WO3 in this film under UV illumination. Therefore,
these multi-electron reactions become feasible. The expected proton source is water.
That earlier study also revealed that this reaction is feasible even in gas phase by
consuming adsorbed water molecules on the surface [23]. Furthermore, Tatsuma et al.
reported a similar trend for a PW1,/TiO; system [24, 25]. Based on that background, we
can expect a similar reduction procedure in our study. The atmospheric dependence of
the hydrophobicizing rate for UV-illuminated TTP and TTS films during dark storage
(Figure 4-17) also suggests the reoxidation of reduced HPAs by water and O,. The
LUMO level of SiW;, is more negative than that of PWy,. Therefore, the electron
transfer from CB of TiO, to PWy, is more thermodynamically favorable than to SiWa..
Similarly, the reoxidation by oxygen and water on SiWj, is expected to be more
thermodynamically favorable than that on PWi, because of the potential difference

between the two reactions above (+0.682 V, +1.229 V) and because of the reduced
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HPAs (+0.218 V for PW1, , and +0.054 V for SiW;, ). The reaction constant for oxygen
reduction without visible light by SiWi," and PW3,™ in aqueous solution of pH = 1 and
[0,] = 2x10™* M were reported as ca. 10> M?s™ (for PWy,) and 10* M%s™ (for Siwi,)
[5]. Therefore, the reoxidation rate of SiWy, is expected to be more efficient than that
of PW1, from a kinetics viewpoint. Conversely, electrons are accumulated on the PW,
as PW1, under UV illumination. Then they are stored longer than on SiWi,. However,
the possibility of reduction at the TiO, is also feasible in this system. The practical
reduction ratio between TiO, and HPA remains unclear. That point is left to be
addressed in future work.

The atmospheric dependence of WCA change during dark storage implies also that
the reoxidation process of HPAs by water and O, plays an important role in sustaining
hydrophilicity. Compared with PW1, ", more efficient reoxidation is expected for SiWy,
by water and O, at the break of the system every 1-2 days for 5-10 min for WCA
measurement procedures. The main difference in sustainability of hydrophilicity
between the TTP and TTS films, respectively, is attributable to their electron storage
ability difference. Reportedly, once PW, is reduced into PW1, by injected electron
from TiO,, a certain period is necessary for complete reoxidation [24, 25].
Correspondingly, from XPS analysis for oxidation state of W on the hybrid films before
and after UV illumination, the W(V) and W(VI) peaks showing XW3, and reduced
XWy, are obtained around 34-37 eV. Peak separation of WA4f revealed that the
concentrations of W(V) were increased from 8-20% by UV illumination for the TTP
film, as shown in Figure 4-19, although no marked change of W(V) for the TTS film

occurred after UV illumination.
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Moreover, we evaluated WCA change for the PPP and SSS films on electrodes with
and without applying voltage (Figure 4-20). The WCA of these films decreased during
applying voltage, namely electron injection. Once the applied voltage was stopped, the
WCA change became small or its value increased slightly. It is noteworthy that the
surface roughness level of these films was almost identical (R;= 2.6 nm (PPP) and 3.4
nm (SSS) in 5 um square area). The initial contact angle of the PPP (around 75°) and
SSS (around 45°) films differ. Therefore, we converted WCA change to the apparent
change of the surface energy by wetting (the work of adhesion between solid and liquid)
per unit time. The work of adhesion (W) is described by the following equation [26]

W, = 1v (1+cos 6),
where v is a free surface energy of the liquid and &is the contact angle of the liquid on
the solid. Consequently, the apparent change of the surface energy by wetting per unit
time is evaluated as
{Wa(ta)— Wa(t2) } (ti—t2) = y1v(cosGi—cos )/ (ti—to),

where 6, and 4 , respectively denote the contact angles at time t; and t,. The obtained
W, values in the first 60 min biasing were 0.22 (PPP 77°-64°) and 0.05 (SSS 46°-43°)
mJ/m?min. The W, values during 2 h dark storage after stopping biasing were 0.04 (PPP
64°-58°) and —0.01 (SSS 43°-44°) mJ/m? min. These trends mean that both the
enhancement of hydrophilicity by electron injection and its sustainability after stopping
electron injection is more significant for PWy, than SiW;,, and that it corresponds to
matters discussed in this report. Once PW, is reduced into PW;, by electron injection
from TiO,, a certain period is necessary for complete reoxidation. Therefore, a plausible

explanation of the sustainability of the hydrophilicity is that water molecules with a
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dipole moment adsorb onto the reduced PWi, (PWi,) and thereby become more
hydrophilic than pure brookite, providing hydrophilicity for a certain period. The
possibility of the increase of polar interaction with water was also pointed out for the
similar hydrophilic conversion behavior of hydroxyapatite ceramics by electrical
polarization [27]. Detailed study of the state of water on the PW, surface after electron

injection will be addressed in future work.

4.4. Conclusion

For this study, we prepared a PW1,/TiO, and a SiW1,/TiO, hybrid films using
brookite-type TiO, and LBL method. Then photocatalytic decomposition activity and
photoinduced wettability conversion of the films were evaluated. Both hybrid films
exhibited a higher gaseous IPA decomposition rate and a higher hydrophilicizing rate
than those of the pure brookite film. However, the TTP (TiO2/TiO2/PWy,) film provided
better photocatalytic performance than the TTS (TiO2/TiO2/SiWyy) film. The TTP film
exhibited better sustainability of the hydrophilicity in the dark than the TTS film did.
Based on the HOMO-LUMO levels of the heteropolyacids, it was deduced that the
electron scavenger effect and reoxidation efficiency of HPAs are key factors affecting
the performance of wettability conversion before and after UV illumination of this

hybrid film system.
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Figure 4-8 AFM images of (a) TT, (b) TTP, and (c) TTS films.
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Figure 4-9 FE-SEM images of crosscut section TTS film.
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Figure 4-10 IR spectra of the (SiW,), film on Si substrate before (a) and after (b) heat
treatment.

149



Concentration of acetone (ppm)

600

- (@
é 500 m
é 400 ‘ ®
G
S0 A @
2 o
o]
£ 200 | o
=
b T
O ] 1 ] . .
0 1 2 3 4 5
[Mlumination time (h)
500 300
(b) ©
m AN = 200 L
300 A g ]
7150 F
[ ] ® e m A
200 F A ® @)
< 100 A ®
® °
100 | 'l ® o | ? o
o ’ o
0. 1 1 1 1 0._' . | | .
0 1 2 3 4 5 0 1 2 3 4 5

[Mlumination time (h)

[Mlumination time (h)

Figure 4-11 Concentration changes of (a) IPA, (b) acetone, and (c¢) CO, for the TTP
(m), TTS (A), and TT () films under UV illumination (1 mW/cm?).

150



4.0
3.5 - P FROR— I
3.0 4 : ““““ .
2.5
-2.0 mTTP
15 ATTS
-1.0
0.5

OO ~. 1 1 1 1 1
0 05 1 1.5 2 25 3

UV intemsity (mW.cm™)

k (ppm.min-!)

Figure 4-12 Average IPA decomposition rate under different UV intensity illumination
in the early stage (0-2 h) for the TTP (m) and TTS (A).

Surface reaction control

3.5

30 { il 20

2.5 A
2.0 - 1.7
1.5 -
1.0 -
0.5 1
0.0 A

C(t) = Cy-kt

Organic molecule

k (ppm.min-!

Photocatalyst film TTP TTS TT

Figure 4-13 (a) Scheme for surface reaction control and (b) The average reaction
constants in the early stage (0-2 h) for the TT, TTP and TTS films
corresponding to the plots in figure 4-11

151




Concentration of IPA (ppm)

£ o
< 400 r e
= o
< 300 | °
=
£ 200 t @ a
5 100 |
g
O O 1 1 1 1
0 1 2 3 4 5
[Mlumination time (h)
600 600
500 H (b) TTP %\500 L (c) TTS
g
400 | S400
O < A A
300 r MW 2300 1
200 g §200 ¢ 4
=
100 | O 2100 | A
. H 8 ] 1 ] é
0 1 1 1 . 8 0 ‘
0 1 2 3 4 5 4 5

[llumination time (h)

12 3
[llumination time (h)

Figure 4-14 Concentration changes of [PA with (e, A, m) and without visible light (o,
A, 0) using a UVD33S filter: (a) TT, (b) TTP, and (c) TTS films.

152



[*)
(e

TTS
TTP

Sount®

W
(e
ape

°

N
S

[\®}
e}

Water contact angle (deg)
98]
(e

Ju—
e}
Ll

Ll .0

L

L] .'

Y o

)

.

al

"

' N

. 3

g N

'L .
L, msm
; ®

an

an »
L] L
an
‘TR
)
T

»

.
M
e
- Ll
==
e
o
an ¥
]
-

N
-
-
-
- .
-
-
-

-
-
P
-
-
-
-
- "
-
"
-
"
-

)

0 15 30 45 60 75

Illumination time (min)

90

Figure 4-15 Water contact angle change on the TTP (m), TTS (A), and TT (e) films

under UV illumination (30 pW/cm?)

60
’qun 50 f
)
2 40 |
e
=
<
S 30 f
8
=
8 20 o
3
]
2 10
0 :::’ 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14

Dark storage time (day)

16

Figure 4-16 Water contact angle change on the TTP (m), TTS (A) and TT (e) films

films during dark storage after UV illumination.

153



(a) TTP

(b) TTS

45
40
35
30
25
20
15

Water contact angle (deg)

10

50
45
40
35
30
25
20
15

Water contact angle (deg)

10

-“‘
- o
““
"
.
* -
i ."
o
.
.
0
- .
.
o*
’
-
!il ws®
l“
B 0‘ . .
* (34
o *
Q .
o . *
- .
B Re o*
0 Re
.
.
.
o*
- * "
’0’ * .
. A
Q *
> o . 1r
¢ *
- *
= Q *
Q *
o 4
ot N
R 2
Q
»
QA
L
Q
B 1 1 1
"
A
i
.
“
“
L o .
Y
. as®
o an®
.
. o*
B . *
- .
o et
* *
* *
o *
* *
- * *
‘0 *
* o
'0
* *
o ¢
- R 3
RS
* 0.
Q °
O
L 0 Q
* A\
*
g g
*
Q
*
- R Q
Dy
DA
K
g
o Y
o .
>
RERY .
o Air
o o
Qe
= o
QRY
:0
o N
. 2
%
~
o
a 1 1 1

Dark storage time (day)

Figure 4-17 Water contact angle change on the TTP (m, 0), and TTS (A, A) films
during dark storage after UV illumination in synthesized air (solid mark)
and N, (non-filled mark).

154



(a) TTP (b) TTS

Reduction

Figure 4-18 Expected electron transfer schemes of the hybrid film of the (a) PW,
/brookite and (b) SiW ,/brookite systems (pH=0).
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Figure 4-19 W4f spectra of TTP and TTS film by XPS before (a, b) and after (c, d)

UV illumination.
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Figure 4-20 Water contact angle change on the PPP (m) and SSS (A) films with and
without applied voltage (50 mV).
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CHAPTER 5

Summary

5.1. Result and conclusion

A hybrid system of PWi,-TiO, was extensively examined for applications of
photocatalytic decomposition and wettability conversion. TiO, and PW;, were
combined by Coulombic attraction via LBL process. Their solid—gas photoreactions
were investigated. The results revealed that electron transfer from conduction band of
TiO, to LUMO of PW3y, is an important process for improving photocatalytic
decomposition activity and this is also a key factor for the wettability of this hybrid

material. The outline for these works is presented as the following.

Chapter 1

Fundamental knowledge for Titanium dioxide (TiO,) and heteropolyacids (HPAS)
are reported in this chapter. Moreover, the review of the TiO,/HPAs hybrid material is
also reported. Despite TiO, is the most effective photocatalytic material because of its
high oxidation power which can decompose almost all organic compounds. Charge
recombination and its low Fermi level for O, reduction remain as limitations for TiO,.
Among their three phases of anatase, rutile, and brookite, brookite recently showed
better photocatalytic acityity and photoinduced hydrophilicity than anatase and rutile. Z-
scheme electron transfer from TiO,to HPAs was designed to improve charge separation
in TiO,. There are primary and secondary excitations for HPAs which are UV excitation

and visible light excitation, respectively. Because the HOMO-LUMO levels of HPAS
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are slightly more positive than the CB of TiO,, the generated electrons spontaneously
move to HPAs result in suppressing electron-hole recombination in TiO,. Initially,
colloidal TiO, and HPAs solution were combined. The photocatalytic activity is
improved but two limitations remain: (i) the separation of HPAs from the reaction
vessel is difficult and (ii) the complete mineralization of aromatic compounds was
suppressed because homogeneous HPAs enhance the formation of peroxide compound
rather than that of free O,*". Therefore, the immobilized HPA on TiO, were finally
designed. Recently, Yanagida prepared transparent hybrid HPA-TiO; thin film using
layer by layer process. The photocatalytic activity of the hybrid films ((XW12040)™
ITiO,); where X is P, Si and H,, n = 3, 4 and 6 respectively, was studied via gaseous 2-
propanol (IPA) decomposition. As one might expect, (PW1,040)> requires visible light
for improving the photocatalytic activity of (PW1,040)*/TiO,. Therefore, the objective
of this work is to investigate photocatalytic property and wettability HPA/TiO, using

TiO, (brookite). The study specifically examines PW1,040)*/TiO».

Chapter 2

In this chapter, transparent hybrid films of brookite (TiO;) and 12 tungsto(VI)
phosphoric acid (PWa: ([PW12040]’) were prepared via layer-by-layer (LBL)
processes on a quartz substrate with various orders. The obtained films were transparent
in the visible wavelength range. Their photocatalytic activities were evaluated using
gaseous 2-propanol (IPA) decomposition. Pure brookite film showed higher
photocatalytic activity than the pure PW1, one; the combination of PW;, to brookite
increased the photocatalytic activity. The electron scavenger effect of PWj, against

brookite under UV illumination is important for photocatalytic activity improvement.
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The light source for this experiment is Hg-Xe lamp which mainly contains UV light and
some visible light. When visible light excitation for PW1, was cut, the decomposition
rate was not significantly different from the decomposition rate under all light
illumination. This result indicates that O, reduction could occur at LUMO level of PWjs,.
Additionally, the degree of improvement depends on the film stacking order. Their
photocatalytic activity was the highest when PW1, was arranged on the film's topmost

surface.

Chapter 3

In this chapter, a comparative study of photocatalytic decomposition activity and
photoinduced hydrophilicity for the films was conducted using gaseous 2-propanol
(IPA) decomposition and sessile drop method. The TTP (TiO,/TiO2/PW;) film
exhibited better photocatalytic activity on the decomposition of gaseous IPA than that
of the TT (TiO2/TiOy) film. Moreover, the TTP film provided a higher hydrophilization
rate under UV illumination, and provided better sustainability of the hydrophilicity in
the dark than the TT film did. The sustainability was also atmospheric dependence. The
hydrophobicizing rate on TTP was extremely slow when lacking of oxygen atom on the
atmosphere. The generation of PWj, by electron transfer from TiO, to PWi, was
inferred as a key factor underpinning the overall performance of wettability conversion

before and after UV illumination on this hybrid film.

Chapter 4

Two tungsten-based Keggin-type heteropolyacids (PW1,: ([PW12040]>") and SiWiy:

([SiW12,040]*)) were hybridized with brookite-type TiO,. Then photocatalytic
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decomposition activity, photoinduced hydrophilicity, and sustainability of the
hydrophilicity in the dark were evaluated using gaseous 2-propanol (IPA)
decomposition and sessile drop method. Both hybrid films exhibited higher
photocatalytic decomposition activity and had higher photoinduced hydrophilicizing
rates than pure brookite films under UV illumination. The PW1,/TiO; film exhibited
better photocatalytic performance than the SiWy/TiO, film did. Atmosphere
dependence, XPS analysis, and electrochemical experiments indicated the cause of these
two films' different levels of sustainability of hydrophilicity to be differences in their
electron storage capability. Results show that the electron scavenger capability and
reoxidation efficiency of the heteropolyacid are key factors affecting the overall
performance of wettability conversion of this hybrid film system before and after UV

illumination.

5.2. Key success of TiO,/PW3;, hybrid material
Photocatalyst

The IPA degradation rate of the PW1,/TiO, hybrid film was considerably higher
than that of either TiO, or PWy, film. Charge separation occurs because PW3; acts as an
electron pool. Oxidation by hole is the primary process for organic decomposition [1, 2].
Apparently, one electron reoxidation of (PW1,04)* by O, is difficult. Furthermore,
secondary excitation is necessary for promotion of (PW1,040)* to (PW1,040)* ", which
has higher reduction potential for its reoxidation [3, 4]. However, in this current case,
TiO, acts as an electron supplier for LUMO of PWj,. Therefore, multi-electron
reductions are feasible at the LUMO band. From future investigations, the reoxidation

of PW, is extremely influential on the reaction rate. The reaction field of oxidation and
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reduction was also optimized. Their photocatalytic activity was highest when PW;, was
arranged on the film’s topmost surface. Although it is a smaller material amount, the
IPA decomposition rate of the PWi, top most is equivalent to that of alternative

PW1,/TiO, layered film.

Surface wettability conversion

Water contact angle (WCA) conversion on PW1,/TiO; film under low-intensity UV
illumination was enhanced by the charge separation effect. It is particularly interesting
that during dark storage, the sustainability of hydrophilicity on PW1,/TiO, film was
longer than that on the TiO, film. In HPAs, because of impurities and lattice defects
caused by heteroatom and counter cation, trap states are provided during the O > M
LMCT energy gap. Trapped electrons can be released by thermal stimulation (heat) and
optical stimulation (photon). Under dark conditions, if the trap depth (AE) is greater
than kT, then electrons released by thermal stimulation are negligible. In this case,
trapped electrons are in metastable stage [5]. Water is dipolar. Therefore, it can be
affected by an electric field [6]. Future investigations must examine electrons collected
by heat-treated PW, to assess their effects on the surface potential of the film, causing
the longer hydrophilic stage.

Although PW1,/TiO, electron storage photocatalyst has been reported [7, 8], the
present report is the first report describing PW,, effects on wettability on TiO,. It
enhances the photoinduced hydrophilic conversion rate because of charge separation. It
also lowers the hydrophobicizing rate under dark storage. As described in chapter 3, the
rate of hydrophilicization under UV illumination and sustained hydrophilicity in the

dark are improved by hybridization of SiO, with TiO,. However, the TiO,-SiO,
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combination decreases the surface area ratio (commonly 30-40%) of TiO, for
photocatalytic decomposition while PW,/TiO, improved both the photocatalytic
activity and wettability of TiO,. Additionally, this hydrophilic sustainability is quite
limited for only PW1,/TiO, hybrid film. When the LUMO level of HPA was shifted
slightly by changing heteroatom of HPA (from PWy, to SiW;,), this property could not
be observed. The P and Si atoms have different electronegativity resulting in their
different behavior on electron acceptors and donors.

Electric effects on water tension have been reported [9]. However, PW1,/TiO; can
generate electron-hole pair by itself under UV illumination. In addition, under dark
condition, a certain period (1-2 days) is necessary for the increase of WCA to 10° and
several days (at least 7 days depending on temperature and relative humidity) are
necessary for recovery of the PW1,/TiO, film surface characteristics. In other words, no
other electronic circuit is necessary for this system. Therefore, PW1,/TiO; is flexible for
use in many applications.

The PW1,/TiO, film has additional benefits. First, it is transparent in the visible
wavelength range. Second, because it is prepared using the LBL process, it is a
potentially useful material for coating on a complexly shaped substrates and altered
substrates. Third, because of the hydrophilic sustainability results from the collected
electron in PW,, various means exist to control the sustainability period via controlling
amount of collected electron by PWi, or reoxidation rate of PWj,. The collected
electron amount might be controlled by PWj, concentration, UV intensity, and
illumination time. Especially, the oxygen content in the atmosphere strongly affects the

PW, reoxidation rate. Additionally, temperature can affect the reoxidation rate.
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