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Chapter 1

General Introduction

1.1 Heterogeneous Photocatalysis
1.1.1

Brief History of Photocatalysis Studies

Although it is not clear when the term "photocatalysis" has started to be used,
this term appeared at latest in a paper published in a scientific journal in 1971 [Formenti
1971]; titanium(IV) oxide (TiO 2 ) was used as a "photocatalyst" and the proposed
mechanism in the paper based on the band-structured electronic energy model, as will be
discussed later, was the same as that generally used in recent decades. The phenomena
that chemical reaction occurred when solid materials were irradiated had already been
reported in the late 1920s for photoinduced generation of hydrogen peroxide (H 2 O 2 ) on
photoirradiated zinc oxide (ZnO) [Bauer 1927], in which ZnO was recognized as a
"photosensitizer", but not "photocatalyst" [Ohtani 2014/Ohtani 2014b]. Also interested
in those days was photoinduced adsorption and/or desorption of oxygen (O 2 ) on TiO 2 or
ZnO. Thus, it is necessary to clearly define "(heterogeneous) photocatalysis" in order
to specify the first paper on photocatalysis, and, in other words, claiming the first paper
on photocatalysis without clear definition does not make sense.
In 1972, a paper reporting electrochemical photolysis of water on a single-crystal
TiO 2 electrode was published in Nature [Fujishima 1972]. This paper described that
photoirradiation of a TiO 2 electrode under electric or chemical anodic-bias application
induced O 2 evolution along with hydrogen (H 2 ) evolution at the counter platinum
electrode. This paper has been and will be cited frequently (more than 13,000 times at
present) as an origin of photocatalysis studies. However, there appeared no words like
"photocatalysis", "photocatalytic", or "photocatalyst" in this paper, and it is easily
expected from this fact that no description on photocatalysis, in a recent sense of the word
"photocatalysis", was included. The authors showed the possibility of production of H 2 ,
as a fuel, from water using sun light as an energy source under bias-potential application
as a decisive condition. However, many researchers misunderstood that this paper
proposed the photochemical water splitting on TiO 2 as a photocatalyst and had started the
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work on photocatalytic water splitting using TiO 2 , partly due to the fact that it was a time
of an oil crisis.
In 1978, Kraeutler et al. reported the generation of methane and carbon dioxide
(CO 2 ) from acetic acid using TiO 2 loaded with platinum (Pt) as a photocatalyst ("photoKolbe reaction") [Kraeutler 1978] and this paper further promote the studies on
particulate photocatalysis by giving an attractive model that TiO 2 (or the other metal
oxides/sulfides) loaded with small amount of Pt (or the other noble metals) can work as
a "short-circuited micro photoelectrochemical cell. In addition to H 2 production from
water, photocatalytic reduction of CO 2 into fuel became also popular in the field of
photocatalysis; it was confirmed that H 2 -production efficiency was improved drastically
by addition of organic compounds such as alcohol to suspensions of Pt-loaded TiO 2 and
CO 2 could be reduced to methane and formaldehyde along with the oxidation of H 2 O
[Nozik 1977/Sato 1980]. As a further extension of this work, it was reported recently
that the multilayer-structured cocatalyst of nickel (Ni) and nickel oxide (NiO) and coreshell type cocatalyst, e.g., Pt or rhodium (Rh) covered by chromium(III) oxide (Cr 2 O 3 ),
inhibit the reduction of O 2 , once liberated on the semiconductor photocatalyst surface, on
the H 2 -liberation cocatalyst [Zou 2001/Maeda 2006].
In 1997, it was found that a film-form TiO 2 photocatalyst exhibits photoinduced
superhydrophilicity [Wang 1997], and the applications of this phenomenon to building
materials, window glasses and mirrors possessing so-called "self-cleaning" or antifogging
ability have been developed.
Since the most widely used photocatalyst, TiO 2 , can absorb only UV light,
attempts for development of photocatalysts which absorb visible light (visible lightresponsive photocatalysts) have attracted much attention of researchers in the field of
photocatalysis even since the 1970's. Those studies included the doping of transitionmetal ions such as vanadium (V), Cr and iron (Fe) into TiO 2 , e.g., by ion implantation
[Ghosh 1977/Anpo 1980/Yamashita 1999/Anpo 1999/Yamashita 2002].
Another
approach was doping of TiO 2 with nitrogen (N) to give visible-light responsibility first
reported in 2001 [Asahi 2001/Morikawa 2001] and this promoted the studies on N, sulfur
(S) or carbon (C)-doped TiO 2 and the other metal oxides by heat treatment of TiO 2 in the
presence of those dopant sources. Further developments of the applications such as
complete decomposition of H 2 O, purification of contaminated soil and conservation of
agriculture and livestock environments under visible-light irradiation have been studied
so far.
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1.1.2 Principle of Photocatalysis
1.1.2.1 Definition of Heterogeneous Photocatalysis
There have been proposed various definitions and interpretations for
heterogeneous photocatalysis so far. In this thesis, "heterogeneous photocatalysis" (or
simply "photocatalysis") or "photocatalytic reaction" is defined as a chemical reaction
induced by photoabsorption of a solid material (or "photocatalyst"), remaining chemically
unchanged during and after the reaction [Ohtani 2014]. This can be expressed, in other
words, that a solid acts catalytically, without any changes in its composition or structure,
under photoirradiation. The above-mentioned definition seems consistent with most
other definitions or explanations. In this sense, the term "photocatalysis" is the
conceptual name for photocatalytic reactions, and there may be no guarantee that a solid
material works in the other photocatalytic reaction systems even if it works in a certain
photoreaction system as a photocatalyst. Therefore, it is impossible, in a strict scientific
sense, to prepare a photocatalyst, but a material which is expected to act as, or has
potential to be, a photocatalyst can be designed and developed.
On the basis of these considerations, the most significant difference between
photocatalysis and conventional catalysis is their thermodynamics. The general
definition of catalysis is that a catalyst reduces activation energy of a given chemical
reaction by changing the reaction paths to result in acceleration of the reaction potentially
(spontaneously) proceeding with negative Gibbs energy change. In other words, only
thermodynamically possible reactions proceed in catalysis. Photocatalysis, on the other
hand, can drive energy-storing reactions like splitting water into H 2 and O 2 with positive
Gibbs energy change. Therefore, photocatalysis must be recognized to be a concept
entirely different from that of catalysis. It has actually been known that apparent
activation energies of photocatalysis estimated by an Arrhenius plot was very small
compared with those of catalytic reactions.
1.1.2.2 Principle of Photocatalysis Based on Band-structure Model
It has been generally accepted that the principle of photocatalysis is explained
with a figure like Fig. 1-1 as a schematic representation of the electronic structures of
crystalline semiconducting materials, i.e., a "band-structure model". At the commence
of reaction, an electron in an electron-filled valence band (VB) is excited by
photoirradiation to a vacant conduction band (CB), which is separated by a forbidden
band, a band gap, from the VB with a positive hole (h+) left in the VB. These active
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species, photoexcited electrons and positive holes, induce reduction and oxidation,
respectively, of chemical substances adsorbed on the surface of a photocatalyst. Base
on the considerations with this band-structure model composed of the CB, the VB and the
band gap, there are no differences in the principles between semiconductors and insulators,
i.e., such an interpretation accounts for the photocatalytic reactions of semiconducting
and insulating materials which absorb light energy by the bulk of these materials.
However, the definition of photocatalysis shown in the preceding section does not contain
such limitation of the electronic structure of a photocatalyst. Therefore, for example,
chemical species without such band structure on or in a solid can be a photocatalyst, and
even when a bulk material is used, the photoabsorption and resultant photocatalytic
reaction may proceed at a localized site such as a gold-modified titania photocatalyst
which induces photocatalytic decomposition of organic compounds under aerated
conditions by photoabsorption of surface-plasmon resonance of gold particles [PrietoMahaney 2009/Ohtani 2010]. The interpretation using a band-structure model is not
always applicable for understanding photocatalysis.
In this sense, the term
"heterogeneous photocatalytic reaction (photocatalysis)" seems better than
"semiconductor photocatalytic reaction" which is interpreted only by the electronic band
structure. Anyway, in this thesis, the term photocatalysis is used as the narrower sense,
i.e., photocatalysis by a material with the band structure.

Fig. 1-1

Principle of photocatalytic reaction.
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1.1.2.3 Photoabsorption by Photocatalysts
It should be pointed out that photoabsorption and electron–positive hole (e––h+)
generation (Fig. 1-1) are inextricably linked, i.e., these are same phenomena. Therefore
a VB electron is not excited after photoabsorption nor a positive hole is created after
photoexcitation of a VB electron [Ohtani 2010b]. The corresponding absorption
spectrum is different from those for molecules. Almost no absorption for the light of
energy smaller than the bandgap energy is observed but absorption is increased at the
bandgap energy, absorption edge, while molecules absorbs specific wavelength (or its
band) corresponding to HOMO-LUMO transition, as shown in Fig. 1-2.
The above-mentioned interband (band-to-band) excitation may happen from the
middle part of VB to the middle part of CB, and the created electron and positive hole
release energy to settle at the CB bottom and VB top. This relaxation results in the same
energy of electrons and positive holes not depending on the energy of light absorbed by
a photocatalyst (Fig. 1-1). It is believed, then, electrons and positive holes migrate to
the surface of the photocatalyst, though the mechanism of this electron (positive hole)
transfer on the surface has not yet been clarified completely. A possible interpretation
for better understanding for photoexcited electron-positive hole location is that there are
sites that trap electrons or positive holes in the crystal lattice or the surface and that
electrons and positive holes are trapped by these sites "immediately" after the band-toband transition, i.e., photoabsorption [Ohtani 2013].

Fig. 1-2 Schematic representation of photoabsorption spectra of (a)
molecules and (b) semiconductor/insulator materials.
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1.1.2.4 Redox Reaction by Electrons and Positive Holes
As a result of photoexcitation, photoexcited electrons and positive holes are
liberated at the CB bottom and VB top, respectively. There are two fates of these
electron-positive hole pairs. One is the recombination of an electron and a positive hole
to recover the original photocatalyst before photoabsorption leaving heat as an excess
energy. The other is reaction of CB electrons and VB holes with surface-adsorbed
substrates to reduce and oxidize them, respectively. This is the first chemical step in
photocatalysis. As described in the preceding section, the energies, i.e., positions of
electrons and positive holes in the band-structure model, are constant for a given
photocatalyst, being independent of the energy of absorbed light, and thereby the
reduction and oxidation potentials of electrons and positive holes are governed by the
band structure, i.e., the energy of CB bottom and VB top, respectively; the higher (more
cathodic) and lower (more anodic) the CB bottom and VB top positions, respectively,
become, the higher reduction and oxidation abilities of electron and positive holes,
respectively, are expected.
It is known that, for single and/or mixed metal oxides, CB
and VB are mainly originated from atomic orbitals of metals and oxygen, respectively,
and thereby the VB position is almost constant not depending on the kind of metal ions.
Actually, Scaife reported [Scaife 1980] that the CB-top positions of various single and
mixed metal oxides are raised (shifted more cathodic) linearly along with the increase in
bandgap energy, i.e., the VB-top positions are not changed, as schematically shown in
Fig. 1-3.

Fig. 1-3

Schematic representation of conduction-band and valance-band
positions of metal oxides.
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1.1.2.5 Correlation between Structural Parameters and Photocatalytic Activities
As mentioned in the preceding section, the abilities of CB electrons and VB holes
for reduction and oxidation of surface-adsorbed substrates are regulated by the CBbottom and VB-top positions, respectively. Consequently, when the photocatalyst
materials with the same composition and crystalline phase are compared, those redox
abilities should be the same. In other words, the above-mentioned band-structure model
tells whether a given photocatalytic redox reaction proceeds or not, i.e., thermodynamics
of photocatalysis for each kind of crystalline phase, e.g., anatase and rutile of TiO 2
samples. A general understanding has been that anatase having slightly higher CB
bottom position exhibits higher photocatalytic activity than rutile, though there has not
been reported direct evidence showing this.
However, kinetics, rate of a given photocatalytic reaction (photocatalytic
activity) would not be explained only by the band-structure model, since it shows only
thermodynamics and therefore photocatalytic activity must be regulated by the other
parameters of photocatalyst, and those parameters cannot be found in the band-structure
model.
Specific surface area, particle size (and its distribution), or absence/presence of
loaded cocatalyst materials metal support may be candidates of those activity-regulating
physical/structural parameters other than crystalline phases. In the general, i.e., the most
widely accepted, understanding of the effect of specific surface area on photocatalytic
activity is that the higher the specific surface area, i.e., the smaller the particle size,
becomes, the higher the photocatalytic activity is enhanced due to the larger amount of
surface-adsorbed substrates to be reacted with photoexcited electrons and positive holes.
This interpretation consists with the frequently found correlation between specific surface
areas and photocatalytic activities of samples.
However, as is similar to the
interpretation of anatase and rutile TiO 2 photocatalysts, it is impossible in a strict
scientific sense to determine separately the extent of effects of structural/physical
parameters on the photocatalytic activities, because those parameters change at the same
time and it is practically impossible to change only one parameters without changing all
the other parameters. Such difficulty can be recognized to know that it is impossible to
count how many parameters, including those have not been known, should be considered.
A probably sole possible method to know the individual influence of structural/physical
parameters is statistical analysis of the correlation [Prieto-Mahaney 2009/Ohtani 2010].
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1.1.3 Hierarchically Structured Photocatalysts
A recent trend in materials chemistry studies, not limited to photocatalysis
studies, has been development of particles of hierarchical structures, i.e., at least two
phases of structure are included. One of the reasons why there have been published
numerous papers on such hierarchically structured particles may be that easily available
pressure tolerable vessels, i.e., so-called hydrothermal-reaction bottles made of Teflon,
allow to prepare those particles without using any special techniques.
The
representative examples of such products which show photocatalytic activities are
bismuth tungstate (Bi 2 WO 6 ; BWO) [Zhang 2007/Ma 2009/Li 2010/ Zhao 2013/Cui
2016], copper(II) oxide (CuO) [Zhu 2010], diindium zinc tetrasulfide (ZnIn 2 S 4 ) [Chen
2009] and bismuth oxyiodide (BiOI) [Xiao 2010/Ma 2013] (Fig. 1-4). The synthesis
methods for BWO, CuO, ZnIn 2 S 4 and BiOI involved hydrothermal treatment of aqueous
solutions (or suspensions) of bismuth nitrate pentahydrate (Bi(NO 3 ) 3 ·5H 2 O) and sodium
tungstate dihydrate (Na 2 WO 4 ·2H 2 O), copper(II) tetraammonium (Cu(NH 3 ) 4 2+), zinc
chloride (ZnCl 2 ) and indium(III) chloride tetrahydrate (InCl 3 ·4H 2 O) and
Bi(NO 3 ) 3 ·5H 2 O and sodium iodide (NaI), respectively. All of those particles were
spherical assemblies of platelets, in which spherical assemblies and platelets are
secondary and primary phases of hierarchical structure. The photocatalyst particles
having such hierarchical structure have been expected their photocatalytic activities
higher than those of particles without any higher-order structures, though there seems no
reason for such high photocatalytic activities of hierarchically structured particles.
In the present study, hierarchically structured BWO particles are used mainly.
The reason is not expecting their higher photocatalytic activities, but possible discussion
on correlation between photocatalytic activities and particle size as a fundamental and
intrinsic studies how particle size affects the photocatalytic activities, especially for
reactions including multielectron (positive hole) transfer processes, as discussed later.
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Fig. 1-4 SEM images of (a-c) BWO [(a) Zhang 2007/(b) Cui 2016/(c) Ma 2009],
(d) CuO [Zhu 2010], (e) ZnIn 2 S 4 [Chen 2009] and (f) BiOI particles [Ma 2013].

1.1.4 Visible Light-responsive Photocatalysts
From the beginning the early stage of studies on photocatalysis, as described in
the preceding section, the sole possible drawback of titania is its photoabsorption
wavelength range which is shorter than ca. 400 nm, i.e., titania can absorb ultraviolet light
included in solar radiation [Ohtani 2008]. Use of photocatalysts that absorb light in the
visible and the near-infrared regions is highly desired, since solar radiation includes light
of wavelengths from ca. 280 to 4000 nm. However, light of longer wavelength has
smaller energy, resulting in a decrease in potential for redox reactions, and thereby
reactions driven by visible-light irradiation are limited to those satisfying thermodynamic
and kinetic requirements. Many studies have been performed to design and develop
photocatalysts that work under visible-light irradiation.
The reason why the above-mentioned N-doping of TiO 2 has been widely
accepted may be its reasonable interpretation. In the photocatalytic water splitting and
oxidative decomposition of organic/inorganic compounds, photoexcited electrons in
photocatalyst particles are used for reduction of H 2 O and O 2 , the standard electrode
potential (SEP) of 0 V (H+/H 2 ) and –0.05 V vs standard hydrogen electrode (SHE) (O 2 /
HO 2 •) [Bard 1985], respectively. The CB-bottom position of anatase TiO 2 was reported
to be ca. –0.20 V (at pH = 0), being only slightly more cathodic to those SEPs [Kavan
1996]. As was described above, the VB top position seems to be almost constant not
depending on the kind of metal ions in metal oxide [Scaife 1980] and therefore if the
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narrower band-gap metal-oxide photocatalysts are developed, the CB-bottom position
may be lowered to be below those SEPs to result in no photocatalytic activity. Actually,
tungsten oxide (WO 3 ) absorbing visible light exhibits negligible activity for H 2
production and decomposition of organic compounds, since its CB-bottom position is far
low than the SEPs. Consequently, it is necessary to change the VB-top position but not
the CB-bottom position to narrower the band gap, i.e., to make metal-oxide photocatalysts
responsible to visible light. The paper introducing the N-doping method for the first
time reported the expected band structure of cathodically shifted VB and constant CB by
N-doping on the basis of quantum chemical calculation [Asahi 2001], as schematically
shown in Fig. 1-5.

Fig. 1-5

Schematic representation of ideal conduction band (CB) and valance
band (VB) positions before and after nitrogen doping.

1.2 Bismuth-tungstate Photocatalysts
1.2.1 Bismuth Tungstate
Bismuth tungstate is a family of mixed metal oxides containing both bismuth
and tungsten in their crystalline structure. One of the most popular bismuth tungstate is
BWO (Bi 2 WO 6 ) as has been introduced in the preceding section. There have been
published many reports on photocatalytic activities of BWO prepared by various methods.
Possible reasons for the frequent use of BWO photocatalysts are their stability in both
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acidic and basic aqueous solutions, photoabsorption of shorter-wavelength violet light
which may induce photocatalytic reaction under visible-light irradiation and relative
easiness of their preparation. In this study, BWO was predominantly used as a
photocatalyst because BWO may induce multielectron reduction of O 2 to drive
photocatalytic decomposition of organic compounds and its hierarchical structure enable
to prepared BWO samples of different higher-order (second or third) structure keeping
the primary-phase structure unchanged. The second point is very important in the
discussion on the correlation between photocatalytic activity and particle size, as
discussed in the middle part of this thesis.
1.2.2 Crystalline Structure of Bismuth Tungstate
Natural BWO is found as a ferroelectric mineral, russellite, of orthorhombic
crystal structure [Knight 1992]. The russellite crystal structure is composed of
alternative corner sharing WO 6 -octahedra (or WO 4 2-) and bismuth oxide (Bi 2 O 2 2+) layers
(Fig. 1-6).

Fig. 1-6

Crystal structure for russellite [Knight 1992].

1.2.3 Preparation of Bismuth Tungstate through a Solid-Phase Method
There have been reported several methods for preparation of BWO particles.
First, a simple solid-phase method is shown. Powders of bismuth(III) oxide (Bi 2 O 3 )
and tungsten(VI) oxide (WO 3 ) were mixed in the stoichiometric ratio (W/Bi = 0.50) and
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heated in air at 1073 K for 1 h followed by further heating at 1173 K for an additional 12
h [Amano 2007]. Similarly, Bi 2 O 3 and WO 3 in their stoichiometric ratio were
suspended in ethanol, heated 353 K for 5 h to dryness and calcined at 1173 K for 12 h in
air to obtain BWO samples [Tang 2004]. Figure 1-7 shows an SEM image of BWO
prepared by the solid-phase method showing stacked crystalline-plates structure [Amano
2007] possibly reflecting the above-mentioned layered crystalline structure shown in Fig.
1-8, i.e., corner-shared WO 6 octahedra and bismuth oxide layers are stacked alternately
[Tang 2004]. As easily expected, specific surface area of those large stacked-layer
particles was very low, < 1 m2 g-1, and those samples exhibited negligible photocatalytic
activities [Amano 2007].

Fig. 1-7

Fig. 1-8

An SEM image of BWO prepared by a solid-phase method [Amano
2007].

Schematic representation of crystalline structure of BWO [Tang
2004].
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1.2.4 Flake Ball-shaped (FB) Bismuth Tungstate (BWO) Particles
As described in the preceding section, so-called hydrothermal method enables
the preparation of complex-shaped particles such as those of hierarchical structure.
Amano et al. reported for the first time that hydrothermal reaction of a mixture of bismuth
and tungsten sources produced "flake ball-shaped (FB)" BWO particles [Amano 2008].
In this section, those previous and preliminary results on the preparation and
photocatalytic-activity tests of FB-BWO.
1.2.4.1 Structural Characteristics
One of the most significant features of FB-BWO is its relatively higher specific
surface area; specific surface area of FB-BWO and BWO prepared through solid-phase
method was 21.2 m2 g-1 and 0.2 m2 g-1, respectively [Amano 2007]. Figure 1-9 shows
XRD patterns of BWO samples prepared by a solid-phase method and hydrothermal
reaction [Amano 2007], indicating that both samples can be assigned to BWO (JCPDS
39-0256) and no other XRD peaks were detected and broader width of the peaks of FBBWO corresponded to relatively smaller crystallite size.
Figures 1-10 and 1-11 show FE-SEM images and XRD patterns reported for
hydrothermally synthesized BWO samples at 403, 413, 423, 433, 463 and 493 K [Amano
2010]. In the magnified SEM images, flakes assembled in a spherical form seems to be
composed of thin plates in the thickness of nanometers and thereby the FB-BWO
hierarchical structure has three phases: "plate" (first), "flake" of stacked plates (second)
and an assembly of flakes (third). The thickness of plates and flakes was increased
along with the elevating temperature of the hydrothermal reaction, but the size of FB
particles was not changed. This suggested that the number of FB-BWO particles might
be reduced with increased temperature. The XRD patterns of all samples prepared by
difference temperature were assignable to BWO (JCPDS 39-0256). The peak width (the
full-width at half maximum) was narrowed by higher hydrothermal temperature, which
might correspond to the increase in the plate (flake) observed in the SEM images. Such
a change in the plate/flake thickness was the most obvious in the hydrothermaltemperature change in the range of 433-493 K.
Figures 1-12 and 1-13 show FE-SEM images and XRD patterns of BWO
samples prepared by hydrothermal reaction at various pH of the reaction mixture: pH 11.7,
8.0, 6.8, 4.5, 2.5 and 1.5 [Amano 2009]. From these FE-SEM images, it was observed
that the morphologies of samples were markedly changed with pH of the suspensions
containing bismuth and tungsten sources, though the composition Bi 2 WO 6 was not
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changed as detected in the XRD patterns. In an alkaline medium (pH 11.7), the samples
were of spherical particles with diameters of 100–300 nm, the products at pH 8.0 and 6.8
were plate-like particles and in an acidic medium (pH 1.2, 2.5 and 4.5), the obtained BWO
samples were hierarchically structured particles, assemblies of rectangular platelets.
The crystalline content and crystallite size were decreased, shown as peak height and
FWHM of peaks, respectively, along with the decrease in pH of the hydrothermal reaction
mixtures.
Figure 1-14 shows FE-SEM images of BWO samples prepared by hydrothermal
reaction followed by calcination in air at 773, 873 and 973 K [Amano 2009].
Calcination of FB-BWO particles at 873 K did not change the micrometer-sized
morphology with slight change in the edges of plates to rounded shape. On the other
hand, heating at 973 K induced the fusion of plates/flakes in the spherical FB particles to
give spherical non-structured particles of 100–300-nm diameters.
Figure 1-15 shows FE-SEM images of BWO samples prepared by hydrothermal
reaction of bismuth tungsten-source mixture with various W/Bi ratios: W/Bi = 0.50 (pH
4.5), W/Bi = 0.50 (pH 1.3), and W/Bi = 0.55 (pH 1.2) [Amano 2008]. The sample
prepared with W/Bi = 0.50 (pH 4.5) was stacked rectangular/square-shaped plates of
several hundred nanometers in lateral size. At the ratio of W/Bi = 0.50 (pH 1.3), the
BWO-particle morphology was random aggregates of flakes with irregular shape and size.
It was suggested that he flakes in these sample were composed of small-sized platelets
from the observation of a high magnification FE-SEM image (Fig. 1-15d). Thus, the
strongly acidic condition might induce aggregation (or stacking) of flakes/plates.
Figure 1-16 shows XRD patterns of BWO samples prepared by (a) a solid-phase method,
hydrothermal reaction with (b) W/Bi = 0.50 (pH 4.5) and (c) W/Bi = 0.50 (pH 1.3) and
(d) W/Bi = 0.55 (pH 1.2) and corresponding diffuse reflection spectra were shown in Fig.
1-17 [Amano 2008]. The crystallite size of BWO samples prepared at W/Bi = 0.55 and
0.50 was almost the same as similar FWHM of XRD peaks were observed. The diffuse
reflection spectra of the samples showed that the absorption-edge wavelengths of the
samples prepared through the hydrothermal reaction and a solid phase method were ca
460 nm and 480 nm, corresponding to their bandgaps of ca. 2.6 and 2.8 eV, respectively.
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Fig. 1-9

XRD patterns of BWO prepared by (a) solid-phase method and (b)
hydrothermal reaction [Amano 2007].

Fig. 1-10 FE-SEM images of FB-BWO samples prepared by hydrothermal
reaction at (a, b) 403 K, (c, d) 433 K, (e, f) 463 K and (g, h) 493 K [Amano
2010].
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Fig. 1-11 XRD patterns for FB-BWO samples prepared by hydrothermal
reaction at (a) 403 K, (b) 413 K, (c) 423 K, (d) 433 K, (e) 463 K and (f) 493 K
[Amano 2010].

Fig. 1-12 FE-SEM images of BWO samples prepared by hydrothermal
reaction at pH of (a) 11.7, (b) 8.0, (c) 6.8, (d) 4.5, (e) 2.5 and (f) 1.5 [Amano
2009].
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Fig. 1-13 XRD patterns of BWO samples prepared by hydrothermal reaction
at pH of (a) 11.7, (b) 8.0, (c) 6.8, (d) 4.5, (e) 2.5 and (f) 1.5 [Amano 2009].

Fig. 1-14 SEM images of BWO samples prepared by hydrothermal reaction
followed by calcination at (a, b) 773 K, (c, d) 873 K and (e, f) 973 K [Amano
2009].
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Fig. 1-15 FE-SEM images of BWO samples prepared by hydrothermal
reaction of bismuth tungsten-source mixture with various W/Bi ratios: (a, b)
W/Bi = 0.50 (pH 4.5), (c, d) W/Bi = 0.50 (pH 1.3) and (e, f) W/Bi = 0.55 (pH
1.2) [Amano 2008].

Fig. 1-16 XRD patterns of BWO samples prepared by (a) a solid-phase
method, hydrothermal reaction with (b) W/Bi = 0.50 (pH 4.5) and (c) W/Bi =
0.50 (pH 1.3) and (d) W/Bi = 0.55 (pH 1.2) [Amano 2008].
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Fig. 1-17 Diffuse reflection spectra of BWO samples prepared by (a) a solidphase method, hydrothermal reaction with (b) W/Bi = 0.50 (pH 4.5) and (c)
W/Bi = 0.50 (pH 1.3) and (d) W/Bi = 0.55 (pH 1.2) [Amano 2008].

1.2.4.2 Previously Proposed Mechanism of FB-BWO Formation
As shown above, the previously reported results suggested that FB-BWO
particles could be prepared under the limited hydrothermal-reaction conditions, but such
FB BWO-particle production might be reproducible. On the basis of results observed
in FE-SEM images and XRD patterns for the samples recovered during hydrothermal
reaction, the mechanism of FB BWO-particle production has been proposed [Amano
2008].
Figure 1-18 shows the reported FE-SEM images of BWO samples prepared by
hydrothermal reaction with various reaction durations of 0, 1, 2, 5 and 10 h. The 0-h
sample, i.e. the mixture of Bi(NO3)3·5H2O and Na2WO4·2H2O without hydrothermal
reaction was composed of irregular-shaped nanoparticles. Extension of hydrothermalreaction time did not give obvious change in morphology, while large micrometer-sized
assemblies of plates/flakes appeared suddenly by 2-h hydrothermal treatment. Then,
after 5-h hydrothermal-reaction duration, FB-BWO particles of size in 3-4 µm were
observed and size of those particles was slightly increased with the reaction time.
Figure 1-19 shows reported XRD patterns of the above-mentioned BWO samples,
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indicating that the 0-h and 1-h samples were poorly crystallized and intense BWO peaks
appeared after 2-h hydrothermal reaction.
On the basis of these observations, Amano et al. had proposed the mechanism of
FB BWO-particle production as shown in Fig. 1-20. At first, poorly crystallized BWO
core particles, which may be spherical assemblies of small BWO plates, were formed and
then growth of BWO plates/flakes proceeds from the surface of core particles toward
outside through so-called Ostwald ripening mechanism, in which small crystallites of
relatively high solubility in the reaction medium were dissolved and deposited on the
larger particles of low solubility. Although it was suggested that strongly acidic
conditions and a 10%-excess amount of the tungsten source might induce the anisotropic
growth of poorly crystallized BWO from cores, it seems difficult to interpret the reason
why micrometer-sized particles appeared suddenly to 2-h hydrothermal reaction, why
spherical core particles were produced at the early stage of reaction and why the original
core particles could not observed in any samples prepared under those conditions
producing FB-BWO particles. Thus, reexamination of mechanism of FB BWO-particle
formation is needed to understand the real structure. In the present work on thesis, the
mechanism of formation of hierarchically structured FB-BWO particles was studied and
clarified.

Fig. 1-18 FE-SEM images of BWO samples prepared by hydrothermal
reaction with various reaction durations of (a) 0 h, (b)1 h, (c) 2 h, (d) 5 h and
(e) 10 h [Amano 2008].
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Fig. 1-19 XRD patterns for BWO samples prepared by hydrothermal reaction
with various reaction durations of (a) 0 h, (b)1 h, (c) 2 h, (d) 5 h and (e) 10 h
[Amano 2008].

Fig. 1-20 Schematic representation of previous proposed mechanism of FB
BWO-particle production through hydrothermal reaction.

1.2.4.3 Photocatalytic Activities of FB-BWO Particles
Figure 1-21 shows reported photocatalytic activities for oxidative
decomposition of acetic acid using BWO samples prepared by hydrothermal and a solid
phase method as well as WO 3 particles [Amano 2007]. The photocatalytic activity of
the FB-BWO sample was the highest among three photocatalysts. Furthermore, the FBBWO photocatalytic activity for CO 2 production, 20.3 μmol h-1, was comparable to that
of TiO 2 (Ishihara Sangyo ST-01, 21.0 μmol h-1) under the irradiation of wavelength at >
300 nm. It should be pointed out that visible light (> 400 nm)-induced photocatalytic
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CO 2 liberation (1.96 μmol h-1) was also observed when FB-BWO particles were used as
a photocatalyst.
The FB-BWO samples exhibited appreciable or even better photocatalytic
activities also in the other photocatalytic reactions such as oxidative decomposition of
gaseous acetaldehyde in air and O 2 liberation from water in the presence of silver ions as
a sacrificial electron acceptor, and those activities of FB-BWO were much higher than
that of a BWO sample prepared by a solid-phase method. The possible explanation of
relatively high FB-BWO activity was that FB-BWO has relatively high specific surface
area and high crystallinity since FB-BWO was composed of assembly of crystalline
plates/flakes and there might be spaces between plates/flakes: high specific surface and
high crystallinity may induce, respectively, higher surface density of reaction substrates
to be reduced/oxidized and possibly lower probability of photoexcited electron-positive
hole recombination.
Figure 1-22 shows comparison of photocatalytic activities for oxidative
decomposition of acetic acid using BWO samples prepared in different ways: a solidphase method and hydrothermal reaction with W/Bi = 0.50 (pH 4.5), W/Bi = 0.50 (pH
1.3), W/Bi = 0.55 (pH 1.2) and ST-01 TiO 2 [Amano 2008]. The photocatalytic activity
of the sample prepared with W/Bi = 0.55 (pH 1.2), representative FB-BWO particles, was
much higher than those of the other FB-BWO samples and even comparable to that of
ST-01 TiO 2 . FB-BWO particles also showed activities for acetic-acid decomposition
under visible-light irradiation as shown in Fig. 1-23. The activity of P25, a mixture of
anatase and rutile, under visible-light irradiation was negligible, because anatase has
almost no absorption in those wavelengths and rutile could absorb light slightly. On the
other hand, as-prepared FB-BWO showed appreciable activity and the activity was
enhanced by calcination at 873 K [Amano 2009].
On the basis of these results of reported and preliminary studies, it can be
assumed that the CB-bottom position of FB-BWO is sufficiently high (cathodic) to
transfer photoexcited electrons to O2 as a counter reduction for oxidation of organic
compounds (acetic acid) in water, while its bandgap is slightly smaller than that of TiO2.
This seems strange since the CB-bottom position of TiO2 (anatase) was reported to be
only slightly higher than the SEP for O2 reduction but the CB-bottom position of FBBWO with smaller bandgap may be lower than that of TiO2 assuming the Scaife's
prediction [Scaife 1980]. There are at least two possible interpretations. One is
cathodic shift of the VB-top position of BWO to narrower the bandgap keeping the CBbottom position high enough to reduce O2. The other is possible multielectron reduction
of O2 on FB-BWO, requiring lower CB-bottom position, though the CB-bottom position
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is lowered (anodic shift), as expected, keeping the VB-top position the same as the
position of the ordinary metal-oxide materials. At the beginning of the present study,
there had been no reports/experimental results to clarify the reason of potential
photocatalytic activity of FB-BWO, and the main purpose of the present study is to
confirm a hypothesis that FB-BWO can drive multielectron O2 reduction requiring only
narrow bandgap which fits to visible-light absorption.

Fig. 1-21 Photocatalytic activities for oxidative decomposition of acetic acid
using BWO prepared by (a) hydrothermal treatment, (b) solid phase method
and (c) WO 3 [Amano 2007].

Fig. 1-22 Photocatalytic activities for oxidative decomposition of acetic acid
using (a) solid phase method, (b) W/Bi 0.50 and pH 4.5, (c) W/Bi 0.50 and pH
1.3, (d) W/Bi 0.55 and pH 1.2 and (e) ST-01 of TiO 2 [Amano 2008].
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Fig. 1-23 Photocatalytic activities for oxidative decomposition of acetic acid
under visible light irradiation (> 400 nm) by (a) P25 TiO 2 , (b) FB-BWO and
(c) FB-BWO calcined at 873 K [Amano 2009].

1.3

Fundamental Aspects for Proving Multielectron Oxygen Reduction

1.3.1 Standard Electrode Potential Related to Reduction of Oxygen
Assuming VB-top position of metal oxides to be almost constant being
independent of the kind metal ions, the position seems sufficiently anodic (low); ca. +3
V vs SHE. Therefore, the ability of positive holes in ordinary metal oxides can oxidize
a large part of chemical substances and the reaction rate, i.e., their photocatalytic activity,
may be regulated by the process of reduction by photoexcited electrons. In other words,
the potential of metal-oxide photocatalysts depends strongly on their CB-bottom position,
but not their VB-top position. For the oxidative decomposition of organic compounds
such as acetic acid under aerobic conditions, the most probable substrate to be reduced
by photoexcited electrons is O2 adsorbed on the photocatalyst surface.
Four kinds of SEPs can be presumed for O2 reduction; (1) one-electron reduction
to yield superoxide anion radical (O2•–,), (2) one-electron reduction to yield hydroperoxy
radical (HO2•), (3) two-electron reduction to yield hydrogen peroxide (H2O2) and (4) fourelectron reduction to yield water [Bard 1985] as,
O2 + e– = O2•–
O2 + H+ + e– = HO2•
O2 + 2H+ + 2e– = H2O2

E(O2/O2•–) = –0.28 V
E(O2/HO2•) = –0.05 V
E(O2/H2O2) = 0.70 V
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(eq. 1-1)
(eq. 1-2)
(eq. 1-3)

O2 + 4H+ + 4e– = 2H2O

E(O2/H2O) = 1.23 V.

(eq. 1-4)

Except for eq. 1-1, which does not involve proton (H+) and is pH independent, eqs. 1-2,
1-3 and 1-4 are at pH = 0 as a definition of "standard" electrode potential.
The most important point is that these SEPs are thermodynamic functions and
not directly related to the reaction kinetics, i.e., the comparison of CB-bottom positions
with those SEPs suggest whether a given one or multielectron transfer can proceed
spontaneously or not. Even in electrochemical reactions occurring on electrodes, the
number of electrons transferred during a given electrochemical reaction can be presumed,
but not determined in a strict scientific sense, by checking the potential of the working
electrode.
Thereby, photocatalytic reactions systems, in which potential of
photocatalyst particles cannot be measured (or even not to be defined), the other
approaches are necessary to know the number of transferred electrons.
1.3.2 Kinetic Analysis Based on Light Intensity-dependent Reaction Rate
A simple but essential assumption for multielectron transfer in heterogeneous
photocatalysis is that "a photocatalyst particle" (A definition of this term "a photocatalyst
particle" is important for true understanding of multielectron transfer and is discussed in
the following chapters.) must absorb multiple photons to be excited, e.g., for a two
electron-transfer process, the second photon must be absorbed by the particle which has
already absorbed the first photon and is storing a photoexcited electron. As far as the
author knows, there have been published no reports studying such multiphoton absorption
by "a photocatalyst particle" in photocatalytic reaction systems using ordinary continuous
light source such mercury and/or xenon arc lamps. In the present work, multielectron
transfer-process in FB-BWO photocatalysis is analyzed based on the above-mentioned
assumption.
If the average time required for the second photon to be absorbed by a one
electron-bearing particle is longer than the average lifetime of a stored electron in the
particle, the probability of two-electron accumulation in the particle must show higherorder light-intensity (photon flux), I, dependence, i.e., the probability is proportional to
square of I (I2). For transfer process of n electrons (n > 0), the probability of
accumulation of n electrons may essentially depends on I n. On the other hand, if the
light intensity is sufficiently high to guarantee the n-electrons accumulation in each
particle, the probability, i.e., the rate of a photocatalytic reaction may be proportional to
I. As shown in the following chapters, such multiphoton absorption seems not always
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guaranteed in the actual photocatalytic reaction systems.
Therefore, analysis of lightintensity dependence enables elucidation of the mechanism in FB-BWO photocatalysis.
Several papers studying light intensity-dependent photocatalytic reaction rates
have been published to report the dependences of square root of intensity, i.e., n = 0.5.
Although the authors of those papers claimed that such square-root (0.5th-order)
dependence was attributable to enhanced recombination of photoexcited electrons and
positive holes in a photocatalyst particle when multiple electron-hole pairs are created by
higher-intensity photoirradiation, this interpretation seems questionable [Ohtani
2014/Ohtani 2014b], because such square-root dependence appeared only in the
photocatalytic process of oxidation of organic/inorganic compounds in the presence of
O 2 as an electron acceptor. It has been reported that photocatalyst particles, which
exhibited the above-mentioned square-root intensity dependence, showed linear (first
order) intensity dependence for H 2 liberation under deaerated conditions [Torimoto 2004].
The most probable explanation for the square-root intensity dependence of photocatalytic
reactions under aerobic conditions is that the possible chain reaction of oxidation of
organic compounds with peroxy radicals as a chain carrier is involved and higher
concentration of peroxy radicals, inducing bimolecular recombination to terminate the
chain process, at the higher light intensity induces lower-order light-intensity
dependences [Kato 1964/Ohko 1998/Torimoto 2004].
On the basis of these considerations, the light-intensity dependences observed in
FB BWO (and the other)-particle photocatalysis for decomposition of organic compounds
under aerobic conditions are analyzed assuming multiphoton-absorbing probability and
radical chain reaction with peroxy-radical chain carrier as described in the following
chapters.

1.4 Purpose of Present Study
Two possible applications of heterogeneous photocatalysis using metal-oxide
particles have been studied extensively.
One is oxidative decomposition of
organic/inorganic compounds along with O 2 reduction under aerobic conditions and the
other is reduction of water or CO 2 along with oxidation of water into O 2 . It may be
possible to say that almost all the studies on heterogeneous photocatalysis using metaloxide particles were related at least one of these two applications. Both reaction systems
involve the same redox reactions of water and O 2 (O 2 + 4H+ + 4e– = 2H 2 O). For the
former reaction systems, one-electron reduction of O 2 has been often assumed, while for
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the latter reaction systems, four-electron oxidation of water was assumed. In the former
systems, the reduction of O 2 by photoexcited electrons might regulate the overall kinetics
and the CB-bottom position of a photocatalyst is one of the most significant properties of
efficient photocatalysts. Due the fact that the VB-top position is almost constant for
ordinary metal-oxide particles, the CB-bottom position tends to be lowered (anodically
shifted), if bandgap is narrowed enabling visible-light absorption, and this may make the
visible light-absorbing photocatalyst inactive toward one-electron reduction of O 2 .
However, as described in the preceding sections, FB-BWO exhibited photocatalytic
activity for decomposition of organic compounds under aerobic conditions even under
visible-light irradiation.
A working hypothesis employed in this thesis is that FB-BWO can drive
multielectron O 2 reduction, i.e., storing multiple electrons in "a photocatalyst particle",
even without cocatalyst loading. Then the main purpose of the present study is to prove
this mechanism of multielectron reduction of O 2 . Since the number of transferred
electrons is defined as a thermodynamic parameter such as SEPs, elucidation of
multielectron transfer seems not straightforward. Two strategies, comparison of
photocatalytic activities under various conditions and analyses of light-intensity
dependence, were used and described in Chapters 3 and 4, respectively.
In those studies, it is necessary to consider the meaning of "a photocatalyst
particle", since number of electrons accumulated in one particle determines probability
of multielectron transfer and thus overall photocatalytic activity. Therefore, effect of
particle size on the photocatalytic activities of samples must be examined. In this sense,
FB-BWO seems preferable; if hierarchical structure of FB-BWO particles can be
disassembled into flakes/plates not having higher-order structural phase, but keeping
lower-order phase the same, direct evidence for particle size can be observed. In order
to realize this examination, the true structure of FB-BWO must be clarified, and actually
during the course of the structural characterization of FB-BWO particles the mechanism
of the hierarchical-structure formation has been elucidated. This study is shown in
Chapter 2.
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Chapter 2

Mechanism of Formation, Structural Characteristics and Photocatalytic
Activities of Flake Ball-shaped Bismuth-tungstate Particles

2.1 Introduction
It seems unnecessary to point out the significance of metal oxides as a
photocatalyst, one of the most extensively studied applications of photoactive materials.
The studies on metal-oxide photocatalysis started with the use of simple metal oxides
(SMOs) such as titanium(IV) oxide (TiO 2 ) and zinc oxide (ZnO) [Fujishima
2007/Fujishima 2008/Ohtani 2010/Ohtani 2014], but a limitation of the use of SMOs as
visible light-responsive photocatalysts had already been shown in the 1980's; Scaife
pointed out that the conduction-band (CB) bottom position of an SMO is lowered
(becoming more anodic) by reducing the band-gap energy, i.e., photocatalytic hydrogen
evolution cannot be achieved using visible light-absorbing SMOs because the valence
band (VB) of SMOs is commonly composed of oxygen 2p orbitals and therefore the VB
top positions are almost the same regardless of the kind of metals in metal oxides
[Scaife 1980]. Two main strategies have been used to solve this problem, i.e., to make
a material absorb visible light while keeping the CB-bottom position sufficiently
cathodic. One strategy is doping heteroatoms in wide band-gap SMOs such as TiO 2 to
raise the VB-top position by expanding the VB upward [Nishijima 2007/Dozzi 2013],
and the other strategy is using mixed metal oxides (MMOs; including metal metallates,
which are not included in MMOs in a strict scientific sense) having a VB composed of
oxygen and metal orbitals [Abe2010/Maeda 2011]; the Scaife's paper had already
shown that several visible light-absorbing MMOs had a CB-top position that was more
cathodic than the proton/hydrogen standard electrode potential [Scaife1980].
In parallel to (or at the same time as) those successful studies on SMO/MMOs
with a desirable band structure, i.e., studies to find SMO/MMOs with appropriate
composition/crystal structures, studies were being conducted on the effect of
photocatalyst-particle morphology on photocatalytic activities.
In one of the
pioneering works, ion-exchanged potassium niobate (K 4 Nb 6 O 17 ) with a layered crystal
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structure was used to separate the reaction sites for reduction and oxidation by
photoexcited electrons and positive holes, respectively [Domen 1986]. A recent trend
in studies on morphology-dependent photocatalytic activity has been the use of
faceted-crystalline SMO/MMO particles such as anatase TiO 2 [Ohtani
2010b/Grabowska 2014/Wei 2015/Maisano 2016] and bismuth vanadate (BiVO 4 ) [Liu
2015/Li 2013]. Among MMOs, many metal metallates (oxymetallates) such as
K 4 Nb 6 O 17 and bismuth tungstate (Bi 2 WO 6 ; BWO) have a layered crystal structure,
which makes it possible to fabricate a variety of morphologically controlled particles by
ion exchange [Ohtani 2000/Amano 2009], exfoliation and reconstruction [Domen 1996]
or assembling crystalline platelets in different ways as described below.
As was reported by Amano et al. [Amano 2007/Amano 2008/Amano
2009b/Amano 2010], hierarchically structured flake ball-shaped (FB) BWO particles
with outer diameters of ca. 3–5 µm have been prepared under controlled hydrothermal
(HT) conditions. The hierarchical structure was composed of (i) BWO crystalline
nanoplates, (ii) flakes of stacked layered assemblies of the nanoplates, and (iii) spherical
assemblies of flakes as primary, secondary and ternary phases, respectively, as is shown
in the following section. Although there is still discussion on the effect of this unique
hierarchical structure on photocatalytic activity, FB BWO seemed to show higher
activities than those of BWO without the characteristic structure. Since the crystal
phase of BWO, russellite [Knight 1992], has a layered structure, particles prepared in an
ordinary way, e.g., solid-state reaction of bismuth oxide and tungsten oxide, are stacked
plates or particles exposing flat surfaces (See Fig. 1-7 in Chapter 1 [Amano 2007].)
reflecting the layered crystal structure of russellite. The FB structure must therefore be
regulated by during its HT synthesis. As was shown in previous papers [Amano
2007/Amano 2009b], possible key parameters for production of FB-shaped particles,
not-stacked platelet crystallites, are an acidic condition (pH ca. 1) and a 10mol%-excess
amount of the tungsten source (sodium tungstate; Na 2 WO 4 ). The former condition
might inhibit the stacking of platelet crystallites and the latter condition might lead to
the formation of spherical particles (FB) with a homogeneous size distribution; as has
been reported by Amano et al. [Amano 2008] and Zhang et al. [Zhang 2007/Zhang
2007b]. HT reaction of a stoichiometric mixture of the bismuth source (Bi(NO 3 ) 3 ) and
tungsten source (Na 2 WO 4 ) in an acidic suspension gave FB particles and partially
spherical pseudo-FB particles (defined as spherical and broken "flower-like" structures,
respectively, in the papers by Zhang et al. [Zhang 2007]). In the present study,
preparation conditions were fixed to those reported FB-producing ones, and FB-BWO
particles were obtained without exception. Then, it must be significant to understand
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the actual mechanism of FB BWO-particle production under the controlled conditions.
The purpose of this study is to clarify the detailed mechanism of unique FB
BWO-particle formation and the important parameters controlling the quality of FB
BWO particles and to propose a novel strategy for control of particle morphology.

2.2 Experimental
2.2.1 Sample Preparation
FB-BWO particles were prepared by HT reaction according to previous works
[Amano 2007/Amano 2008/Amano 2010/Amano 2009b] using a reaction mixture of
bismuth nitrate (Bi(NO 3 ) 3 ) pentahydrate (Wako Pure Chemical) and sodium tungstate
(Na 2 WO 4 ) dihydrate (Wako Pure Chemical) in water. A standard procedure for
preparation of FB BWO particle with a tungsten-to-bismuth molar ratio in feed (W/Bi)
of 0.55 is as follows. The bismuth source (Bi(NO 3 ) 3 ·5H 2 O; 2.41 g; 5.0 mmol) was
added to a 10 mL of Milli-Q water (Water System, Ultrapure, Millipore Synergy with
UV; 18.2 MW cm) in a flask. The resultant white suspension was stirred vigorously by
a magnetic stirrer for 10 min, and then a 40-ml aqueous (Milli-Q) solution of the
tungsten source (Na 2 WO 4 ·2H 2 O; 0.907 g; 2.75 mmol; W/Bi = 0.55) was added
dropwise over a period of ca. 20 min with vigorous magnetic stirring. When a
different W/Bi ratio was used, the amount of Na 2 WO 4 ·2H 2 O was adjusted. After
further magnetic stirring for 10 min and sonication for 10 min using a Yamato–Branson
5510 ultrasonic cleaner (42 kHz; 180 W), the suspension and washing were placed in a
Teflon (PTFE) bottle with a Teflon lid (San-ai Science HUT-100), and the total volume
of the suspension was adjusted to ca. 70 mL to leave a head space of ca. 27 mL. If
necessary, pH of a feed suspension was measured using a D-72T Horiba portable pH
meter with a 9680S glass electrode calibrated with buffer solutions (pH = 1.68 and 6.86).
Into a 433 K-preheated oven was placed a stainless outer bottle (San-ai Science
HU-100) incorporating the reaction mixture in the sealed Teflon container and it was
heated without agitation or stirring for 20 h. The reaction bottle was allowed to cool in
the switched-off oven to room temperature for ca. 10 h in the standard procedure or the
bottle was taken out of the oven after a certain period (2.25–15.0 h) of heating and
quenched in ice-cold water. The reaction mixture was taken from the container, and a
slightly yellow solid product was recovered by centrifugation at 3000 rpm, washed with
Milli-Q water at least three times, and dried at 393 K in air for at least 4 h.
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2.2.2 Composition Analysis Using X-ray Diffractometry and Thermogravimetry
Crystalline (and non-crystalline) composition of samples was analyzed by
X-ray diffractometry (XRD) and thermogravimetry. In XRD measurement using a
Rigaku SmartLab diffractometer, 0.300 g of a sample and 0.075 g of nickel oxide (NiO;
Wako Pure Chemical) as an internal standard were mixed thoroughly in an agate mortar
and set in a sample holder. The measurement conditions were as follows: an X-ray
tube (copper K a ) operated at 40 kV and 30 mA; scanning rate of 1.0º min-1; step of
0.02º; and 2θ range of 3–80º. The acquired diffractograms were analyzed by software
installed in the controlling personal computer (PDXL including a RIETAN-FP Rietveld
analysis package). Based on the assumption that NiO is 100% crystalline, i.e., without
a non-crystalline part, crystalline BWO content was calculated from the results of
Rietveld analysis [Izumi 2007].
Water content in the samples was analyzed by thermogravimetry using an
Advance Riko TGD-9700 thermogravimetry/differential thermal analysis instrument
with an alumina sample holder under constant dry-air flow in the temperature range of
293–793 K. The content of water in samples was estimated with the assumption that
the weight loss by heating corresponds solely to water release.
2.2.3 Sonication and Alkaline Treatment
As post-treatment of samples, sonication was performed for a suspension of the
product after HT reaction in ca. 50 mL of an original acidic supernatant, Milli-Q water
or 1 mol L-1 aqueous solution of sodium hydroxide (NaOH). In the latter two cases,
the HT product was washed three times before addition of water or aqueous NaOH.
The suspension in a 50-mL glass tube was sonicated using a Yamato–Branson 5510
ultrasonic cleaner (42 kHz; 180 W) for 90 min. The solid sample was washed with
Milli-Q water a few times, except for the neutral suspension, and then recovered by
centrifugation and dried in air at 393 K.
2.2.4 Scanning Electron Microscopy
Size and morphology of the products were analyzed by field-emission scanning
electron microscopy (FE-SEM, JEOL JSM-7400F) in low secondary-electron image
(LEI) mode with 2.0–5.0 kV electron-acceleration voltage, 10.0-µA current and 6-mm
working distance. A small amount of the sample powder was fixed on a brass sample
stage (12 mm in diameter; 10 mm in height) using conductive carbon tape (Okenshoji
#15-1096) and dried under reduced pressure (< 100 Pa) overnight. For counting the
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number fraction of FB BWO particles and for measuring the flake thickness, at least
500 particles and 100 flakes were checked in several SEM images, respectively.
For low-voltage scanning electron microscopy (LV-SEM) analysis, samples
prepared by quenching followed by washing with Milli-Q water were used without
drying. The aqueous suspension was poured onto a sheet of aluminum foil and dried
at room temperature in air to leave a solid tightly adhered to the aluminum sheet. Two
methods were used to fix the sample on a brass sample stage (same as that used in the
above-mentioned FE-SEM analysis). One method was pressing a stage with
conductive carbon tape on the solid-adhered aluminum sheet (back-side sampling). In
the other method, the solid was peeled off with a piece of adhesive tape and then
transferred to conductive carbon tape on a stage (front-side sampling) (Fig. 2-1).
LV-SEM (JEOL JSM-6360LA) with energy-dispersive X-ray spectroscopic (EDS)
analysis was performed under the conditions of 10-mm working distance, 15-kV
electron-acceleration voltage, 1.0-nA current and 0–20 keV energy range for EDS.

Fig. 2-1

Schematic representation of sampling of products on a brass sample stage
using conductive carbon tape.
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2.2.5 Focused Ion-beam Etching and Cross Sectional-surface Observation
Specimens for cross-sectional surface observation were prepared by etching FB
BWO particles prepared by HT reaction with standard conditions (W/Bi = 0.55; 433 K;
20 h) via focused ion beam (FIB) milling using an accelerated gallium ion at 30 kV
(performed on a Micrion JFIB-2100 instrument). The thus-exposed cross-sectional
surfaces were observed by a field-emission scanning electron microscope (JEOL
JSM-7000FA) in secondary-electron imaging (SEI) mode with 5.0-kV
electron-acceleration voltage and 15-mm working distance.
2.2.6 Ultra-high Voltage Transmission Electron Microscopic Analysis
Solid samples prepared by HT reaction with standard conditions (W/Bi = 0.55;
433 K; 20 h) or with short HT durations and subsequent quenching were fixed on
Okenshoji NS-C15 microgrids and dried under reduced pressure (< 100 Pa) overnight.
The samples were observed by a multi-beam high voltage electron microscope (JEOL
JEM-ARM-1300) at electron-accelerating voltage of 1250 kV.
The thickness of electron-beam transmission (L) in arbitrary units was
estimated by densitometry of black-and-white TEM images on the basis of the
Lambert–Beer law for electron-beam absorption:
L = log (I 0 /I) = log {D max /( D max – D)},

(eq. 2-1)

where I 0 and I are intensities of the electron beam before and after passage of a sample,
respectively, and D max and D are maximum density and density of a given position in a
TEM image, respectively. Simulation of the thickness profile was performed by
assuming a hollow particle with a shell of homogeneous density.
2.2.7 Specific Surface Area and Pore Distribution Analyses
A sample (500 mg) evacuated at 473 K for 2 h as a pretreatment was used for
measurement of nitrogen adsorption at 77 K on a Quantachrome (previously Yuasa
Ionics) Autosorb-6 surface area and pore size analyzer. Specific surface area (SSA)
was calculated from adsorption isotherms by the Brunauer–Emmett–Teller (BET)
equation, and pore-size distribution was also estimated from the adsorption isotherms
using Horvath–Kawazoe (HK) and Barrett–Joyner–Halenda (BJH) methods derived by
assuming slit-type and cylinder-type pores, respectively.
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2.2.8 Photocatalytic Activity Test
As one of the representative photocatalytic reactions, carbon-dioxide (CO 2 )
liberation from aqueous acetic acid under aerobic conditions was used for a
photocatalytic activity test [Kominami 1996/Kominami 2003/Ohtani 2010c]. Among
four representative photocatalytic-activity test reactions [Ohtani 2010c] (methanol
dehydrogenation, oxygen evolution along with silver-metal deposition, gas phase
oxidative decomposition of acetaldehyde and the present acetic-acid decomposition)
frequently used in the laboratory in which the present author is working, methanol
dehydrogenation requires in-situ deposition of platinum, which is also influenced by the
properties of the photocatalyst [Nishimoto 1985/Nishimoto 1993], oxygen-evolution
rate is predominantly controlled by silver-ion adsorption and particle size [Ohtani 2010]
and acetaldehyde decomposition is mainly regulated by specific surface area [Amano
2010]. Thus, acetic acid decomposition seems most appropriate for first-step
photocatalytic activity test. A brief interpretation of the experimental procedures is as
follows. A 50-mg portion of the powder sample was suspended in a 5.0vol% aqueous
acetic acid solution (5.0 mL) in a borosilicate glass tube (transparent for light of
wavelength > 290 nm, 18 mm in inner diameter and 180 mm in length), and the tube
was tightly sealed using a double-capped rubber septum and a sheet of Parafilm. The
sample was irradiated in a thermostated bath (298 K) by a 400-W high-pressure
mercury arc (Eiko-sha) under 1000-rpm magnetic stirring. The product CO 2 was
monitored using a Shimadzu GC-8A gas chromatograph equipped with a TCD and a
Porapak-Q column. Photocatalytic activities were calculated and are presented as rates
of CO 2 liberation.

2.3 Results and Discussion
2.3.1 Unique Shape of Flake-ball Particles with a Hierarchical Structure
Figure 2-2 shows FE-SEM images of a representative FB-BWO particles
(W/Bi = 0.55). These particles were spherical micrometer-sized assemblies of flakes
which were stacked nanometer-sized plates of BWO crystallites as has been reported
previously [Amano2007/Zhang2007/ Amano2008/Amano2008b].
In the previous paper [Amano 2008], it was suggested that BWO flakes are
first produced independently in the early stage of the HT process and then they are
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assembled to be FB particles, though small BWO flakes had not been observed by
short-term (2 h) hydrothermal reaction; small FB-BWO particles were obtained instead.
Another inconsistency was the structure of flakes, i.e., stacked nanosheets of BWO; it
seems that there are spaces between BWO nanosheets because the presence of
micropores (nanometer-sized spaces) in FB BWO was suggested by analysis of nitrogen
adsorption behavior and wet milling of FB-BWO particles led to disappearance of those
micropores. In other words, the second-phase structure, flakes, does not seem to be
assemblies of the first-phase structure, plates. Taking into consideration the fact that
stacked platelet crystallites, not FB BWO, are also formed under the above-mentioned
higher-pH conditions, the formation of FB BWO might be due to the inhibition of the
plate stacking or assembling of flakes with homogeneous-sized spherical particles as a
core.

Fig. 2-2

FE-SEM images of a representative FB-BWO particles (W/Bi =
0.55) in different magnifications.

2.3.2 Initial Composition and Structure before Hydrothermal Reaction in FB-BWO
Preparation
FB-BWO particles were prepared by HT reaction of a mixture of bismuth
nitrate (Bi(NO 3 ) 3 ·5H 2 O), sodium tungstate (Na 2 WO 4 ) and water. First, the bismuth
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source, Bi(NO 3 ) 3 ·5H 2 O (5.0 mmol), was added to Milli-Q water (10 mL) at ambient
temperature to yield a white suspension due to hydrolysis; unstable actual pH of the
suspension suggests an incomplete or slow equilibrium. Preparation conditions
employed in this study were summarized in Table 2-1.
Assuming complete hydrolysis of bismuth nitrate,
Bi(NO 3 ) 3 + 3H 2 O → Bi(OH) 3 + 3HNO 3 ,

(eq. 2-2)

with negligible dissolution of bismuth hydroxide (Bi(OH) 3 ), pH should be zero, which
is lower than the actual pH (0.27; entry 1 in Table 2-1), indicating incomplete
hydrolysis; almost complete proton dissociation of nitric acid at the same concentration
was confirmed by a separate experiment (entry 2 in Table 2-1). Previous studies on
bismuth-nitrate hydrolysis suggested the formation of [Bi 6 O 5 (OH) 3 ](NO 3 ) 5 (BO5)
[Lazarini 1981] or [Bi 6 O 4 (OH) 4 ](NO 3 ) 6 (BO4) [He 2014] with smaller nitric-acid
release.
6Bi(NO 3 ) 3 + 8H 2 O → [Bi 6 O 5 (OH) 3 ](NO 3 ) 5 + 13HNO 3

(eq. 2-3)

6Bi(NO 3 ) 3 + 8H 2 O → [Bi 6 O 4 (OH) 4 ](NO 3 ) 6 + 12HNO 3

(eq. 2-4)

Even if those partial hydrolysis processes are assumed, actual pH (0.27) seems still to
be a little low. Therefore, it should be presumed that other partially hydrolyzed forms
remained in the suspension. In other words, Bi(OH) 3 was partially neutralized by
nitric acid. Actually, solid samples containing BO5 and BO4 were obtained by drying
up of the pH-regulated suspensions (entry 5 in Table 2-1).
The tungsten source, sodium tungstate (Na 2 WO 4 ; 2.75 mmol (10mol%
excess)) was dissolved in Milli-Q water (40 mL), and the solution was added dropwise
to the above-mentioned bismuth species-containing suspension to give a white
suspension (70 mL) of pH = 1.1 (entry 5 in Table 2-1). Slightly basic pH of the
Na 2 WO 4 solution (7.8–7.9; entry 3 in Table 2-1) suggests that tungstic acid (H 2 WO 4 ;
HWO) is almost completely proton-dissociated to be tungstate (WO 4 2-), and this is
consistent with the fact that the sodium-tungstate solution is stable after standing for a
long time without giving a precipitate of tungsten oxide; HWO has relatively high
acidity, i.e., low pK a as an acid [Hastings 1992]. Upon addition of the Na 2 WO 4
solution to the bismuth species-containing suspension, pH of the suspension was raised
to 1.1 with 2.75 or 2.5 mmol sodium tungstate. The increase of pH is explained by
release of hydroxide anions by hydrolysis of tungstate anions:
WO 4 2– + 2H 2 O → H 2 WO 4 + 2OH–.
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(eq. 2-5)

It has been reported that partial hydrolysis of tungstate occurs at pH 1–2 to give soluble
tungstate anions [Hastings 1992], as
12WO 4 2– + 10H 2 O → [H 2 W 12 O 40 ]6– + 18OH– and

(eq. 2-6)

11WO 4 2– + 12H 2 O → [H 8 W 11 O 40 ]6– + 16OH–,

(eq. 2-7)

though such partial hydrolysis giving less than two hydroxide anions from one tungstate
anion cannot explain the suspension pH that is slightly higher than that expected even
assuming complete hydrolysis of tungstate anions. Thus, the tungsten source might be
in the form of HWO or hydrated tungsten oxide (WO 3 ·nH 2 O). In a control
experiment (entry 4 in Table 2-1), a yellow precipitate (presumably so-called "yellow
tungstic acid"; WO 3 ·H 2 O) was observed in a sodium tungstate solution when the
solution pH was controlled to be 1.1, the same as that of the reaction suspension (entry
5 in Table 2-1), with an appreciable (ca. 10 min) induction period. On the other hand,
the actual reaction suspension remained white before and after HT reaction, indicating
negligible formation of yellow tungstic acid. There are two possible reasons. One
possible reason is that HWO (or WO 3 ·H 2 O) is deposited on the surface of bismuth
oxyhydroxides in a highly dispersed or thin-layer form. The other possibility is
reaction of HWO with Bi(OH) 3 (or bismuth oxyhydroxide, BO4 and BO5) to liberate
bismuth oxyhydroxide like BO4 or BO5. In the latter case, assuming that a BO4-like
reaction proceeds, the molar Bi/W ratio in the oxyhydroxide is 2 and, therefore,
Bi(OH) 3 should be thoroughly converted if all of the tungstic acid is reacted. However,
acid strength of tungstic acid must be weaker than that of nitric acid, and it therefore
seems less probable that the tungsten source is present as a counter anion of bismuth
oxyhydroxide cation. On the basis of these considerations, HWO might be deposited
on the bismuth oxyhydroxides, BO5 and BO4 (BOx), in the suspension before TH.
Based on the assumption that the tungsten source was present in the form of
HWO (or WO 3 ·nH 2 O), the amount of nitric acid released in the suspension containing
bismuth nitrate (5.0 mmol) and sodium tungstate (2.75 mmol) is estimated to be 5.6
(entry 5 in Table 2-1), which corresponds to ca. 60% molar amount of nitric acid
released by possible complete hydrolysis of Bi(NO 3 ) 3 (eq. 2-2). Since partial
hydrolysis with eqs. 2-3 and 2-4 releases 72% and 67% molar amount of nitric acid
compared with complete hydrolysis, the white precipitate in the suspension before HT
reaction might be partially hydrolyzed bismuth oxyhydroxides, BOx, which might be
covered by HWO (or WO 3 ·nH 2 O) as mentioned above. In fact, XRD analysis of
powder recovered from the reaction mixture without the HT process (entry 5 in Table
1) revealed the presence of BO4 (59% in total crystalline components), BO5 (10%) and
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HWO. The Bi/W ratio in those crystallites was calculated to be 1.87, which is
reasonably close to the theoretical value (1.82 = 5.0/2.75) considering that there might
be amorphous components giving no XRD peaks.
Table 2-1 Volume, pH and molar amount of protons in the solutions (suspensions) for
FB-BWO preparation/control experiments and crystalline composition of resulting
recovered/dried-up solid products.
en
-try

HTa
/h

component (/mmol)

volume
/mL

1

0

Bi(NO 3 ) 3 (5.0)

10

2

0

HNO 3 (15.0)

10

3

0

Na 2 WO 4 (2.75)

40

0

Na 2 WO 4 (2.75)
+ HNO 3 (15.0) +
NaOHd

70

0

Bi(NO 3 ) 3 (5.0)
+ Na 2 WO 4 (2.75)

4

5

70

pH
0.27–
0.28
0.00
7.8–
7.9
1.1

1.1

H+
/mmol

crystalline
(%)

5.3–5.2

ndb

> 10

—c

< 0.1

ndb

5.6

(yellow solid)b

5.6

10(BO5e)
/59(BO4f)
/31(HWO)g

Bi(NO 3 ) 3 (5.0)
0.95–
70
7.9
80 (BWO)
+ Na 2 WO 4 (2.75)
0.96
Bi(NO 3 ) 3 (5.0)
7
0
70
0.82
10.6
ndb
+ NaOH (5)
Bi(NO 3 ) 3 (5.0)
8
0
70
0.83
10.4
ndb
+ NaOH (5.5)
Bi(NO 3 ) 3 (5.0)
9
20
70
1.1
5.6
(BO6h)i
+ NaOH (5.5)
HNO 3 (15.0)
10
0
70
0.87
9.4
—c
+ NaOH (5.5)
HNO 3 (15.0)
+ NaOH (5.0)
70
0.84
10.1
—b
11
0
j
+ Na 2 WO 4 (0.5)
Bi(NO 3 ) 3 (5.0)
12
0
70
1.1
5.6
—c
+ Na 2 WO 4 (2.5)
Bi(NO 3 ) 3 (5.0)
13
20
70
1.0
6.8
87 (BWO)
+ Na 2 WO 4 (2.5)
a
Period of hydrothermal treatment at 433 K bNot recovered and/or not determined.
c
No solid products. dAdded to adjust pH to be 1.1. e[Bi 6 O 5 (OH) 3 ](NO 3 ) 5 ·3H 2 O.
f
[Bi 6 O 4 (OH) 4 ](NO 3 ) 6 ·H 2 O. gNon crystalline-phase content was not determined and
crystalline content is shown as a proportion of the total crystalline content.
h
i
j
Bi 2 O 2 (OH)(NO 3 ).
Qualitative analysis only.
Separately prepared FB-BWO
particles were added.
6

20
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2.3.3 Composition and Crystalline Structure of the Final Product FB BWO
The stoichiometry of the reaction of FB BWO production from Bi(NO 3 ) 3 and
Na 2 WO 4 is formally shown as follows.
2Bi(NO 3 ) 3 + Na 2 WO 4 + 2H 2 O → Bi 2 WO 6 + 4HNO 3 + 2NaNO 3

(eq. 2-8)

Since it is expected that 10mol%-excess Na 2 WO 4 works as a base, 9.5 (= 5.0 × 3 – 2.75
× 2) mmol nitric acid may be released and remain in the suspension after HT reaction.
As shown in Table 2-1 (entry 6), the amount of acid in the final suspension was
estimated to be 7.9 mmol, corresponding to 83% of the expected value; a control
experiment (entry 10 in Table 2-1) of partial neutralization revealed that nitric acid
concentration can be estimated using pH. This indicates that the reaction (eq. 2-8) was
not completed, since a control experiment (entry 11 in Table 2-1) suggested negligible
adsorption of nitric acid on the surface of FB BWO; pH of the suspension reproducing
the ideal reaction mixture after complete conversion to BWO (eq. 2-8; entry 11 in
Table 2-1) was almost the same as that of a solution containing nitric acid and sodium
hydroxide (entry 10 in Table 2-1). The fact that the product containing FB BWO
included still 20% of non-crystalline components (amorphous solid and water) is
consistent with the above-mentioned speculation. Thus, a small part of the bismuth
source, partially hydrolyzed bismuth nitrate, i.e., bismuth oxyhydroxides (BOx), as well
as HWO, might remain in the product even after a long HT process.
2.3.4 Macroscopic Structure of FB-BWO Particles
In the preliminary experiments, it was found that there are hollow spaces
covered by the flakes in FB BWO particles prepared with W/Bi = 0.55. There has
been evidence supporting this hollow structure. The evidence includes the observation
of partially broken particles with inner void spaces. As shown in Fig. 2-3, sonication
of FB-BWO particles led to the breakage of FB particles (W/Bi = 0.55) to show inner
void spaces regardless of the sonication conditions, acidic, neutral or basic conditions.
Similarly, sonication of once-prepared FB BWO particles (W/Bi = 0.50) under acidic,
neutral and basic conditions for 90 min also led to breakage of FB particles (Fig. 2-4) to
show inner void spaces regardless of W/Bi.
Although a certain compound might exist in FB particles as a core and be
dissolved by sonication to leave void spaces, the fact that void spaces in FB particles
were observed regardless of pH of the sonication suspension and initial W/Bi suggests
that those void spaces were there in the original FB-BWO particles. Another finding
in the post-treatment of once-prepared FB-BWO particles was thinning of flakes by
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alkali treatment. As Fig. 2-5 shows, the average thickness of flakes of alkali (sodium
hydroxide)-treated particles (W/Bi = 0.55) seemed to be reduced (ca. 40%). Since
such flake thinning was not evident in FB-BWO particles prepared with W/Bi = 0.50,
i.e., the thickness was slightly smaller than that of W/Bi = 0.55 particles, an excess
tungsten component might be present between the plates, though further study is needed
to clarify the location of the excess tungsten component.
To further confirm the hollow structure of FB BWO, independent
measurements using destructive focused ion beam (FIB) milling and non-destructive
ultrahigh-voltage transmission electron microscopy (UHV-TEM) were performed.
Figure 2-6 shows FIB-milled FB BWO particles. The front parts of two FB BWO
particles were milled off by downdraft ion beams to expose cross sections of the
particles. Shrinkage due to the heat by FIB milling might occur to give a smaller
particle size and densification, especially in the outer part, but it is clear that there were
void spaces (or low-density parts) in the core part. The size of void space seemed to
be 1–1.5 µm, almost the same as or slightly smaller than that estimated from SEM
images in shown Fig. 2-2(a), at least partly because of heat shrinkage during FIB.
Figure 2-7 shows the results of non-destructive UHV-TEM analysis. Even at
the electron-acceleration voltage of 1250 kV, an electron beam could not pass through
FB-BWO particles larger than 2 µm, but transmission images could be obtained for
smaller particles. Assuming homogeneous electron-beam extinction at the solid part
of samples, the thickness was estimated by densitometry of black-and-white TEM
images to show void spaces inside, i.e., hollow structure in FB-BWO particles prepared
under the standard HT conditions. Simulated thickness profiles based on the
assumption of an ideal hollow structure composed of a shell of constant density (Fig.
2-7) could not be fitted to the observed profiles. There are a few reasons for this
discrepancy. One is the inhomogeneous density of an FB part of particles as suggested
by the zig-zag patterns of thickness at the center, and transmission might occur between
BWO flakes. Another reason is the possible large experimental error; an electron
could be absorbed almost completely at the highest density part of patterns and thereby
estimated thickness might be saturated. Consequently, at the present stage, it cannot be
concluded the precise thickness profile of FB BWO particles, but the hollow structure
could be confirmed. This is supported by TEM images of quenched samples with
particle diameters smaller than 2 µm (Fig. 2-8).
It can be said that particles prepared
by HT reaction of 140 min in duration and subsequent quenching, in which FB BWO
had started to appear, did not contain a low-density part in their center even though the
outer size was sufficiently small to observe those parts if present. On the other hand,
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low-density parts in the center of particles were frequently observed in particles
prepared by 300-min and 600-min HT reactions and were almost always observed in
particles prepared by 900-min HT reaction. Although the UHV-TEM analyses were
limited to samples with particle size smaller than 2 µm and there is no information on
3–5 µm-sized FB BWO particles, the results are supporting evidence for the absence of
inner void spaces in intermediate particles at the beginning of the HT process.
On the basis of these considerations, it can be concluded that the hollow
structure of FB BWO particles is predominantly composed of crystalline BWO starting
from partially hydrolyzed bismuth nitrate (BOx) and HWO. The question thus arises
as to how these hollow particles are produced during the HT reaction. The time course
of FB BWO-particle formation was thus studied.

Fig. 2-3 FE-SEM images of FB-BWO samples (W/Bi = 0.55) after 90-min
sonication in (a) acidic, (b) neutral (water) and (c) basic suspensions and those
sonicated for (d) 30, (e) 60 and (f) 90 min in their neutral suspension.
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Fig. 2-4

FE-SEM images FB-BWO particles (W/Bi = 0.50) after 90-min sonication
in (a) acidic, (b) neutral and (c) basic suspensions.

Fig. 2-5

Fig. 2-6

FE-SEM images of FB-BWO particles (W/Bi = 0.55) after alkaline
treatment.

Cross-sectional FE-SEM images of FB-BWO particles (W/Bi =
0.55) after FIB milling.
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Fig. 2-7 A TEM image and observed/simulated cross-sectional thickness
profiles. Thin solid lines are simulated thickness profiles of spherical hollow
particles with shells of homogeneous density with different thicknesses (55%,
50%, 45% and 35% of the outer radius from top to bottom).
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Fig. 2-8 TEM images of particles (W/Bi = 0.55) recovered by quenching after
HT reaction for (a) 140, (b) 300, (c) 600 and (d) 900 min. Particles of smaller
than 2 µm were chosen. A hollow structure were suggested for the particles
shown by arrows.

2.3.5 Time Course of FB BWO-particle Production
Figure 2-9 shows SEM images of solid products recovered from the reaction
mixture after HT reaction for 135, 140, 145 and 150 min followed by quenching in
ice-cold water. Both FB particles and small particles were observed except for the
135-min sample, in which no FB particles were seen not only in this image but also in
other SEM images of this 135-min sample. The proportion of small particles
decreased with increase in HT duration and was almost zero after 20-h HT reaction.
Thus, µm-sized FB BWO particles seemed to appear suddenly at 140 min. Results of
XRD analyses of those products support this (Table 2-2); the solid product recovered
after 140-min HT reaction contained 32% BWO and the BWO-crystallite content was
increased with increase in HT duration, while the solid product of 135-min HT reaction
was almost amorphous. It is notable that a change in pH of the reaction mixture at HT
duration between 135 and 140 min was not evident, which will be discussed later.
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Figure 2-10 shows LV-SEM and EDS elemental-mapping images of the
135-min sample that contained no FB BWO particles as well as those images of an FB
BWO particle. The sample was predominantly composed of nanoparticles that
contained both bismuth and tungsten homogeneously within the EDS resolution (data
not shown), but µm-sized particles could be observed. Representative LV-SEM and
elemental-mapping images of those particles in Fig. 2-10 show a "starfruit-like"
morphology with sizes of 2–3 µm and a high concentration of bismuth as shown by the
green color, respectively. The tungsten/bismuth atomic ratio in each image might
depend on the method for specimen preparation; back-side sampling gave a ratio
slightly higher than that by front-side sampling, suggesting that smaller nanoparticles
containing both bismuth and tungsten tended to be preferentially accumulated on an
aluminum sheet and larger starfruit-like particles are deposited on the nanoparticle layer
when sampling.
The starfruit-like morphology might be related to the trend of
formation of angular-shaped crystallites when BOx was recovered by drying of a
suspension containing BOx (entry 5 in Table 2-1) and a solid product obtained by an
HT reaction in which sodium hydroxide was used instead of Na 2 WO 4 (entry 9 in Table
2-1), as shown in Fig. 2-11. The former and latter were assigned (Table 2-1) to a
mixture of BO4, HWO and BO5 and bismuth oxyhydroxide (Bi 2 O 2 (OH)(NO 3 ); BO6)
[Huang 2015]. Similar SEM images have been reported for bismuth oxyhydroxide
prepared by an HT reaction of an aqueous Bi(NO 3 ) 3 suspension at pH 3.5 [Gotić 2007].
Those results suggest that the starfruit-like particles were of bismuth oxyhydroxide
(BOx). A significant point is that no starfruit-like particles have been observed in
SEM images of solid samples containing bismuth oxyhydroxides, such as BO6, BO5
and BO4, except for the 135-min HT product in the present study, suggesting that the
starfruit-like particles cannot be produced from a precursor only containing a bismuth
component.
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Fig. 2-9 SEM images for solid samples of W/Bi = 0.55 prepared by quenching after
hydrothermal reactions for (a-c) 135 min, (d-f) 140 min, (g-i) 145 min, (j-l) 150 min
and (m-o) 165 min. Samples were prepared by back-side sampling.
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Table 2-2

Crystalline composition of HT products recovered by quenching and final
pH of the reaction mixture.
composition (%)

HT durationa/min

BWOb

BO5c

BO4d

HWOe

ncf

0i
135
140
145
150
165
180
300
600
900
1200j

< 0.5
1
32
69
65
76
78
87
88
76
80

< 0.5
1
4
6
9
1
1
1
2
0
1

11
3
0
0
0
1
3
3
0
0
3

1
1
0
2
1
1
0
0
0
0
0

88
94
64
23
25
21
18
9
10
24
16

a

pH

activityh
/µmol h–1

1.11
0.99
1.01
1.00
1.01
0.98
0.97
0.96
0.95
0.95
0.96

55
10
4
4
11
10
11
10
20
16
18

g

Duration from the time when a reaction vessel was placed in a 433-K preheated oven to
the time when the vessel was taken out and quenched in ice-cold water. bBi 2 WO 6 .
c
d
e
[Bi 6 O 5 (OH) 3 ](NO 3 ) 5 ·3H 2 O.
[Bi 6 O 4 (OH) 4 ](NO 3 ) 6 ·H 2 O.
HWO.
f
g
h
Non-crystalline component.
Final pH of the reaction mixture.
Rate of
carbon-dioxide liberation in photocatalytic oxidative decomposition of acetic acid in an
aerobic aqueous suspension. iNo HT treatment. jNo quenching.
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Fig. 2-10 LV- SEM (left) and EDS elemental mapping (right) images of (a-e) solid
samples containing starfruit-like particles (shown as green particles in elemental
mapping images) (W/Bi = 0.55) recovered by quenching after HT reaction for 135
min and (f) FB BWO (W/Bi = 0.55). White bars correspond to 3 µm. In
elemental mapping, green, red and blue correspond to bismuth, tungsten and carbon,
respectively. Tungsten/bismuth atomic ratios in the images were (a) 3.1, (b) 3.1,
(c) 2.7, (d) 2.5, (e) 2.4 and (f) 1.9. Specimens of quenched samples were prepared
via back-side sampling (a–b) and front-side sampling (c–e).
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Fig. 2-11 FE-SEM images of solid products prepared by (a-c) drying of suspension of
W/Bi = 0.55 for hydrothermal reaction (entry 5 in Table 2-1) and (d-f) hydrothermal
reaction of suspension contained bismuth nitrate and NaOH (entry 9 in Table 2-1).

2.3.6 Effect of Excess Tungsten Source
Figure 2-12 shows FE-SEM images of samples prepared under conditions of
(i) 5.0 mmol Bi(NO 3 ) 3 and 2.5 mmol Na 2 WO 4 (W/Bi = 0.50), (ii) 5.0 mmol Bi(NO 3 ) 3
and 2.75 mmol Na 2 WO 4 (W/Bi = 0.55) with 0.50 mmol nitric acid and (iii) 5.0 mmol
Bi(NO 3 ) 3 and 2.5 mmol Na 2 WO 4 (W/Bi = 0.50) with 0.50 mmol sodium hydroxide.
It was revealed that the pH of suspensions, as well as that of the standard synthesis
conditions (W/Bi = 0.55), before HT reaction was ca. 1.1 in all the cases. The fraction
of non FB-particles in those samples was not the same (73, 65 and 58% for samples
prepared under the conditions of (i), (ii) and (iii), respectively), but appreciably higher
than that of samples under standard synthesis conditions (28%). Only one observed
difference in the results was the standard conditions gave pH slightly lower (0.95–0.96)
than those in the other conditions (1.0) after HT reactions. At present, it is not clear,
but such slight difference in pH during the HT reaction may give influence on the
composition and shape of products.
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Fig. 2-12 FE- SEM images of samples prepared under controlled reaction
conditions: (a-c) W/Bi = 0.50, (d-f) W/Bi = 0.55 with nitric acid and (g-i) W/Bi =
0.50 with sodium hydroxide

2.3.7 Possible Mechanism of FB BWO-Particle Formation
Based on the above-described results, the mechanism of FB BWO-particle
formation is proposed as shown in Fig. 2-13 as a two-step reaction. The first step is
the formation of spherical liquid droplets of a highly concentrated aqueous
suspension/emulsion of BOx (or hydrated BOx having fluidity) covered by HWO (or its
oligomer). Although no direct evidence for the existence of core shell-structured
droplets (BOx@HWO), e.g., results of less possible in-situ size-distribution and
elemental-composition analyses during HT reaction, has been obtained, almost all the
results can be interpreted using a mechanistic model initiated with BOx@HWO
formation. As discussed in Section 2.3.2, a reaction mixture before HT reaction
contains BOx as a bismuth component. Since HT treatment of a suspension without
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Na 2 WO 4 (entry 9 in Table 1; pH adjusted by adding sodium hydroxide instead of
Na 2 WO 4 ) produced aggregates of large irregularly-shaped but somewhat
angular-shaped particles, the BOx@HWO formation must depend on the presence of
Na 2 WO 4 , i.e, HWO in the reaction mixture.
As described in Section 2.3.5., the 135-min HT product was composed of
predominantly non-crystalline (amorphous) nanoparticles, while the 140-min quenched
sample contained µm-sized FB BWO particles as well as nanoparticles but without
unassembled BWO flakes (Fig. 2-9). If µm-sized aggregates of nanoparticles
containing bismuth and/or tungsten are formed at least just before the 140-min HT
reaction, there seems to be no reason for the aggregates to be decomposed back to
nanoparticles when quenched. To interpret this sudden change between 135 min and
140 min of HT reaction, the above-mentioned BOx@HWO is presumed; µm-sized
BOx@HWO having fluidity (to be spherical and to be able to supply the bismuth
component to the surface of BOx@HWO) is produced up to 135 min of HT reaction.
The interaction between the BOx core and HWO shell might be a base-acid one, and
quenching (or drying up) therefore decomposes the core-shell structure to give
nanoparticles. It is hypothesized that at (or just before) the HT duration of 140 min,
i.e., when the temperature of the reaction mixture reaches a critical temperature, the
second-step reaction of BOx and HWO starts to produce BWO flakes at the boundary of
the BOx core and/or in HWO shell and is completed by ca. 180 min to leave ca.
80%-crystalline BWO. During this second step, core size may be kept constant due to
the solid BWO-flake shell except for the beginning of the BOx-HWO reaction. Lack
of this size and morphology fixation by BWO flakes in the beginning leads to
"starfruit-like" BOx particles as shown in Fig. 2-10; in the beginning, BOx particles
with thin fragile BWO flakes are liberated but shrunk when recovered without
interacting with other particles to liberate "starfruit-like" particles, the volume of which
reflects the amount (concentration) of BOx in the core. With a longer HT duration, the
thickness of the BWO-flake shell is increased not to be decomposed, i.e., a hard shell is
produced. During the HT reaction between 135–180 min, the proportion of hard
shell-covered particles is increased, resulting in a decrease in the proportion of
nanoparticles (liberated from fragile shell-covered particles) in SEM images (Fig. 2-9).
In the second step, following reaction releasing nitric acid may proceed, assuming BO4
is predominant in BOx, to interpret observed decrease in pH qualitatively.
[Bi 6 O 4 (OH) 4 ](NO 3 ) 6 + 3H 2 WO 4 → 3Bi 2 WO 6 + 6HNO 3 + 2H 2 O

(eq. 2-9)

This is consistent qualitatively with the fact that pH was decreased in the period (Table
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2-2).
As described in Section 2.3.1., the requisites for production of FB BWO
particles with homogeneous shape and size are an acidic condition (pH ca. 1) and
10mol%-excess amount of tungsten source (Na 2 WO 4 ). It was reported in a previous
paper [Amano 2008] addition of sodium hydroxide to neutralize nitric acid released by
hydrolysis of Bi(NO 3 ) 3 (pH = ca. 4.5) resulted in the formation of flake-stacked
particles presumably without inner void spaces. Under such conditions, the bismuth
component might be in the form of Bi(OH) 3 , not BOx, and thereby BOx@HWO could
not be liberated in the HT reaction, leading to a simple reaction of Bi(OH) 3 and HWO
to form stacked flake-structured BWO particles. Wang et al. reported the influence of
nitric acid concentration on the morphologies of BWO particles prepared by an HT
reaction of Bi(NO 3 ) 3 and Na 2 WO 4 in diluted nitric acid; the addition of nitric acid
induced the production of particles in the form of stacked thick BWO platelets [Wang
2016].
On the other hand, the addition of stoichiometric amount of Na 2 WO 4 leads to
the production of pseudo, i.e., partly broken, FB-structured BWO particles. As
described in Section 2.3.6, the proportion of non-FB BWO particles was 73%, while the
proportion in the 0.55-W/Bi sample was only 28%.
Since initial pH value of the
reaction mixtures before HT reaction with stoichiometric and 10mol%-excess Na 2 WO 4
were the same (1.1; entries 5 and 12 in Table 2-1), the difference in particle
morphology might not be due to the difference in initial pH. Thus, it is presumed that
the BOx@HWO surface is not fully covered by HWO under the condition of
stoichiometric-Na 2 WO 4 feeding and thereby BWO flakes grow inhomogeneously.
Actually, in the SEM images of 0.5-W/Bi FB BWO particles, there were
interconnecting particles, which might share HWO layers with each other [Amano
2008].
A paper from the laboratory in which the author is working also showed change
in morphology depending on the HT temperature in the range of 403–493 K (W/Bi =
0.55; 20 h) [Amano 2010]. It was suggested in the paper that crystalline-BWO content
was increased with increase in HT temperature up to 433 K and was saturated at higher
temperatures. At an HT temperature lower than 433 K, reaction of BOx in the core
and HWO in the shell might not be completed. On the other hand, crystalline-BWO
content was still ca. 80% (entry 6 in Table 2-1) even at a higher HT temperature,
indicating that a part of BOx and a part of HWO remain unreacted in the core and shell,
respectively, in an amorphous form. Another previous paper [Amano 2010] showed
change in the thickness of flakes with a slight increase in the diameter of FB particles;
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the average thickness of flakes was increased from ca. 25 to 50 nm linearly with
increase in HT temperature. This could be interpreted by the slight increase in size of
BOx@HWO. Generally, the higher the temperature is, the larger is the size of
particles produced in the HT reaction. Assuming this trend is also applicable in the
present case, increase in the diameter may induce a higher surface density of BWO if
the thickness of the BWO-flake layer is constant regardless of temperature.
Zhang et al. reported preparation of FB and semi-FB BWO particles (called
spherical and broken "flower-like" particles, respectively, in their paper) [Zhang 2007]
and they proposed that spherical µm-sized BWO-particle aggregates are produced by
assembling of BWO nanoparticles of a layered crystal structure and then all of the
incorporated nanoparticles undergo Ostwald ripening to form plate-like crystallites
("nanoplates") that are larger than the original nanoparticles but smaller than the
resultant FB BWO particles; production of FB and/or semi-FB structures was attributed
to "self-organization of the in situ-formed nanoplates". However, the reason why
BWO nanoparticles are aggregated into µm-sized BWO particles in the first step
without undergoing Ostwald ripening to produce larger particles and the reason why
"self-organization of nanoplates" produces FB particles of higher surface energy were
not clarified. It is not known whether the authors recognized the hollow structure of
their FB particles since no such description was found (a scheme in the paper might
suggest). Considering their experimental conditions that were similar to those of the
present study, their FB BWO particles might have inner void spaces, but their proposed
mechanism does not seem to sufficiently explain the construction of a hollow FB
structure thoroughly.
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Fig. 2-13 Schematic representation of the proposed mechanism of FB
BWO-particle production

2.3.8 Photocatalytic Activity of Products
Table 2-2 shows photocatalytic activity of samples for carbon-dioxide
liberation from an aerobic aqueous solution of acetic acid. First, contrary to the
author's expectation, the sample recovered from the reaction mixture without HT
reaction (entry 1 in Table 2-2) showed the highest photocatalytic activity, which was
comparable to or slightly lower than that of commercial titania samples (Showa Denko
Ceramics FP-6: 77 µmol h-1 and Evonik P25: 77 µmol h-1), among the samples shown in
Table 2-2. Since the XRD pattern of this sample gave little information on the
contents; 88% content was non-crystalline phase, which may contain amorphous solids
and water, but the composition of this amorphous solid could not be clarified. In other
words, the samples prepared without HT reaction or with short HT reaction (< 145 min)
cannot be assigned to BWO, bismuth tungstate (Bi 2 WO 6 ), and they might be
"non-BWO" samples. The reason for this higher activity is unclear, and studies on the
characteristics and photocatalytic activity of this sample are now under way. Activities
of samples prepared by HT reaction of duration in the range of 145–300 min were lower
than those of samples with a longer HT duration (ca. 20 µmol h-1, corresponding to ca.
25% of activities of commercial titania samples). The increase in activity with
increase in HT duration is possibly related to the BWO-crystalline (or non-crystalline)
content, suggesting that only crystalline BWO is active for the photocatalytic reaction of
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acetic-acid decomposition. Detailed analysis of photocatalytic activities with other
physical properties, e.g., specific surface area [Amano 2010], and investigation of the
effect of particle morphology on photocatalytic activity as well as the effect of loaded
co-catalysts such as platinum on photocatalytic activity is discussed in Chapter 3.

2.4 Conclusions
The hollow structure of FB BWO particles prepared by HT reaction of an
aqueous suspension containing Bi(NO 3 ) 3 and 10mol% stoichiometric excess of
Na 2 WO 4 was supported by FE-SEM observation of sonicated samples, FE-SEM
observation of FIB-milled samples and UHV-TEM analysis. A model of the formation
mechanism, in which once-formed BOx@HWO core-shell droplets (or fluidic particles)
are converted into hollow FB BWO particles by the reaction of BOx and HWO
migrating from the inside and outside, respectively, was proposed for the first time as
one of the most plausible interpretations being consistent with almost all of the results
of the present study and previous studies on FB-BWO preparations. Ma and
coworkers reported the preparation of solid (with no suggestion of its hollow structure)
FB-structured bismuth oxyiodide (BiOI) particles and their topochemical conversion
into hollow FB BWO particles [Ma 2013]. Considering the proposed mechanism, it
seems probable that (i) the BiOI particles having inner void spaces were produced by a
mechanism similar to that proposed here and converted into FB BWO without
morphological change (topochemical) or (ii) the BiOI particles have a solid structure
and were converted to FB BWO particles by a mechanism similar to that proposed here.
In general, it is believed that HT reactions proceed through growth of particles
via the Ostwald ripening mechanism, i.e., dissolution of smaller particles to be
deposited on larger particles. In this case, particle size is regulated by particle
solubility depending on the size of particles, and the product particles may have the
lowest surface energy, e.g., spherical particles. A hidden (not explicit) condition for
the Ostwald-ripening mechanism is that small particles with the same composition as
that of the final product are produced at the beginning of the reaction. In the present
study, however, it is not reasonable to assume that small BWO particles (or flakes) are
produced by the reaction of bismuth and tungsten components and that these small
particles then grow via the Ostwald-ripening mechanism since such processes cannot
explain (1) why the hollow structure and FB BWO particles do not seem to have the
lowest surface energy and (2) why FB BWO-particles suddenly appear during the HT
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process. A mechanism including fluidic BOx@HWO as a key intermediate could be
an alternative HT-reaction mechanism, especially for the reaction of acid and base
components to liberate practically insoluble products. In the proposed mechanism, HT
conditions would provide the reaction components with higher solubility, but the
Ostwald-ripening mechanism might not be included. To the best of the author's
knowledge, such a non-conventional HT-reaction mechanism including intermediacy of
core shell-structured liquid droplets has not been reported so far.
The information presented here for the characteristic shaped-particle
fabrication may be useful for the development of shape-controlled functional powder
materials.
Further studies on the detailed mechanism, especially the initial
BOx@HWO formation and how the size of BOx@HWO is regulated, as well as on the
correlation of photocatalytic activities with particle morphology is discussed in
Chapters 3 and 4.
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Chapter 3

Multielectron Reduction of Molecular Oxygen in Photocatalytic
Decomposition of Organic Compounds by Bismuth-tungstate Particles
without Cocatalyst Loading

3.1 Introduction
There have been many practical applications of heterogeneous photocatalysis for
oxidative decomposition and/or oxidation of inorganic and organic compounds, including
microorganisms and viruses, in air or water [Nakata 2012/ Augugliaro 2012/ Ochiai 2012].
Among the target materials, organic compounds can be mineralized, i.e., decomposed into
carbon dioxide (CO 2 ) and water, through a mechanism that involves liberation of an
organic radical species by positive holes in a photoabsorbing (photoexcited) photocatalyst
or a hydroxyl radical produced by the reaction of a water molecule (hydroxyl group) and
a positive hole, followed by radical chain reaction with peroxy radicals produced by the
reaction of the initial organic radical and molecular oxygen (O 2 ) [Kato
1964/Schwitzgebel 1995/Torimoto 2004/Ohtani 2008/ Ohtani 2014]. Considering such
activity enhancement by the radical chain mechanism, the overall efficiency of this
photocatalytic organic decomposition (POD) has been reported to be high and quantum
efficiency exceeding 100% was sometimes reported [Ohko 1998], even if the actual
efficiency of utilization of photoexcited electron-positive hole pairs, i.e., intrinsic
quantum efficiency, is very low. In this sense, the reported high efficiency of POD,
especially using titanium(IV) oxide (titania), is attributable to this radical chain
mechanism, not to the frequently suggested high oxidation ability of titania. This is
supported by the fact that some metal-oxide photocatalysts, such as tungsten(VI) oxide
(tungstena), exhibited very low or negligible photocatalytic activity for POD [Abe 2008]
even though the valence-band (VB) top position, i.e., the oxidation ability, of almost all
metal oxides was expected to be the same as that suggested by Scaife [Scaife 1980].
Another example is the lower POD activity of rutile, one of the polymorphs of titania,
which has been explained by its lower (more anodic) conduction-band (CB) bottom
position [Kavan 1996]. Consequently, the parameter controlling the rate of POD might
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be efficiency of O 2 reduction by photoexcited electrons in the CB, which has not been
emphasized in the literature [Ohtani 2014]. For tungstena photocatalysts, it has been
reported that loading of platinum (Pt) deposits on their surface dramatically enhances
their POD activity, presumably through a mechanism that involves multielectron
(probably two electrons) reduction of O 2 on the loaded Pt [Abe 2008], and thus
improvement in the efficiency of the O 2 -reduction step is one of the effective strategies
for enhancing POD activity of metal-oxide photocatalysts other than anatase titania.
As one of the potential photocatalysts exhibiting a high level of photocatalytic
activity even under visible-light irradiation and stability under ultraviolet (UV) irradiation,
bismuth tungstate (Bi 2 WO 6 ; BWO) has attracted the attention of scientists in the field of
photocatalysis. The group in which the present author is working developed a
hydrothermal process for producing BWO particles with a characteristic flake ball (FB)
structure [Amano 2008] and proposed a non-Ostwald-ripening mechanism introducing
the FB structure (See Chapter 2 in this thesis). Although high levels of UV and visiblelight POD activities of FB-BWO, even without a cocatalyst for O 2 reduction, have been
reported [Amano 2010], the present author found that BWO cannot produce hydrogen
(H 2 ) from aqueous methanol even when loaded with Pt deposits in the preliminary studies.
Considering that titania photocatalysts can drive both POD and methanol
dehydrogenation in bare and Pt-loaded forms, respectively, the above-mentioned
behavior of BWO suggests that bare BWO particles drive POD through multielectron O 2
reduction like Pt-loaded tungstena photocatalysts. The results of a thorough study on
the photocatalytic activities of BWO and other bismuth-containing mixed metal oxides
are presented in this chapter.

3.2 Experimental
3.2.1 Sample Preparation
3.2.1.1 BWO Samples
Procedures for preparation of BWO samples were the same as those described
in Chapter 2 and described, in brief, as follows. A mixture of 5.0 mmol bismuth nitrate
pentahydrate (Bi(NO 3 ) 3 ·5H 2 O; Wako Pure Chemical) and 2.75 mmol sodium tungstate
dihydrate (Na 2 WO 4 ·2H 2 O; Wako Pure Chemical) (W/Bi = 0.55) in 70 mL of water was
poured in a sealed Teflon (PTFE) bottle with a stainless-steel outer bottle (San-ai Science
HUT-100) and heated without agitation/stirring at 433 K for 20 h in an oven. After
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cooling to ambient temperature, the resultant slightly yellow product was washed with
Milli-Q water and dried at 393 K in air.
Wet-milled samples (samples WML and WMH) were prepared with a Fritsch
Pulverisette-7 planetary ball mill. A mixture of FB (1.8 g), zirconia beads (0.3 mm; 14.4
g) and Milli-Q water (8.0 mL) in a zirconia bottle (internal volume: 46.6 mL) was agitated
at 500 rpm for 6 h. After separation of the zirconia beads by filtration, a suspension of
the resultant solid in Milli-Q water was sonicated for 2 min by a Yamato–Branson 5510
ultrasonic cleaner (42 kHz; 180 W), left to stand for 25 min at ambient temperature, and
divided into two parts: the upper part (50 mL) containing relatively light particles (sample
WML) and the lower precipitate part containing relatively heavy particles (sample WMH).
Powdery forms of WML and WMH were collected by centrifugation at 3000 rpm for 30
min and drying in air at 393 K overnight.
A part of each BWO sample (samples FB, WML and WMH) was calcined in air
at 773 for 3 h in an electric furnace to obtain samples 500FB, 500WML and 500WMH,
respectively. A dry-milled sample of FB (sample DM) was prepared by manual braying
0.46 g of FB in an agate mortar for 2 h.
3.2.1.2 Reference Samples
Four kinds of titania (Showa Denko Ceramics FP-6: sample FP-6, Evonik P25
(Nippon Aerosil): sample P25, Showa Denko Ceramics ST-G2: sample ST-G2, Tayca
MT-150A: sample MT-150A) and two kinds of tungstena (Kojundo Chemical Laboratory:
sample Kojundo and Aldrich: sample Aldrich) powder were used as received as reference
samples in this study.
3.2.1.3 Pt Loading
In a one-step photodeposition sequence, a 100-mg portion of a sample was
suspended in 50vol% aqueous methanol (10 mL) containing hydrogen hexachloroplatinate(IV) hexahydrate (0.5 or 2.0wt% as metallic Pt) as a Pt source, and the resultant
suspension was placed in a test tube and irradiated at > 290 nm under an argon atmosphere
by a 400-W mercury arc (Eiko-sha 400) for 80 min. The resultant Pt-loaded samples,
generally gray or black in color, were collected, washed with Milli-Q water, and dried at
393 K.
In a two-step sequence, a 5.0-mL aqueous suspension of a 100-mg sample with
the Pt source (2.0wt%) was first irradiated under air and irradiated again under an argon
atmosphere after adding 5.0-mL 50vol% aqueous methanol. The Pt-loaded samples
were recovered in a similar way.
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3.2.2 Characterization of Samples
Details of characterization of samples by scanning electron microscopy, specific
surface area and pore-size distribution by nitrogen adsorption and X-ray diffractometry
were described in Section 2.2 in Chapter 2.

3.2.2.1 Diffusion Reflection Spectrum
Diffuse reflectance spectra of samples were measured by an ultraviolet and
visible spectrophotometer (JASCO V-670) equipped with an integrating sphere unit PIN757 for diffuse-reflectance measurement. Spectra in the wavelength range of 200–700
nm or 200–900 nm were recoded with a scanning rate of 200 nm min-1, bandwidth of 5.0
nm and data uptake interval of 1.0 nm. Barium sulfate (BaSO 4 ) was used as a reference.
In some measurements, the sample was diluted to 10% with BaSO 4 .
3.2.2.2 Photocatalytic Activity Test
Three kinds of photocatalytic reaction systems were used for tests of
photocatalytic activities of samples: (1) oxidative decomposition of acetic acid (POD) in
aerobic aqueous solutions (CO 2 system; CH 3 COOH + 2O 2 → 2CO 2 + 2H 2 O) [Kominami
1996/Kominami 1999/Nishijima 2007], (2) dehydrogenation of methanol in deaerated
aqueous solutions (H 2 system; CH 3 OH → HCHO + H 2 ) [Nishimoto 1985/Kominami
2001] and (3) silver-metal deposition along with O 2 liberation (O 2 system; 4Ag+ + 2H 2 O
→ 4H+ + 4Ag + O 2 ) [Ohtani 1987]. Procedure for CO 2 system was described in detail
in Section 2.2 in Chapter 2. In the H 2 and O 2 systems, 50 mg of a sample was
suspended in 5.0-mL deaerated 50vol% aqueous methanol and deaerated 0.050-mmol L1
aqueous solution of silver fluoride, respectively, and irradiated by a 400-W mercury arc
(Eiko-sha 400) with 1000-rpm magnetic stirring.
In H 2 system, hydrogen
hexachloroplatinate (IV) hexahydrate (0.5 or 2.0wt% as metallic Pt) was added before
irradiation for in-situ Pt loading. Liberated H 2 and O 2 in the gas phase of reaction tubes
were analyzed by gas chromatography using a Shimadzu GC-8AIT equipped with a TCD
and a column packed with molecular sieve 5A. Photocatalytic activities were evaluated
as the rates of liberation of those products.
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3.2.2.3 Qualitative Analysis of Hydrogen Peroxide
To a supernatant solution of a reaction mixture (CO 2 system) after
photoirradiation was added ten drops of 30% aqueous solution of titanium(IV) sulfate
(Wako Pure Chemical) to check the yellow color for detection of hydrogen peroxide.
The detection limit is approximately few tens nanomoles in a 5.0-mL supernatant solution.

3.3 Results and Discussion
3.3.1 Morphology of BWO Samples
Figure 3-1 shows SEM images of the BWO samples used in this study. FB
particles as-prepared by HT of suspensions containing bismuth and tungsten components
exhibited, as has been shown in Chapter 2 [Amano 2007/Amano 2008/Amano
2009/Amano 2010/Hori 2015/Hori 2017], a hierarchical structure (spherical assembly of
flakes of stacked crystallite plates), while wet-milled samples WML and WMH had no
such FB structure. It has been shown that an FB has a spherical inner void space that is
produced during the course of HT synthesis (See Chapter 2.). As also seen in Fig. 3-1,
calcination of samples led to the formation of slightly densified particles (500FB,
500WML and 500WMH), as will be discussed in the following sections, without
changing their basic morphologies.
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Fig. 3-1 FE-SEM images of (a, b) FB, (c) WML, (d) WMH, (e, f) 500FB, (g)
500WML and (h) 500WMH

3.3.2 Crystalline Structure
Figure 3-2 summarizes XRD patterns of samples (taken without an internal
standard NiO for clarity). All patterns of BWO samples coincided with that of authentic
BWO, russellite (Bi 2 WO 6 ; JCPDS card no. 39-0256), pattern [Amano 2010], and no
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other peaks were observed. BWO-crystalline contents and BWO-plate thicknesses, as
well as water (volatile compounds) contents, are listed in Table 3-1. The sample FB
contained ca. 17% of non-crystalline (NC) components, including amorphous solids and
water. Based on the assumption that all of the bismuth and tungsten components in the
starting materials remained in the solid product, not reaction solutions and washings, and
5mol%-excess tungsten in the starting mixture remains as (amorphous) tungstic acid or
(tungsten(IV) oxide monohydrate), minimally ca. 3% of 17% NC was attributed to
tungstic acid. Then the remaining ca. 13% NC part (excluding ca. 1% water) might be
amorphous BWO. The NC content was increased by wet milling to 25% and 19% in
WML and WMH samples, respectively. The higher NC content in WML than in WMH
is attributable to amorphous BWO in smaller particles and possible relatively high water
content (not measured).
The thickness of BWO plates (t BWO ) estimated from crystallite size for
uncalcined samples was ca. 12–14 nm, corresponding to ca. 70 layers of (010) planes,
being consistent with the above-mentioned explanation of possible change by wet milling
leading to disassembly of BWO plates and destruction of plates keeping their thickness.
The thicknesses of WML and WMH samples were almost doubled by calcination
(500WML and 500WMH), while only ca. 40-50% increase in the thickness of FB samples
was observed. Since flakes in FB samples are composed of stacked plates, neighboring
plates may be fused to thicker monocrystalline plates, leading to an increase in crystallite
size D 131 (and t BWO ), the thickness doubling for WML and WMH samples suggests that
two plates, on average, are fused by calcination. For FB samples, however, fusion of
BWO plates to yield thicker monocrystalline plates might be limited because the basal
parts of plates are fixed so as not be able to adjust crystalline lattice matching with each
other. This may cause the lower thickness ratio of ca. 1.5. This hypothesis is
consistent with the above-discussed change in specific surface area and pore volume
(estimated by the HK method) by calcination as discussed in the following sections.
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Fig. 3-2 XRD patterns of BWO samples.

Table 3-1
code

SAa

Physical/structural properties of BWO samples.

crystalline
form

CRb

NCc

water
(%)

D 131
d

/nm

t BWO
e
/nm

V p f/
cm3 g-1
HK BJH

FB
20
russellite
83
17
1
17
14
0.9
0.9
WML
42
russellite
75
25
ndh
15
12
1.8
2.3
h
WMH
43
russellite
81
19
nd
15
12
1.8
2.3
500FB
8
russellite
87
13
ndh
24
20
0.4
0.4
h
500WML
15
russellite
85
15
nd
28
23
0.6
0.9
500WMH
15
russellite
81
19
ndh
28
23
0.6
0.8
g
h
h
Kojundo
3
(hex)
86
14
nd
–
–
nd
ndh
Aldrich
1
(hex)g
51
49
ndh
–
–
ndh
ndh
FP-6
104
anatase
91
9
3
–
–
ndh
ndh
P25
58
anatasei
97
3
2
–
–
ndh
ndh
ST-G2
4
rutile
98
2
0.1
–
–
ndh
ndh
MT-150A 114
rutile
82
18
4
–
–
ndh
ndh
a
Specific surface area in the unit of [m2 g-1]. bCrystallinity (%). cNon-crystalline
content (%). dCrystallite size calculated from 131 XRD peak. eEstimated thickness
of BWO plates from D 131 . fTotal pore volume estimated using the HK or BJH
method. gHexagonal. hNot determined. i Containing a small amount of rutile.
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3.3.3 Specific Surface Area of BWO Samples
As has been reported [Amano 2008], the extraordinarily high SSA of FB (Table
3-1), 20 m2 g-1, for such micrometer-sized particles is attributable to the unique hieratic
FB structure (Fig. 3-1), and SSA of wet-milled samples (WML and WMH) was almost
only doubled (42–43 m2 g-1). This indicates that flakes, stacked crystalline plates, in
sample FB were disassembled into individual pieces, with slight reduction in size, by wetmilling. It should be noted that the change in SSA by calcination depended on the
original particle morphology; 773-K calcination of FB induced negligible change in
morphology as can be seen in Fig. 1, but its SSA was almost halved. Similarly, SSAs of
samples WML and WMH became ca. one third by calcination. These SSA reductions
are attributable to fusion of BWO plates that were separated (at least for nitrogen to be
able to penetrate between plates) before calcination, being consistent with the proposed
change in t BWO in the preceding section.
3.3.4 Pore-size Distribution in BWO Samples
Figures 3-3(a) and 3-3(b) show pore-size distributions of samples calculated by
the HK and BJH methods, respectively. The pore-size distribution estimated by the HK
method assuming slit-type pores (Fig. 3-3(a)) seems to be consistent with the abovementioned changes in flakes in BWO; there seems to be nanometer-sized spaces between
BWO crystalline plates in the as-prepared FB sample and some of those spaces are closed
by the fusion of plates when the sample was calcined (500FB), while wet milling of FB
increases the pore (slit) volume by ca. two fold and calcination of milled samples
decreases the volume by ca. one third, and those pore-volume ratios, 2 and 1/3, seem to
be similar to the ratio of SSA changes (Table 3-1). On the other hand, pore-size
distribution calculated by the BJH method (Fig. 3-3(b)) shows possible spaces between
particles, i.e., interparticle spaces since the range of pore sizes is ca. three orders of
magnification larger than that calculated by the HK method. In this case, the volumes
remained almost constant with calcination for as-prepared FB and wet-milled samples
(WML and WMH) but were increased by wet milling.
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Fig. 3-3

Pore-size distributions of BWO samples calculated using (a) the HK method
and (b) BJH method.

3.3.5 Pt-photodeposited BWO Samples
SEM images of Pt-photodeposited BWO samples are shown in Figs. 3-4 (one
step) and 3-5 (two-step). Small particles in a size range of a few or several nanometers
that were not observed in non-platinized samples are seen in all of the images, and any
form of BWO could be platinized by photocatalytic deposition using hexachloroplatinic
acid and methanol as a precursor of Pt and an electron donor, respectively [Tomita 2014].
Immediately after the commencement of photoirradiation, the color of the suspensions
changed from light pale yellow to dark grey or black, indicating the formation of metallic
Pt particles, but little evolution of hydrogen was detected in either the one-step or twostep deposition method, as is usually observed for deposition of Pt on titania particles.
Different from the results for tungsten(VI) oxide [Abe 2008], two-step deposition did not
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seem to give Pt deposits that are finer than those prepared through one-step deposition,
as far as seen in these SEM images, though there was still a possibility that there were
very fine (below the detection limit of ca. 1 nm in FE-SEM images) Pt particles on the
surface. Since there seems to be no effective way for proving definite contact between
BWO and Pt deposits for electron transfer other than observation of hydrogen evolution
during the course of photocatalytic deposition in the presence of electron donors, it is
impossible to assume that Pt deposits are electrically isolated, i.e., there is no electron
transfer between Pt deposits and BWO at all; at least some effective contact between them
can be assumed on the basis of the above-described SEM observations.
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Fig. 3-4 FE-SEM images of one-step Pt-photodeposited (a-c) FB, (d-f) 500FB, (g-i)
WML, (j-l) 500WML, (m-o) WMH and (p-r) 500WMH.
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Fig. 3-5 FE-SEM images of two-step Pt-photodeposited (a-c) FB, (d-f) 500FB, (g-i)
WML, (j-l) 500WML, (m-o) WMH and (p-r) 500WMH.
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3.3.6 Photoabsorption properties of BWO Samples
Figure 3-6 (upper) shows the diffuse reflectance spectra of BWO samples. The
upward shift of spectra at wavelengths longer than 500 nm might be caused by the
possible difference in reflectivity of the sample and reference BaSO 4 and therefore might
not be true photoabsorption. Although the absorption edge wavelength for all of the
BWO samples was ca. 440 nm, corresponding to a 2.8-eV band gap, the spectrum
curvature in the wavelength range of 350–450 nm of FB samples (FB and 500FB) was
shifted upward, i.e., a shoulder existed, compared with those of milled samples. Figure
3-6 (lower) shows the diffuse reflectance spectra of BWO samples, including sample DM,
diluted (10wt%) with BaSO 4 . Although sample DM had no FB structure in its SEM
image (data not shown), the DM spectrum still contained a shoulder after dry milling.
Based on the assumption that dry milling destroyed the FB structure but did not change
the composition of samples, the shoulder at ca. 400 nm is attributable to a component
(components) removed by wet milling, not to structure-originating color such as optical
confinement [Amano 2009] or multiple reflection in stacked BWO crystalline layers.
One of the most probable candidates for components that were removed is amorphous
tungstena, which might be dissolved by wet milling.
On the basis of these considerations, wet milling might only slightly change the
composition of FB but cause destruction of the FB structure, and optical properties, e.g.,
band-gap photoabsorption, therefore remained almost constant.
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Fig. 3-6 Diffuse reflectance spectra of (upper) neat BWO samples and (lower) BWO
samples diluted (10%) with BaSO 4

3.3.7 Photocatalytic Activities of BWO and Other Metal Oxides
Photocatalytic activities of the BWO samples were examined in three different
photocatalytic reaction systems and compared with those of the other metal oxides, titania
and tungstena (Fig. 3-7). In this study, we focused on the trends of the photocatalytic
activities of metal oxides in the three systems, not on the absolute activities depending on
the kind of metal oxide (For BWO, the structure-activity correlation will be discussed
later.). Actually, titania photocatalysts tended to exhibit higher photocatalytic activities
than those of BWO and tungstena. In Fig. 3-7, the Y-axis for BWO and tungstena is
therefore enlarged by five times.
A characteristic feature of BWO photocatalytic activity was negligible activity
for methanol dehydrogenation (H 2 system) [Kudo 1999/ Fu 2006], similar to the trend of
tungstena, and the actual rate of H 2 liberation by 2wt% Pt-loaded FB was 0.13 µmol h-1.
Because of the expected relatively high overpotential for H 2 liberation on the surfaces of
metal oxides, at least for titania photocatalysts, it is well known and has been well
documented that Pt loading is indispensable for driving photocatalytic H 2 liberation
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[Nishimoto 1985/ Baba 1985/ Ohtani 1997] by reducing the H 2 overpotential to almost
zero. One of the possible reasons for this negligible BWO activity in the H 2 system is
a poor or negligible effective electric contact between substantial Pt deposits and BWOparticle surfaces. However, as was discussed in the preceding section, it is not
reasonable to assume a negligible effective electric contact for Pt deposits produced by
reduction of the Pt precursor with photoexcited electrons in BWO (or tungstena) or the
presence of completely insulating layers between the metal-oxide surfaces and Pt
particles. Furthermore, POD-activity enhancement by Pt loading, as discussed later,
supports possible electron transfer from BWO to Pt deposits. Therefore, it can be
assumed that the potential of photoexcited electrons in BWO, i.e., potential of the CB
bottom (CBB) of BWO, is lower than the standard electrode potential (SEP) of
proton/hydrogen (0 V; SHE = E(H+/H 2 )), as has been shown for tungstena based on the
results of platinization [Abe 2008].
For oxygen liberation from aqueous silver-fluoride solutions (O 2 system), BWO
samples, as well as tungstena samples, exhibited appreciable activities. Since it has been
shown that the larger the size of titania photocatalyst particles is, the higher is the activity
in the O 2 system and vice versa, as was seen for small-sized (ca. 13 nm) MT-150A titana
particles [Prieto-Mahaney 2009/Ohtani 2010], the higher activities of calcined BWO
samples and commercial tungstena samples with large surface areas can be interpreted
similarly. Therefore, the CBB of BWO must be higher than the SEP of silver ion/silver
metal (0.80 V vs SHE), and this assumption is consistent with the fact that
photodeposition of Pt proceeds on BWO (and tungstena) through the reduction of
hexachloroplatinum(IV) ions with photoexcited electrons.
The above-mentioned trends were commonly observed for BWO and tungstena,
but different trends were observed for acetic-acid decomposition (CO 2 system); the BWO
samples showed photocatalytic activities that were higher than or comparable to those of
titania samples, while the activities of tungstena samples were low and were enhanced to
be a comparable level by Pt loading. As was reported previously [Abe 2008], such a
low level of tungstena activity is attributable to the tungstena CBB potential, which is
lower than the SEP of one-electron reduction of oxygen, and enhancement of the activity
by Pt loading is attributable to the catalytic action of Pt deposits enabling two-electron
reduction of oxygen. It should be noted that BWO photocatalytic activities were also
enhanced by Pt loading, and this fact supports the above-mentioned assumption that Pt
deposits on BWO particles have electrical contact enabling transfer of electrons in BWO
to the Pt deposits. However, the actual enhancement ratio, i.e., the ratio of activity of a
platinized sample to that of a non-platinized sample, was smaller than 2 except for the
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case of 500FB (ca. 3) (The reason for this exception is discussed in the following section.),
while the enhancement ratios for titania and tungstena samples were approximately 5.

Fig. 3-7 Photocatalytic activities of BWO, tungstena and titania samples in (a) CO 2
(bare), (b) CO 2 (with loaded Pt), (c) H 2 (with loaded Pt) and (d) O 2 systems.

3.3.8 POD Activities of Bare and Platinized BWO Samples
Figure 3-8 shows the photocatalytic activities of BWO samples with or without
loaded Pt deposits for decomposition of acetic acid in aqueous suspensions under aerobic
conditions (CO 2 system). Among the uncalcined bare samples, the activity of FB was
the highest. One of the possible (and frequently stated) reasons is that wet milling induces
the formation of amorphous (defective) layers, which may enhance the recombination of
electrons and positive holes as well as disassembly of flakes in FB. The lower activity
of milled samples recovered, or became even better than that of FB, by calcination, since
the above-mentioned amorphous layers might be recrystallized. On the other hand, the
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activity of FB, which may be sufficiently crystallized during HT, was almost constant
even after calcination.
The activities of bare BWO samples were improved due to the enhanced twoelectron reduction process catalyzed by Pt deposits, but bare BWO samples may drive
this two-electron oxygen reduction and thereby the enhancement ratios were not so high
compared with the ratios for tungstena with poor two-electron reduction ability and titania
with relatively high single-electron reduction ability. The enhancement ratios for BWO
samples depended on the amount (data not shown) and on the conditions for Pt
photodeposition (Fig. 3-8), and the differences in activities may be closely related to the
density of Pt deposits and the contact between BWO surfaces and deposits. However,
roughly speaking, the enhancement ratios for BWO samples were ca. 2 or less. This is
consistent with the proposal that BWO can drive multielectron reduction of O 2 . As
described in the preceding section, an exception is the ratio for 500FB, which was slightly
higher than 2. A possible explanation is as follows. As was indicated by the porevolume analysis, there may be spaces between crystalline plates in flakes of uncalcined
FB, and the calcination induces fusion of plates to give thicker plates in 500FB.
Assuming negligible penetration of chloroplatinic acid and Pt deposition in the spaces in
FB, only the outer plates could be platinized and the inner plates were left not-platinized,
while for the calcined sample (500FB), platinization of the outer plates can activate the
inner part since they are fused. This speculation means that the enhancement ratio of
FB was underestimated.
Similarly lower enhancement ratio (or negligible
enhancement) of photocatalytic activity of uncalcined milled samples (WML and WMH)
could be interpreted by the suggested amorphous (defective) layers on their surfaces that
retard the electron transfer to Pt deposits.
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Fig. 3- 8 Photocatalytic activities of (white) bare, (gray) one-step Pt-photodeposited
and (black) two-step Pt-photodeposited BWO samples in the CO 2 system.

3.3.9 Mechanism of O 2 Reduction in BWO Photocatalysis
The findings described above and previously reported results for POD activity
of Pt-loaded tungstena lead to the mechanistic interpretation of bare-BWO POD activity
with multielectron reduction of O 2 on BWO photocatalyst particles. The estimated band
positions and related SEPs are shown in Fig. 3-9. In the H 2 system, in which protons
(water) are reduced by photoexcited electrons, the fact that BWO shows negligible
photocatalytic activity indicates that the CBB position of BWO (at pH = 0) is lower than
the SHE (E(H+/H 2 )). Based on the assumption of a pH-dependent shift in the band
position of metal oxides [Bard 1982], the BWO CBB position is, at any pH, lower (more
anodic) than E(H+/H 2 ). Then, assuming that the VB-top (VBT) position of BWO is the
same as those of other metal oxides [Scaife 1980], such as anatase and rutile titania
[Kavan 1996], and that the band gap of BWO is 2.8 eV, the BWO CBB is estimated to be
0.24 V, which is lower (more anodic) than E(H+/H 2 ) and consistent with the abovementioned interpretation. On the other hand, CBB positions of anatase and rutile titania
were estimated to be slightly higher (more cathodic) than E(H+/H 2 ) based on the results
of statistical analysis of photocatalytic activities of titania samples [Prieto-Mahaney
2009/Ohtani 2010], being consistent with the reported titania band positions [Kavan
1996]. For photocatalytic reactions involving O 2 reduction by photoexcited electrons,
it is necessary to compare the CBBs with corresponding SEPs. There are two possible
SEPs for one-electron O 2 reduction: (1) oxygen/hydroperoxy radical (O 2 + H+ + e– =
HO 2 •, E(O 2 /HO 2 •) = –0.05 V at pH=0) [Bard 1985] and (2) oxygen/superoxide anion
radical (O 2 + e– = O 2 •–, E(O 2 /O 2 •–) = –0.28 V) [Bard 1985]. The rutile CBB position
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is estimated to be 0.04 V at pH = 0 [Kavan 1996], lower than E(O 2 /HO 2 •), and thereby
one-electron oxygen reduction may not proceed. This is a possible explanation of the
apparently lower photocatalytic activity of rutile than that of anatase when the POD
activity test was performed under the conditions of pH lower than pK a of hydroperoxy
radical, 4.85 [Rao 1975]. Since the CBB positions of BWO and tungstena are even
lower than the rutile CBB position as shown in Fig. 3-9, one-electron O 2 reduction is not
allowed in acidic (pH ca. 1) acetic-acid suspensions. Loading of cocatalysts for
multielectron O 2 reduction such as Pt onto tungstena, therefore, enhances the POD
activity [Abe 2008]. On the other hand, BWO can drive POD without cocatalyst loading
through multielectron reduction, though it cannot be concluded whether the number of
electrons for O 2 reduction is two (O 2 + 2H+ + 2e– = H 2 O 2 , E(O 2 /H 2 O 2 ) = 0.70 V at pH
= 0) [Bard 1985] or four (O 2 + 4H+ + 4e– = 2H 2 O, E(O 2 /H 2 O) = 1.23 V at pH = 0) [Bard
1985], since SEPs of these processes are sufficiently lower (more anodic) than the BWO
CBB.
There can be another interpretation (or other interpretations) for the appreciable
POD activity of BWO having a lower CBB, e.g., one-electron O 2 reduction proceeds by
electron transfer from the CBB to surface-adsorbed O 2 , the potential of which is lowered
by modification of the electronic structure due to adsorption on the BWO surface. It
should be noted that it is scientifically impossible to exclude any possibilities other than
the above-mentioned multielectron O 2 reduction mechanism.
The reason why BWO can drive multielectron O 2 reduction is unknown at
present, but a preliminary study on photocatalytic activities of another bismuth tungstate
and bismuth molybdates (Table 3-2) suggested that inclusion of a bismuth component
may be a key for the multielectron O 2 reduction; similar photocatalytic-activity trends
observed for Bi 2 W 2 O 9 , Bi 2 MoO 6 , Bi 2 Mo 2 O 9 and Bi 2 Mo 3 O 12 particles exhibiting
appreciable CO 2 (POD) activities but negligible H 2 activity suggest bismuth components
in the tungstate and molybdates enable multielectron O 2 reduction [Amano 2018].
Another significant finding in the laboratory in which the present author is
working is that titania POD activity is markedly enhanced by deposition of bismuth-metal
or oxide particles on the titania-particle surface, presumably due to induction of
multielectron O 2 reduction [Kowalska 2018]. Thus, it is expected that studies on
catalytic functions of bismuth components/compounds will lead to novel strategies for
the development of highly active photocatalysts for decomposition of organic/inorganic
compounds in the presence of O 2 .
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Fig. 3-9 Estimated conduction band-bottom (CBB) positions of anatase, rutile,
tungstena and BWO and (standard) electrode potential as a function of pH.

Table 2 Structural properties and photocatalytic activities of bismuth tungstate
and bismuth molybdates prepared by HT and calcination in CO 2 , H 2 and O 2
systems.
activityc/µmol h-1

code

composition

SSAa
/m2 g-1

BGb
/eV

CO 2

H2

O2

BWO-2

Bi 2 W 2 O 9

1

2.90

21

7

11

BMO-1

Bi 2 MoO 6

4

2.65

8

0.03

6

BMO-2

Bi 2 Mo 2 O 9

2

2.66

25

< 0.01

2

BMO-3

Bi 2 Mo 3 O 12

1

2.58

12

< 0.01

1

a

Specific surface area estimated from nitrogen adsorption at 77 K using the BET
equation. bBand gap estimated from the absorption edge wavelength of diffuse
reflectance spectra. cPhotocatalytic activities in CO 2 , H 2 and O 2 systems.
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3.3.10 Attempts for Detection of Hydrogen Peroxide in POD by BWO
It is expected that hydrogen peroxide (H 2 O 2 ) was liberated, at least as reaction
intermediate, when two-electron O 2 reduction proceeds on BWO. In qualitative H 2 O 2
detection experiments using titanium(IV) sulfate, a yellow color suggesting the liberation
of H 2 O 2 was observed when photoirradiated POD reaction mixtures containing FB,
WML or WMH samples were examined. However, the estimated molar amount of
H 2 O 2 was maximally a few tens of nanomoles and could be negligible compared with the
amount of liberated CO 2 .
It should be noted that the above-described results prove neither two-electron O 2
reduction nor one (or four)-electron O 2 reduction on BWO photocatalysts. (1) Even if
two-electron O 2 reduction proceeds, the resultant H 2 O 2 can be easily further reduced to
water since the SEP for further reduction, E(H 2 O 2 /H 2 O) (1.78 V vs SHE) [Bard 1985], is
more anodic than E(O 2 /H 2 O 2 ). Even if the produced H 2 O 2 remains unreacted, the
amount should be small compared to that of CO 2 liberation, since POD is accelerated by
the radical chain mechanism in which the actual number of utilized positive holes (and
excited electrons) is much smaller than that of the actual oxidized product [Torimoto
2004]. (2) Even if only one-electron O 2 reduction takes place, H 2 O 2 can be liberated
by the following second electron transfer, i.e., detection of an appreciable amount of
H 2 O 2 cannot be proof excluding one-electron reduction. Thus, such product analysis or
trapping experiments do not seem to be effective for proving the mechanism.

3.3.11 Structure-dependent POD Activity of BWO Samples
In the preceding section, POD activities of BWO samples were discussed; lower
activities of wet-milled samples were attributed to the possible creation of crystalline
defects, enhancing electron-positive hole recombination, by wet milling, and calcination
might reduce the defect density for recovery of POD activity. Similar trends were
observed commonly in two reaction systems, CO 2 and O 2 systems, and seem reasonable
since electron-hole recombination takes place commonly in photocatalytic reactions.
However, considering that four positive holes are required for O 2 liberation in the O 2
system and assuming multielectron O 2 reduction in the CO 2 system when BWO is used
as a photocatalyst, it is possible to interpret the photocatalytic-activity trends by assuming
an "effective size" of particles for driving multielectron transfer that requires multiplephoton absorption.
Since flakes, assemblies of crystalline BWO plates, were
decomposed into small thin platelets by wet milling, the effective particle size was
markedly decreased, resulting in much lower probability of multiphoton absorption by
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one particle of WML or WMH. While calcination of those wet-milled samples might
reduce the density of detrimental crystalline defects, SSA was reduced to ca. one third,
suggesting the fusion of thin small platelets to particles of larger effective size. Based
on the results of statistical analysis, it has been suggested the titania photocatalytic
activities in the O 2 system are mainly controlled by secondary particle size, i.e., size of
aggregates of crystallites, presumably because O 2 liberation requires multiphoton
absorption and positive holes can migrate within a particle aggregate. Therefore, it is
expected that calcination-induced fusion of thin BWO platelets in WML and WMH
increases the effective particle size for multielectron transfer. On the other hand,
calcination of FB caused negligible morphological change and, thereby, photocatalytic
activities were almost the same even after calcination.
On the basis of these considerations, the author has performed preliminary
kinetic studies including light-intensity dependence to obtain results being consistent with
the above-proposed multielectron O 2 reduction mechanism, and the details are discussed
in Chapter 4 in this thesis.

3.4 Conclusions
On the basis of the experimental results reported in this paper and previously
reported results, it is proposed that pristine, i.e., non cocatalyst-loaded BWO
photocatalyst particles, can drive efficient POD in an aqueous suspension through a
mechanism involving multielectron O 2 reduction as a key reaction step. One of the
significant findings is that it is not necessary to load a cocatalyst onto BWO. Such
multielectron O 2 reduction can be driven even by metal-oxide photocatalysts having a
lower CBB potential, such as tungstena, if they are loaded with noble-metal deposits for
multielectron O 2 reduction [Abe 2008], and the present BWO particles might be the first
example for multielectron O 2 reduction by a pristine metal-oxide photocatalyst within the
author's knowledge (Improbable one-electron oxygen reduction (and possible twoelectron reduction) by BWO was suggested previously on the basis of the
calculated/estimated CBB position without any experimental evidence [Saison
2013/Sheng 2014].). Since it is practically impossible for metal oxides to reduce the
band gap for visible-light absorption keeping the CBB potential higher (more cathodic)
than SEP of one-electron oxygen reduction and multielectron O 2 reduction requires a
lower CBB potential than the usual one-electron oxygen reduction does, activation of
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smaller band-gap metal oxides by giving them multielectron O 2 -reduction ability is a
good strategy for the design and development of an efficient visible light-sensitive
photocatalyst for POD.
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Chapter 4

Kinetic Analysis Proving Multielectron-reduction of Oxygen in Bismuth
Tungstate-photocatalyzed Oxidation of Organic Compounds

4.1 Introduction

It is no doubt that heterogeneous photocatalysis is one of the most promising
technologies for advanced oxidation processes, i.e., heterogeneous photocatalysis has
been and will be applied to practical processes for decomposition of various
organic/inorganic compounds in water or air [Ohtani 2013/Ohtani 2013b]. One of the
significant merits of photocatalytic oxidation in practical applications is the chemical
processes do not necessarily cleave an bond of oxygen (O 2 ) molecule to produce oxygen
active species as a primary step, i.e., photocatalytic oxidation proceeds through positivehole transfer and subsequent radical-chain reactions, and O 2 is just used for scavenging
photoexcited electrons, as a counter part of hole-induced oxidation, and for capturing
intermediate radical species to liberate peroxy radicals as a chain carrier. It has been
well known that titania, the most frequently used photocatalyst, can reduce O 2 easily with
photoexcited electrons [Nakata 2012/Augugliaro 2012]. In other words, high-level
efficiency of titania-induced photocatalytic organics decomposition in air or water is
guaranteed by the reduction of O 2 with photoexcited electrons, but not by the oxidation
ability of titania photocatalysts, since the valence-band top position of almost all the
simple and mixed metal oxides seems to be same [Ohtani 2014/Hori 2017]. Then, for
the other metal oxide photocatalysts which can also absorb visible light as well as
ultraviolet light, i.e., having smaller band gaps, the conduction-band (CB) bottom position
of which is appreciably low (anodically shifted) and thereby one-electron reduction of O 2
cannot proceed to result in their poor activity of organics decomposition.
As is shown in Chapter 3 of this thesis it has been elucidated [Hori 2017] that
bismuth tungstate (Bi 2 WO 6 ; BWO) with relatively low CB-bottom position that is not
sufficient to drive one-electron O 2 reduction can drive efficient photocatalytic organics
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decomposition under visible-light irradiation through a mechanism of multielectron
reduction (MER) of O 2 . This was supported by the observed photocatalytic activities
which depends strongly on the kinds of substrates to be reduced by the CB electrons, on
the basis of estimated CB-bottom position, i.e., the thermodynamic evidence [Fu
2006/Saison2013]. However, it was also observed that tungsten(VI) oxide (WO 3 ;
tungstena), whose CB-bottom position is also estimated to be insufficient to drive oneelectron reduction, was activated only when loaded with platinum [Abe 2008], tungstencarbide [Kim 2008], copper(II)-oxide [Arai 2008] or copper oxide cluster [Irie 2008]
deposits as a catalyst for O 2 MER. However, the thermodynamic evidence cannot
exclude the possibility that BWO drives one-electron reduction, not MER, of O 2 by
unknown mechanism.
In the discussion on such multielectron/positive hole processes in photocatalysis,
there seemed to have been misunderstandings of its meaning. In order to check the
ability for driving photocatalytic reactions, CB bottom (or valence-band top) position of
a photocatalyst material is compared with standard electrode potentials (SEPs) of reaction
substrate(s), the most important thermodynamic concept in electrochemistry. The
number of electrons discussed here for multielectron/positive hole transfer is the number
of electrons included in the definition of SEP. For example, SEPs for two-electron O 2
reduction (O 2 + 2H+ + 2e– = H 2 O 2 , 0.70 V vs SHE) [Bard 1985] and four-electron O 2
reduction (O 2 + 4H+ + 4e– = 2H 2 O, 1.23 V vs SHE) [Bard 1985] assumes electrochemical
equilibrium, i.e., forward and backward currents cancel out to be totally no current; at
least two or four electrons must move both forward and backward in the former and latter
electrochemical equilibria, respectively. In electrochemical systems, the number of
transferred electrons (n) may be estimated by checking the actual electrode potential, e.g.,
if the potential of an electrode for O 2 reduction is 1 V, four-electron, but not two-electron,
process is presumed. However, such electrode potential cannot be measured in
photocatalytic reaction systems, and, before discussing the electrode potential, the
presence of multiple electrons/positive holes to be transferred is not guaranteed. Thus,
thermodynamic approach may not give any answers for n.
There have been published a few papers discussing the number n for O 2 MER
by measuring the possible intermediate(s). An example is detection of hydrogen
peroxide (H 2 O 2 ) as a product of two-electron reduction [Sheng 2014], but H 2 O 2 can also
be produced by one-electron reduction of O 2 (O 2 + H+ + e– = HO 2 •, –0.05 V vs SHE)
[Bard 1985] followed by reduction of HO 2 • to H 2 O 2 . Furthermore, even if H 2 O 2 is
produced by one or two-electron O 2 reduction, H 2 O 2 may disappear due to the further
reduction to water since its SEP (H 2 O 2 + 2H+ + 2e– = H 2 O, 1.78 V vs SHE) [Bard 1985]
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is lower (more anodic) than those of one or two-electron O 2 reduction, as has been
discussed in Chapter 3 of this thesis.
Thus, proving the proposed O 2 MER is challenging, since thermodynamic and
product-analytical methods cannot exclude the other possibilities. The kinetic evidence
supporting further O 2 MER in BWO photocatalysis is described in this chapter.
Although, of course, this cannot solve the problem excluding the other possible
interpretations, discussion on the effect of BWO particle size and shape on the
photocatalytic activity with a newly developed kinetic model will give new insights on
the mechanism which have not been proposed so far in the field of photocatalysis.

4.2 Experimental
4.2.1 Sample Preparation
Procedures for preparation of BWO samples were the same as those described
in Chapters 2 and 3.
4.2.2 Characterization of Sample Powders
Measurements by scanning electron microscopy and diffuse reflectance
spectroscopy are described in Chapters 2 and 3.
4.2.3 Action Spectrum Analysis
A 30-mg portion of sample was suspended in a 5.0vol% aqueous solution (3.0
mL) of acetic acid in a quartz cell and irradiated under aerobic conditions using a
diffraction grating type illuminator (Jasco CRM-FD) equipped with a 300-W xenon lamp
(Hamamatsu Photonics C2578-02). The intensity of monochromatic irradiation (ca. 15nm accuracy) was measured by a Hioki 3664 light-power meter equipped with a 9742
light sensor to be in the range of ca. 2–4 mW. The liberated carbon dioxide (CO 2 ) was
analyzed by a Shimadzu GC-8A gas chromatograph equipped with a TCD and a PorapakQ column. Photocatalytic activities were evaluated as rate of CO 2 liberation, and
apparent quantum efficiency was evaluated ratio of the rate (mol s-1) to the light flux (mol
s-1).
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4.2.4 Light-intensity Dependence Analysis
Light-intensity dependence (LID) of the photocatalytic reaction rate in low
intensity (< ca.10 mW) region was measured using the above-mentioned illuminator at
the wavelength of 320, 350, 380 and 410 nm. For high-intensity irradiation, 356-nm
UV-LED (NS-Lighting ULDEN-101) emitting maximally ca. 320 mW was used. Light
intensity was measured as total power of light in the irradiated area (1-cm square) in the
unit of mW. Except for the highest intensity region for the UV-LED irradiation (> 250
mW) in which the center-part was high, irradiation seemed almost homogeneous and the
measured intensity can be equal to that shown with the unit of mW cm-2.

4.3 Results and Discussion
4.3.1 Structural and Physical Properties of BWO Samples
Figure 4-1 shows FE-SEM images of the BWO samples used in this study. As
has been already reported [Hori 2015/Hori 2017b], hydrothermal reaction of a mixture of
bismuth nitrate and sodium tungstate leads to formation of FB-BWO micrometer-sized
particles with hierarchical structure, i.e., spherical assembly of flakes of stacked
crystallite plates. Wet milling of these FB-BWO particles decomposed FB structure into
nanometer-sized platelets, ML and MH-BWO; aggregates of those platelets might have
been formed during drying after wet milling.
There seemed no difference in
morphology between ML and MH as far as seen in the images in Fig. 4-1. Calcination
of these samples at 773 K in air did not lead to obvious change in morphology; the flakes
of FB became slightly thicker presumably due to fusion of the BWO plates to result in ca.
2-times lower specific surface area, as described in Chapter 3 of this thesis.
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Fig. 4-1

FE-SEM images of BWO samples. (a, b) FB, (c, d) 500FB,
(e, f) ML, (g, h) 500 ML, (i, j) MH and (k, l) 500MH.

4.3.2 Comparison of Photocatalytic Activities under Low-intensity Monochromatic and
Polychromatic Irradiation Modes
Figure 4-2 is plots of photocatalytic activities of BWO samples under lowintensity monochromatic photoirradiation (by a monochromator) as a function of those
under polychromatic mercury-arc irradiation [Ohtani 2010/Amano 2009] (> ca. 290 nm;
ca. 33 mW for total irradiation area of ca. 2.5 cm2). The intensity of those
monochromatic irradiation was in the range of several milliwatts but there seemed to be
a trend of almost proportional relation between the photocatalytic activities under
monochromatic and polychromatic irradiations. Furthermore, as shown in Fig. 4-3,
there was also a linear relation between photocatalytic reaction rate of CO 2 liberation
from acetaldehyde in air and acetic acid in water under aerobic conditions. Therefore,
it is reasonable to use the present acetic-acid decomposition under monochromatic
irradiation as a test reaction system for analysis of fundamental mechanism of
photocatalytic organics decomposition in the presence of O 2 .
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Fig. 4-2 Photocatalytic activities of BWO samples under monochromatic
irradiation (closed circles, open circles and triangles correspond to irradiation at
320, 350 and 365 nm, respectively) as a function of those under polychromatic
mercury-arc irradiation.

Fig. 4-3 Comparison of photocatalytic reaction rates of gas-phase acetaldehyde
decomposition in air and liquid-phase acetic acid decomposition in water under
aerobic conditions.
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4.3.3 Diffuse Reflectance and Action-spectrum Analysis of BWO Samples
DR spectra of BWO samples are shown in Fig. 4-4. A shoulder was observed
in the DR spectra of FB and 500FB samples in addition to ordinary absorption onset at
ca. 420–450 nm observed for ML, MH, 500 ML and 500 MH samples (In other words,
DR spectra of FB and 500FB were red shifted compared with those the other samples).
If all the BWO samples used in this study are composed of pure bismuth tungstate, such
absorption would be due to structural color. However, no appreciable shoulder in action
spectra of FB and 500FB samples were observed (as discussed below) suggesting that the
shoulder in DR spectra is an artifact without substantial photoabsorption by BWO. As
discussed in the previous chapter (Chapter 3), one of the most probable reason for the
shoulder is an amorphous tungstena component possibly remaining in hydrothermally
synthesized FB-BWO, but not structural color such as multiple reflection of light incident
vertically to the plates of FB-BWO particles, though such structural color in FB-BWO
had been speculated [Amano 2009]. As has been shown in the introduction of this paper,
(amorphous) tungstena may have poor ability toward photocatalytic organics
decomposition and therefore the shoulder might not appear in the action spectra of FB
and 500FB samples.
Although the action spectra for uncalcined milled samples (ML and MH) were
scattered, due to one-order of magnitude lower intensity compared with mercury-arc
irradiation and relatively low photocatalytic activity, and not clear for onset wavelengths,
the action spectra of all the BWO samples were similar to each other in rough estimation
and it is reasonable to assume that bandgap excitation of BWO drives photocatalytic
acetic-acid decomposition under aerobic conditions.
On the basis of physicochemical background of action-spectrum analysis on
heterogeneous photocatalytic reactions [Ohtani 2010c/Ohtani 2014], coincidence of
(diffuse reflectance) absorption and action spectra, as for above-mentioned BWO samples,
suggests that quantum efficiency, i.e., efficiency of utilization of photoexcited electronpositive hole pairs, is independent of irradiation wavelength. In other words, in such a
case, the observed rate of photocatalytic reaction is proportional to the light intensity, i.e.,
the order of LID is unity for the photocatalytic oxidative decomposition of acetic acid by
the BWO samples. However, such first-order LID seems strange for photocatalytic
oxidative decomposition of organic compounds under aerobic conditions, because radical
chain reaction may be involved in the mechanism of photocatalytic processes leading to
0.5th LID [Kato 1964/Ohko 1998/Torimoto 2004].
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Fig. 4-4 DR and action spectra of (a) as-prepared FB, ML and MH
samples and (b) 773 K-calcined 500FB, 500ML and 500 MH samples.
For action spectra, apparent quantum efficiency standardized to be 100 at
the wavelength of 320 nm was plotted as a function of wavelength of
monochromatic light.

4.3.4 LID of Photocatalytic Reaction by BWO Samples
Figure 4-5 is plots of wavelength dependences of apparent quantum efficiency
and order of LID for the BWO samples. As discussed with Fig. 4-2, the photocatalyticactivity trends under monochromatic irradiation were similar to those under mercury-arc
irradiation; among uncalcined samples, FB exhibited the highest activity, while wetmilled samples (ML and MH) poor activity at any wavelength, and calcination enhanced
the activity, especially for the milled samples to result in the highest activities among all
six BWO samples, as discussed in Chapter 3 [Hori 2017].
Then, LIDs were measured
in each set of monochromatic irradiation by changing the light intensity of maximally ca.
10 mW, and the results were shown in the lower panels in Fig. 4-5. The order of LIDs
was almost equal to or slightly lower than unity in almost all the cases, as had been
predicted by the above-mentioned action-spectrum analysis (Fig. 4-4) using similar lowlevel light intensity. Exceptions were LIDs of ML and MH under irradiation of 320 and
350 nm and the order was in the range of 1.3–1.5. Again, such LID order higher than
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unity suggested the complexed mechanism, probably including higher-order LID
processes, that is different from titania-photocatalyzed organics decomposition.
Figure 4-6 shows double-logarithmic plots of the reaction rate and light intensity
observed in the FB or ML-photocatalyzed acetic-acid decomposition under high-intense
365-nm UV-LED photoirradiation. Approximate orders of LID estimated from the
slope of lines were shown by triangles. Although the rates by those two BWO samples
at the same intensity were different, both LIDs were trimodal; FB and ML exhibited the
change of approximate LID order of 1–0.5–2 and 2–1–0.5, respectively, with increasing
light intensity. The second-order LID at the highest and the lowest intensity regions for
FB and ML, respectively, seemed uncertain, but the order higher than unity could surely
be observed. This higher order LID of ML at the lowest intensity region may correspond
to the 1.3–1.5th order in Fig. 4-5. The change of LID order 1 to 0.5 was commonly
observed, and threshold intensity (Ithr) of this change of order was ca. 4 and 80 mW for
FB and ML, respectively. The bimodal 1–0.5th order and difference in Ithr depending
on the kind of photocatalysts may be the key for understanding BWO inducedphotocatalysis kinetics.
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Fig. 4-5 Wavelength dependences of (upper) apparent quantum
efficiency and (lower) LID order of the BWO samples. Black, dark grey,
light gray and white bars correspond to data at 320, 350, 380 and 410 nm,
respectively. Figures in the upper panels correspond to photocatalytic
activity measured under mercury-arc irradiation standardized to be 100 for
FB.
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Fig. 4-6 Double-logarithmic plots of the reaction rate (R) and light
intensity (I) observed in the FB or ML-photocatalyzed acetic-acid
decomposition under high-intense 365-nm UV-LED photoirradiation (open
circles). Data obtained by the diffraction grating type illuminator were
also plotted; closed triangles, circles and squares correspond to irradiation
wavelength of 320, 350 and 380 nm.

4.3.5 Kinetic Model Reproducing Bimodal (Trimodal) Light-intensity Dependence s
A kinetic model proposed here includes two fundamental assumptions. One is
radical chain reaction of decomposition of reaction substrate (RH) with peroxy-radical
chain carrier (RO 2 •) and the other is necessity of successive accumulation of electrons in
one BWO particle (<BWO>); one-electron bearing particle (<BWO(1e)>) is produced by
the reaction of a positive hole and RH, but assumed to undergo backward reaction to
disappear unless the second electron is created within the lifetime of <BWO(1e)> to give
a two electron-bearing particle (<BWO(2e)> ), which reduce O 2 by two-electron transfer.
In other words, one-electron bearing BWO (actually <BWO(1e)-R•>) does not have
sufficient ability to reduce O 2 in one-electron reduction mode, and <BWO(2e)> can
release R• accompanied by two-electron reduction of O 2 . Therefore, on the assumption
that <BWO(1e)> has very short life time and positive hole once transferred to RH does
not contribute practical consumption of RH, only <BWO(2e)> produces R 2 • for overall
reaction. For simplicity, deactivation of < BWO(2e)> to <BWO> or <BWO(1e)> and
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change in O 2 (surface) concentration are neglected. The reactions involved in BWO
photocatalysis are as follows.

(reaction step)
<BWO> + hv → < BWO(1e)>
< BWO(1e)> + hv → < BWO(2e)>
<BWO(1e)> → <BWO>
< BWO(2e)> + RH → <BWO> + R•
R• + O 2 → RO 2 •
RO 2 ・+ RH → RO 2 H + R•
2RO 2 • → RO 4 R

(rate)

(description)

Iψ 0 φ
first excitation (eq. 4-1)
Iψ 1 φ [BWO(1e)] second excitation (eq. 4-2)
k d [BWO(1e)]
deactivation
(eq. 4-3)
k r [BWO(2e)][RH] radical formation (eq. 4-4)
k i [R•][O 2 ]
initiation
(eq. 4-5)
k p [RO 2 •][RH]
propagation
(eq. 4-6)
2
k t [RO 2 •]
termination
(eq. 4-7)

where I, ψ 0 , ψ 1 , φ and k's are light intensity, absorption efficiency of <BWO>, absorption
efficiency of <BWO(1e)> and rate constants. The efficiency of excitation to create an
electron-positive hole pair, φ, can be assumed to be the same for <BWO> and
<BWO(1e)>, since the efficiency depends predominantly on the properties of BWO,
while photoabsorption coefficients, ψ 0 and ψ 1 , may be different, since ψ 0 depends
predominantly on the bulk composition, i.e., photoabsorption coefficient of BWO, but ψ 1
must depend also on the effective size of a particle, as discussed later.
By applying steady-state approximation on <BWO(1e)>, <BWO(2e)>, R• and
RO 2 • (d[BWO(1e)]/dt = d[BWO(2e)]/dt = d[R•]/dt = d[RO 2 •]/dt = 0), following
equations are derived.
[BWO(1e)] = Iψ 0 φ / (k d + Iψ 1 φ)
[BWO(2e)] = I2ψ 0 ψ 1 φ2 / k r [RH](k d + Iψ 1 φ)
k r [BWO(2e)][RH] = k i [R•][O 2 ] – k p [RO 2 •][RH]
k t [RO 2 •]2 = k i [R•][O 2 ] – k p [RO 2 •][RH] = k r [BWO(2e)][RH]

(eq. 4-8)
(eq. 4-9)
(eq. 4-10)

= I2ψ 0 ψ 1 φ2 / (k d + Iψ 1 φ)
[RO 2 •] = {I2ψ 0 ψ 1 φ2 / k t (k d + Iψ 1 φ)}1/2

(eq. 4-11)
(eq. 4-12)

Then, overall rate (r) is obtained as,

r = –d[RH]/dt = k r [BWO(2e)][RH] + k p [RO 2 •][RH]
= I2ψ 0 ψ 1 φ2/(k d + Iψ 1 φ) + k p [RH]{I2ψ 0 ψ 1 φ2 / k t (k d + Iψ 1 φ)}1/2
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(eq. 4-13)

= I2ψ 0 ψ 1 φ2/(k d + Iψ 1 φ) + α{I2 / (k d + Iψ 1 φ)}1/2,

(eq. 4-14)

where α = k p [RH](ψ 0 ψ 1 φ2 / k t )1/2. The first and second terms in eq. 4-14 correspond to
consumption of RH by direct positive-hole reaction and radical chain reaction,
respectively, and therefore the first term can be neglected if the chain length is sufficiently
long (There seems no effective way to determine the chain length of a given chain reaction
in photocatalysis, but a paper by Torimoto et al. suggested that the first term could be
small in photocatalytic acetic-acid decomposition by titania photocatalysts [Torimoto
2014].). In such case, the rates at lower and higher limit of light intensity (I) are derived
as,
r = α'I
r = α''I1/2

(when k d >> Iψ 1 φ, α' = α / k d 1/2)
(when k d << Iψ 1 φ, α'' = α / (ψ 1 φ)1/2),

reproducing first and 0.5th-order LID shown in Fig. 4-6.

( eq. 4−15)
(eq. 4-16)

Their threshold intensity (I thr )

is defined by assuming α'I = α''I to be k d / (ψ 1 φ). This bimodal LID means that the
probability of creation of <BWO(2e)>, requiring 2 photons, increased with square of light
intensity at the lower intensity but two-photon absorption by a BWO particle is
guaranteed at intensity higher than I thr , and these second and first-order LIDs are
1/2

multiplied by 0.5, the LID order for the part of radical chain reaction, to become first and
0.5th-order LIDs, respectively. The ca. 20-times lower I thr of FB (ca. 4 mW) than that
of ML (80 mW) can be explained by larger effective size of FB, i.e., the larger crystallinesized FB particles have higher probability of absorption of the second photons to create
<BWO(2e)> even if the constants k d and φ are constant. As shown in Fig. 4-7, the
trimodal LID of FB was shifted downward and change in I thr was not obvious suggesting
the effective particle size of FB was kept almost constant even after calcination at 773 K.
This seems consistent with the SEM observation shown in Fig. 4-1.
The difference in overall photocatalytic activities depending on the kind of BWO
samples (Fig. 4-5) can be interpreted, using this kinetic model, as follows. Assuming
constant ψ 0 , φ (for the same bulk composition of BWO samples) [RH], k p and k t (for the
same reaction), difference in the rate in first-order LID region is attributed to the
difference in k d and ψ 1 . At present, we have no information for k d , rate constant for
deactivation (backward reaction) and cannot exclude the possibility of k d -dependent rate,
but ψ 1 may be the key. Possible interpretations are: (1) decrease in photocatalytic
activity by milling FB into ML/MH is due to decrease in effective particle size to result
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in lower ψ 1 and (2) increase in photocatalytic activity by calcination of ML/MH is due to
increase in effective particle size by heat-induced aggregation of small particles.
In the above-described discussion, the first term in eq. 14, contribution of direct
positive-hole reaction, is neglected, i.e., assuming high chain length of radical chain
reaction. However, if actual concentration of RO 2 • ([RO 2 •]) is high, the chain length is
decreased, as suggested for titania photocatalysis by irradiation of shorter wavelength
[Torimoto 2004]. The LID order of 1.3–1.5 for ML and MH samples when irradiated at
320 and 350 nm (Fig. 4-5) and the lowest intensity part of ML LID (Fig. 4-6) is
attributable to this shortened chain length due to possible high concentration of RO 2 • at
the surface of small ML/MH particles. On the other hand, at the higher light-intensity
region, the probability of accumulation of four electrons in one particle can be assumed,
and it is expected the order of LID for this absorption to create <BWO(4e)> is four. The
higher-order LIDs observed for FB and 500FB (Fig. 4-7) are attributable to this fourelectron reduction of O 2 and higher probability of those large particles to absorb multiple
photons.

Fig. 4-7 Double-logarithmic plots of the reaction rate and light intensity
observed in the FB or 500FB-photocatalyzed acetic-acid decomposition under
high-intensity 365-nm UV-LED photoirradiation.
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4.4 Conclusions
Rate of photocatalytic CO 2 liberation from BWO-suspended aqueous acetic-acid
solution under monochromatic irradiation with a grating-type monochromator or a highintensity UV LED depended strongly on the structural/physical properties of BWO
samples. All the observed LID of the photocatalytic reaction rates was generally
bimodal, i.e., the LID could be simulated by assuming first order and 0.5th order in lower
and higher light-intensity ranges. These observed bimodal LIDs. could be reproduced
by a presumed kinetic model including MER of O 2 induced by accumulation of two
photoexcited electrons in one photocatalyst particle and subsequent radical chain reaction
with peroxy radical as a chain carrier to complete oxidative acetic-acid decomposition.
In the presumed mechanism, the probability of accumulation of two electrons in one
photocatalyst particles is increased in proportion to the square of light intensity, i.e., I2,
(The square-root term due to the second-order rate of termination reaction in the radical
chain mechanism leads to first-order LID in overall.) at relatively lower intensity range,
while, at the higher intensity, the two-electron accumulation is guaranteed to result in the
0.5th-order LID. The calculated threshold intensity, I thr , at which the order was formally
changed from 1 to 0.5, depended also on the structural/physical properties of BWO
samples. The results, for example, the lower I thr of FB-BWO of higher activity,
compared with the ML and MH-BWOs and the lower I thr of calcined 500FB-BWO of the
similar-level activity compared with FB-BWO, are attributable to preferable two-electron
accumulation in larger crystallites or crystal aggregates.
It has commonly been believed in the field of photocatalysis that dependence of
photocatalytic activities on structural/physical properties of photocatalyst particles is
attributable to differences in, e.g., amount of adsorbed substrate(s) on the surface of
photocatalyst particles, rate of electron/positive hole transfer and/or rate of their
recombination. The results presented in this paper provides a novel insight, for the first
time within the author's knowledge (The secondary particle size-dependent photocatalytic
activity was speculated in the statistical studies [Prieto-Mahaney 2009/Ohtani 2010]), that
the observed structural/physical properties-dependent photocatalytic activities can also
be interpreted by the difference in LID; the larger the effective size of photocatalyst
particles is, the higher becomes their photocatalytic activities especially for the
photocatalytic systems in which multielectron/positive hole transfer is included. Thus,
the kinetic studies on heterogeneous photocatalysis based on the LID measurements may
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be unique and effective way exploring the intrinsic mechanism of heterogeneous
photocatalysis. The further study along this line is now in progress.
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Chapter 5

General Conclusions

5.1 Conclusions
This study aimed for getting new findings of multielectron transfer reaction, and
disclosed mechanism of formation of flake ball-shaped bismuth-tungstate (FB-BWO)
particles and experimentally clarified multielectron-transfer mechanism in photocatalytic
oxygen reduction thermodynamically and kinetically; estimation of conduction band
bottom (CBB) position by comparing trends in various photocatalytic activities of
titanium(IV) oxide and tungsten(VI) oxide powders with/without loaded platinum
deposits and analysis of light intensity and particle size dependencies of the reaction rate.
The new findings obtained from this study are shown below.
Firstly, structure and the mechanism of FB BWO-particles formation prepared
by hydrothermal reaction (HT) method were examined. From SEM observations, the
hierarchical structure of FB BWO was found to be composed of (i) BWO crystalline
nanoplates, (ii) flakes of stacked layered assemblies of the nanoplates, and (iii) spherical
assemblies of flakes as primary, secondary and ternary phases, respectively, and have
several-micrometers hollow in the center part. In addition, from the results obtained by
quenching on the way of HT reaction, the formation mechanism was proposed for the
first time; at first, spherical core shell-shaped droplets (concentrated aqueous droplet of
bismuth oxyhydroxide (BOx) produced by partial hydrolysis of bismuth nitrate and
tungstic acid (HWO) absorbed on the surface of BOx) (BOx@HWO) are formed, then
BOx and HWO migrating from the inside and outside of the droplets, respectively, react
to be BWO crystal and FB-BWO are formed.
Secondly, it is proposed that pristine BWO particles can drive photocatalytic
organics decomposition (POD) through multielectron reduction of molecular oxygen by
comparing photocatalytic activity trends of BWO, tungsten(VI) oxide and titanium(IV)
oxide photocatalyst powders with or without platinum deposits in three photocatalytic
reaction systems (oxidative decomposition of acetic acid in aerobic aqueous suspensions,
methanol dehydrogenation in deaerated aqueous suspensions and oxygen liberation from
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deaerated silver salt solutions) with standard electrode potential (SEP) of oxygen
reduction and hydrogen evolution with platinum loaded photocatalyst powders. In other
words, from the fact that oxygen reduction does proceed, although the estimated CBB
position of BWO is lower than the SEP of one-electron reduction of oxygen, it is clarified
that the oxygen reduction by excited electrons in BWO proceeds through multi-electron,
not one electron, transfer reaction.
Furthermore, the number of the electrons used in oxygen reduction by BWO
particles was determined as 2 (in the case of higher light intensity in FB-BWO, it is 4.)
and it was found that particle size of BWO dominates the probability of accumulating
two excited electrons in one particle, to result in regulating overall photocatalytic reaction
rate. The light intensity dependence (LID) against the reaction rate of carbon-dioxide
liberation in the POD of acetic acid were bimodal for both FB-BWO and wet-milled
(WML) BWO; first and 0.5th orders in the lower and higher intensity ranges, respectively.
Approximately 1.5th and second-order LIDs were also observed for WML-BWO at the
lowest intensity range and for FB-BWO at the highest intensity range, respectively.
Those LIDs could be reasonably explained by a kinetic model derived from radical chain
reaction with peroxy radicals as a chain carrier and assumption that oxygen reduction
occurs only when two electrons (and possibly four-electron at the highest intensity region)
are accumulated in one photocatalyst particle. In addition, the threshold intensity
between first and 0.5th-order LIDs (in 0.5th-order LID area, accumulation of the two
electrons is guaranteed due to the higher light intensity) for FB-BWO was appreciably
lower than that for WML-BWO, suggesting that oxygen reduction by BWO is two
electron transfer reaction under the ordinary continuous-light-irradiation conditions and
that the effect of particle size on the photocatalytic reaction rate (photocatalytic activity)
is related to the probability that multiple electrons (holes) are generated in one particle.
As conclusions, this study is a first report that even for BWO particles which
cannot drive one-electron oxygen reduction which titanium oxide (IV), which is widely
used, can do, they can drive POD by multi(including two)-electron oxygen reduction
without loading co-catalyst(s) such as platinum. Furthermore, it has been clarified for
the first time that the influence of the particle size on the photocatalytic activity is related
to the probability of electron accumulation by absorbing multi-photons by comparing the
photocatalytic activities of two kinds of BWO particles which are composed of the
common flakes and have different structure assembly. These results give significant
general findings that (1) the kinetic method of LID analysis is effective for elucidating
the mechanism of the photocatalytic reaction, (2) for the metal oxide photocatalyst, which
has been considered to show lower photocatalytic activity due to the lower CBB, it is

118

possible to enhance the activity by inducing two-electron oxygen reduction by controlling
particle size and that (3) the bismuth compound has a potential as a cocatalyst for
multielectron oxygen reduction, and these findings can be an extremely valuable strategy
for the design and development of functional metal oxide particles including
photocatalyst.

5.2 Future Aspects
As described above, the studies on photocatalysis by flake ball-shaped bismuthtungstate (FB BWO) particles revealed significant points on fundamental aspects which
are also the most valuable for design and development of highly efficient photocatalysts.
As examples of extensions and applications of those achievements, the following studies
are expected.
(i)

Extension and application of non Ostwald-ripening ("non-OR") mechanism of FBBWO formation to the other mixed metal oxides of hierarchical morphologies: Such
hierarchically structured materials which had been claimed to be produced simply
by the Ostwald-ripening mechanism may be created via non-OR mechanism and
new type of hierarchically shaped materials will be developed.

(ii)

Mixed metal oxides including bismuth as one metal component, other than BWO:
Those materials may exhibit high photocatalytic activities through multielectron
transfer mechanism by making their structure having larger "effective size" for
harvesting multiple photons and high surface area for adsorbing large amount of
reaction substrates and O 2 .

(iii) Development of cocatalysts enabling multielectron transfer for metal oxide
particles with relatively lower conduction-band position which is not sufficient for
single electron transfer to O 2 : Bismuth in FB-BWO is a key material for
multielectron reduction of O 2 and the other materials may provide such functions
as cocatalyst.
The following points are still open questions.
(iv) Why can FB-BWO particles drive multielectron O 2 reduction? It is presumed that
the multielectron O 2 -reduction ability is caused by the bismuth component, simply
because pure tungstena (WO 3 ) cannot induce multielectron O 2 reduction and
bismuth and/or bismuth oxide-loaded TiO 2 exhibits high-level photocatalytic
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activities for oxidative decomposition of organic compounds.
necessary to understand the intrinsic reason(s).
(v)

However, it is still

Effective size of photocatalyst particles for multielectron (positive hole) transfer:
In this thesis, it is proposed that the high-level photocatalytic activity of FB-BWO
particles is caused by its large "effective size" enabling multiphoton harvest. This
is, however, still qualitative and further studies are needed to measure "effective
size" of a given photocatalyst. The novel concept "effective size" may open the
discussion for true understanding of photocatalytic-reaction mechanism.

Although, in the study of this thesis, limited kinds of photocatalyst materials were used
in limited kinds of photocatalytic reactions, the author believes that the above-mentioned
achievements provide valuable fundamental knowledge and novel concepts in the field
of chemistry related solid materials, but not limited to the filed of photocatalysis.
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