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Our recent works on the photoelectrochemistry and fabrication of the water-splitting photocatalyst for solar ener-
gy conversion were reported. The S-dope midgap states were determined by monitoring the effect of the photocur-
rent on the addition of several reductants. The midgap states for the S-doped anatase TiO. has higher redox poten-
tials than those of the Br + /Br- and possesses the additional multiple oxidation states of S cations. The laser abla-
tion of the BiVO, and BiZn,VOs photocatalytic particulates in water reduced these sizes and it was found that the
thin film electrode prepared by calcining the laser-ablated BiVO, and BiZn,VO; suspensions showed higher pho-
tocurrent efficiencies compared with the electrodes prepared without laser-ablation. The composite electrode
FTO/Sn0,/BiVO, and FTO/WO03;/BiVO, were prepared by a solution method and the photocurrent efficiencies for
these electrodes were found to be increased due to the mediator effect of SnO, and WOs, which helps the electrons
in the conduction band of BiVO;, to transfer to the FTO. The new photocatalytic particulates that are active for
oxygen evolution under the visible light irradiation was searched and the BiCu:POs was found to be active with
the addition of sacrifice under the visible light irradiations.
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1 Introduction

Since the pioneering work of Fujishima and Honda,”
the water splitting reactions at semiconductor surfaces
and the production of clean fuel H, from water under the
solar light irradiations has been a dream for many scien-
tists. Until 1980s, research on the water-splitting photo-
catalysts was largely devoted to TiO; and SrTiOs; But
after the discovery of KyNb¢O;; water-splitting photo-
catalysis,? numerous kinds of photocatalytic materials
that can achieve efficient and stable water splitting such
as Zr0,? Ta,0s? and GaN® have been reported. Now the
NiO/NaTaOszLa photocatalyst shows as high as 56 %
quantum yield at 270-nm light irradiation.? Recently visi-
ble-light driven water-splitting photocatalysts attracted
much attention because of the practical and efficient uti-
lization of solar light and various types of photocatalysts
that can dissociate water under visible light irradiations
were synthesized so far. Thus the oxygen and hydrogen
evolution for these new types of water-splitting photocat-
alysts have been intensively investigated, but fewer
works have been carried out on the photoelectrochemi-
cal properties for the photocatalytic materials other than
the TiO, photocatalysts. Since the photoelectrochemical
investigations for the photocatalytic materials give us
new insights for finding out a new photocatalytic system
that can function even under the visible light irradiation,
the research on the photoelectrochemistry for these visi-
ble-light driven water-splitting photocatalysts are also
very important.

In this article, we introduced our recent results of the
photoelectrochemistry for the visible-light response pho-
tocatalysts and also show new manufacturing processes

to enhance the photocurrent efficiencies for these photo-
catalytic electrodes.

2 Photocurrent Properties of the Sulfur-Doped
TiO; Film Electrodes

Recent studies revealed that the doping of a titanium
dioxide (TiO;) with other elements such as nitrogen,”
sulfur®® carbon!®” extended the photoactive wavelength
regions for decomposing organic compounds™ as well as
the water oxidation.!” Kato et al. also reported that TiO,
co-doped with antimony and chromium evolves oxygen
from aqueous silver nitrate solution under visible light
irradiations.!” The abilities of the water oxidation at the
midgap states for such doped TiO, photocatalysts are
important for the developments and understanding of
the visible-light responsive water splitting photocatalysts.
Nakato and co-workers investigated the photocurrent
characteristics of N-doped'? and C-doped' TiO. under
the UV and visible irradiations and proposed the new
mechanism of water oxidation via a nucleophilic attack
of a water molecule on a surface trapped hole.

We have also investigated the photocurrent properties
of S-doped TiO: under the visible light irradiation. For
the S-doped TiO: photocatalysts, both of the S-doped
anatase and the S-doped rutile TiO. were prepared for
comparison. For these S-doped TiO. the effect of hydro-
quinone (HQ), I, SCN-, or Br- added as a reductant on
the dependence of the incident photon to current effi-
ciency (IPCE) was investigated as a function of the irra-
diation wavelength for each S-doped TiO; film. The
results were shown in Fig. 1.

As shown in Fig. 1, the IPCE for the S-doped anatase
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TiO; films increased only for KI and hydroquinone, but
the IPCE for the S-doped rutile TiO, increased for all of
the reductants. The photocurrent enhancements by the
addition of hydroquinone were explained by the charge-
transfer complex between the hydroquinone and the
TiO,, but the different oxidation behaviors between the
S-doped anatase and the S-doped rutile TiO, toward the
added reductants could not be explained by the band
gap narrowing and the oxygen vacancy levels below the
conduction band as pointed out by Nakamura et all?
Thus the different position of the midgap states between
the anatase and rutile for S-doped TiO, was suggested.
To obtain the redox potential of the doped states for the
S-doped anatase and rutile TiO,, Tauc plots of the
(ahv)'’? vs photon energy were performed and the
midgap states for the S-doped anatase TiO, was 1.4-2.3
eV but 24 eV for the S-doped rutile TiOs. The schematic
figure of the midgap states of the S-doped anatase and
rutile TiO; electrodes are shown in Fig. 2.

Thus the impurity states of S-doped anatase have
broader distributions, and the lowest mid gap of these
doped states lies between the redox potential of I - /I
and SCN - /SCN- . On the other hand, the doped states
of the S-doped rutile TiO, had higher redox potentials
than those of the Br * /Br-. These results suggested that
the S-doped anatase TiO possesses the additional multi-
ple oxidation states of S cations as indicated by Ohno et
al? Thus the electrochemical analysis of the photocataly-
sis will give us more detailed information of the band
positions as well as the photocatalytic activities for each
midgap states.
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Fig. 1 The IPCE versus wavelength for the S-doped
anatase (left) and rutile (right) electrodes.!¥
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Fig. 2 Schematic figure of the electronic states of the S-
doped anatase and rutile TiO electrodes.!¥
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3 Laser Ablation of the Photocatalytic Powders
in Water and Application to the Fabrication of
the Thin Film Electrode

It was demonstrated in the previous section that the
electrochemical analysis for the visible-light driven pho-
tocatalysts was useful for investigating not only the posi-
tion of the conduction band, valence band and the
midgap states and also the mechanism of the oxidation
and reduction reactions on the photocatalytic surfaces.
Although a considerable number of high efficient visible-
light responsive photocatalysts have been reported so
far, fewer reports have been worked on the electrochem-
ical anaylsis for such a visible-light responsive photocata-
lyst. This is partly because most of the photocatalysts
were prepared in the form of particulates and it is diffi-
cult to prepare the thin-film electrode from the photocat-
alytic particulates.

Recently several authors have reported the size reduc-
tion of gold and silver particles by the pulsed laser abla-
tion in water.!® Sugiyama et al. also reported the size
reduction of the photocatalytic TiO. particulates up to 10
nm by the 308 nm pulsed laser ablation.!® However no
further experiments on the size reduction of the other
water-splitting photocatalytic particulates by the pulsed
laser ablation in water have been reported. By reducing
the size of the individual particles by the pulsed laser
ablation of the particles in water, the contacts between
the particles and the thin film electrode will be enhanced
and thus it is expected that the photocurrent for the thin
film electrode prepared will also increase.

Figure 3 shows the SEM images of the BiVO, powders
as received and those of the BiVO, powders after the
laser ablation with a 308 nm XeCl laser for 2h. The typi-
cal pulse energy of the 308 nm XeCl laser was around
100 m]J/pulse and the laser beam was focused on the
center of cubette with a lens (f = 150 mm). The photocat-
alytic BiVO, powders, which were irradiated by the
XeCl laser light, were suspended in water by stirring the
mixture. As shown in Fig. 3, most of the BiVO, particles
were reduced to <5 um after the laser ablation for 2 h.
To confirm further the size reduction of the BiVO, par-
ticulates by the laser ablation processes, the laser diffrac-
tion and scattering analyzer was used to observe the
size distribution of the non-laser and laser-ablated sus-
pensions of the BiVO, particulates. As shown in Fig. 4,
before the laser ablation, the particle diameter of the

204 m 204 m

Fig. 3 SEM images of the BiVO, particles for (a) as
received and (b) 2 h irradiation of 308 nm.??
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BiVO, powders ranged from 5 to 100 um, while after the
laser ablation of the BiVO, particles in water for 2 h, the
particle diameter was ranged below 5 wm, similar to the
SEM observations.

After the fabrication of the thin film electrode by cal-
cining the laser-ablated BiVO, suspensions at 500 C in
air for 30 min, the photocurrent measurements were per-
formed. For comparison, the photocurrent of the particu-
late BiVO, thin film electrode based on the technique
reported by Liu et al'” was also measured. The results
are shown in Fig. 5. As shown in Fig. 5, the thin film
electrode of the laser-ablated BiVO, particulates showed
higher photocurrent efficiency compared with that of the
particulate BiVO.,.

The effects of the laser ablation on the BiVO, crystal
structures were also investigated, but although the XRD
patterns for the laser-ablated BiVO, particles showed the
amorphous components at lower diffraction angles, the
amorphous components disappeared when the laser-
ablated BiVO, particulates were calcined at 450 C for 30
min. Thus the laser ablation processes of the BiVO,4 pho-
tocatalytic particles did not cause the phase transition of
the BiVO, crystal structures.

To investigate further the reason that the laser-ablat-
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Fig. 4 Diameter distributions of the BiVO, particles with
(a) as received and (b) after 2 h of the 308 nm laser
irradiation.??
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Fig. 5 Photocurrent action spectra of the BiVO,
particulate thin film electrodes prepared (a) from
particulates with the 2 h XeCl-laser ablation and (b) by the
sol-gel method.??’
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ed particulate thin electrode shows the increased pho-
tocurrent, laser ablation and fabrication of thin film elec-
trode for the BiZn,VOs photocatalytic powders were per-
formed. The photocatalytic BiZn,VOs powders were pre-
pared according to the techniques reported in the previ-
ous literature.’® The size distributions of the BiZn,VOs
powders for without laser ablation, 1 h laser ablation at
355 nm and 1 h laser ablation at 532 nm were given in
Fig. 6. Because the band edge of BiZn,VOs was around
550 nm, the difference of the size reduction by the laser
ablation processes between the 532-nm laser and 355-nm
laser is explained by the difference of the absorbance of
the photocatalytic materials. The XRD analysis after the
laser ablation of the BiZn,VOs powders were performed
and confirmed that the laser ablation did not induce the
phase transitions for the BiZn,VOg crystal structures.

Figure 6 shows the results of the photocurrent action
spectra of the BiZn,VO; particulate thin electrode with
355 nm and 532 nm laser irradiations. Although the size
reduction of the BiZn.VOs photocatalytic powders was
negligibly small, the photocurrent enhancements by the
532-nm laser ablation are as large as those by the 355-nm
laser ablation. Recently Nakato et al. suggested that the
surface defects play the key roles of the oxygen evolu-
tion by the nucleophilic attack of H-O on the steps and
the corners of TiO, surfaces.'®?® We have previously
demonstrated that the vaporization of Mo atoms from
Mo nanoparticles occurred just after the laser irradiation
processes.?” That is, even if the phase transition could
not occur in these experimental conditions, the defect
formation on the surface could be caused by the laser
ablation processes.

Thus the photocurrent enhancements due to not only
the size reduction but also the formation of the surface
defect caused by the laser ablations of BiVO, and
BiZn,VOs photocatalytic particulates in water were sug-
gested.?? This technique will open the new way to fabri-
cate the thin film electrode of the photocatalytic materi-
als that are in the powder forms and also have difficulty
to prepare thin film electrode because of the large parti-
cle sizes.
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Fig. 6 Photocurrent action spectra of the BiZn,VOs
particulate thin electrode with (a) 355 nm laser ablation and
with (b) 532 nm laser ablation. @ are no laser irradiation,
and M are the 30 min laser irradiation and A are the 60
min laser irradiation.??
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4 Fabrication of the Visible-Light Driven

Composite Photoelectrode for Water Oxidation

Recently composite electrodes of the metal and the
photocatalytic thin film is attracting extensive interest
for the separate generation of hydrogen and oxygen®2¥
as well as the enhanced charge separation and the high-
er IPCE values®* On the other hand, little works were
carried out for the composite films of the visible-light dri-
ven photocatalysts. In this article, we will introduce our
recent results on the increase of the photocurrent effi-
ciencies using the heterojunction of the Sn0./BiV0Q”
and of the WOs/BiVOQj, electrodes.??)

BiVO, and SnO; sols are prepared following the previ-
ous works of Sayama et al? and Cao et al.,’® respective-
ly. The precursor solutions for SnO, and BiVO, were
coated by using a spin coater on the FTO substrate,
respectively. After coating, the FTO glass was dried and
calcined at 450 C for 1 h. Not only the FTO/SnQ,/BiVO,
electrode, but also the FTO/BiV0,/Sn0; electrode was
prepared for comparison. Figure 7 shows the cross-sec-
tional SEM images of the FTO/Sn0./BiVO, electrode
(right, Fig. 7(A)) and FTO electrode (left, Fig. 7(B)).

Although FTO (F-doped SnO2) layer of 1.1 um is
observed on the glass, the FTO/Sn0./BiVO;, electrode
have additional bilayer structures with thickness of 1 um
for both layers of BiVO, and SnO; on the FTO substrate.
The XRD analysis for the FTO/Sn0./BiVO, electrode
confirmed the formation of BiVO, and SnO: layer on the
FTO substrate.

Fig. 7 SEM Images of the cross section for the as-
deposited coating of (A) FTO/Sn0O,/BiVO, electrode and (B)
FTO electrode?”
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Fig. 8 Cyclic voltammograms of FTO/Sn0O./BiVOy,
FTO/BiV0O4/Sn0O,, and FTO/BiVO, in the presence and
absence of light illuminations (>420 nm). Electrolyte
solution, Na-bubbled 0.5 M Na,SO,.%"
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Figure 8 1is the cyclic voltammograms of
FTO/Sn0,/BiV0O,, FTO/BiV0O4/Sn0O; and FTO/BiVO,
electrode in the presence and absence of light illumina-
tions (> 420 nm). Significant enhancements in the anodic
photocurrent was observed at the potential more posi-
tive than +0.4 V (vs. Ag/AgCl) for the FT0O/Sn0./BiVO,
electrode compared to those of FTO/BiVOs The nega-
tive shift of the onset potential of FTO/Sn0./BiVO, cor-
responds to the increased photoelectrochemical activity.
The photocurrent of the FTO/BiVO4+/Sn0O. electrode,
however, decreased compared with the FTO/BiVO;, elec-
trode. Figure 9 shows the IPCE values for these elec-
trodes as a function of the irradiation wavelength. It was
found that the action spectra resembles to the absorp-
tion spectra of BiVO, and the photocurrent efficiency of
the FTO/Sn0./BiVO, is higher than that of the
FTO/BiVO;, in both regions of UV and visible light. The
photocurrent efficiency of the FTO/BiV0O,/Sn0O; elec-
trode was lower than the FTO/BiVO, in both regions of
UV and visible light

A plausible mechanism for such photocurrent proper-
ties is schematically shown in Fig. 10(A). The photo
induced electrons in the conduction band of BiVO,; move
to the conduction band of the SnO, interface and a bar-

%IPCE
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Fig. 9 The IPCE action spectra of (a) FTO/SnO./BiVO,,
(b) FTO/BiVO,, and (c) FTO/BiVO4/Sn0O- electrodes in N»-
bubbled 0.5 M Na,SO, under an applied potential of 1.0 V vs
Ag/AgCl The insert shows the expansion of ordinate.?”
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Fig. 10 Schematic energy diagram of the charge transfer
processes in the bilayer electrodes at pH 0. (A)
FTO/Sn0/BiVOy4 (B) FTO/BiVO,/Sn0,.2”



48
2T |
|
|
2 (a) |
N (a) FTO/WO3/BiVO4 |
3 (b) FTO/BIiVO4 :
5 1.5 |
2 (c) FTO i
g (d) FTO/WO3 |
1 |
|
|
0.5 %“\\ |
O] e S |
0 T T T T T |

350 400 450 500 550 600 650
‘Wavelength / nm

Fig. 11 Absorption spectra of (a) FTO/WO3/BiVO,, (b)
FTO/BiVO,, (c) FTO and (d) FTO/WQO:s.

0 ' ' T T e B e sy *+
350 370 390 410 430 450 470 490 510 S30 550
Wavelength / nm.

Fig. 12 The % IPCE action spectra of (a)
FTO/WO3/BiVO4 and (b) FTO/BiVO, electrodes in Ns-
bubled 0.5 M Na,SO, aqueous solution under an applied
potential of 1.0 V vs. Ag/AgCl. The inset shows the
expansion of ordinate.?®)

rierbetween the conduction bands of BiVO, and SnO
was low enough to suppress the recombination between
the electron and holes in the BiVO, photocatalysts.

On the other hand, as for the reverse coupled
FTO/BiV0O,/Sn0O; electrode, the electrons prefer to
migrate into the FTO substrate and the remaining holes
at the inner BiVO, layer cannot be consumed because of
the separation from water. Therefore the holes would be
accumulated in the BiVO, layer and recombined with
the photo-induced conduction band electrons, resulting
the decrease in the photocurrent (Fig. 10(B)).

Although we have succeeded in preparing the high
efficient composite FTO/Sn0,/BiVO, photocatalytic elec-
trode under the visible irradiations, the IPCE values are
not sufficient due to the fact that SnO, semiconductor
can not generate electron-hole pair under the visible irra-
diations. WO has attracted much attention because it
shows the appropriate band gap energy level (c.a. 2.8 eV)
and also the lower conduction band (Ecg = +0.4 V vs,
NHE at pH 0). Thus we have attempted to prepare the
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Fig. 13 Cyclic voltammograms with FTO/WQO3/BiVO,,
FTO/BiVOy/WO; and FTO/BiVO, composite electrodes in
0.5 M Na,SO, aqueous solution under the visible light
illumination (>420 nm). Scan rate was 50 mV s Forward
potential scan was from 0.0 to 1.2 V and the backward was
from 1.2 to 0.0 V (vs. Ag/AgCl). Electrolyte solution was
deaerated by N, gas.®)

FTO/WOs/BiVO, composite electrode and measured the
photocurrent efficiencies. WOs film were prepared by a
single coating of the WOs; solution by a spin coater and
subsequent drying as was reported previously.3? The
coatings of BiVO, was similar to the case of the
FTO/Sn0./BiVO, electrode. The XPS and XRD analysis
for the FTO/WO3/BiVO, composite electrode were also
performed and it was confirmed that this electrode was
consisted of the WO3; and BiVO, layer. For comparison,
not only the FTO/WQ3/BiVO, electrode but also the
FTO/BiVO4/WO; and FTO/BiVO, electrodes were pre-
pared. Figure 11 shows the absorption spectra of (a)
FTO/WO03/BiVOy, (b) FTO/BiVOy (¢) FTO and (d)
FTO/WO3 electrodes. As shown in Fig. 11, the WO;
layer was so thin that visible absorption of the WO3; was
not obsered and it was confirmed that WO; layer only
act as the mediator of the electrom transfer from BiVO,
to FTO glass.

Figure 12 shows the cyclic voltammetry for the
FTO/WO03/BiVO4, FTO/BiVOy/WO3; and FTO/BiVO,
electrodes. As shown, the anodic photocurrent of the
FTO/WO0O3/BiVO, was significantly enhanced as com-
pared to those of the FTO/BiVOy/WO; and FTO/BiVOy
electrodes at the potential more positive than +04 V (vs.
Ag/AgCl).

Figure 13 is the dependence of the IPCE on the wave-
length in Na»SO, solution with applied voltage of 1.0 V
(vs. Ag/AgCl). The IPCE of the FTO/WO3/BiVO, was
higher than the FTO/BiVO; electrode and the maximum
IPCE was attained as high as 80% at 350 nm. The IPCE
action spectra also resemble to the absorption spectrum
of BiVO, and it was also found that the WO; film was so
thin that the visible absorption of WO3; was negligible in
the form of the FTO/WOQO3/BiVO, electrode. Thus the
role of WO3 layer is to mediate the electron transfer
from BiVO, to FTO and prevent the recombination of
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Fig. 14 Energy diagram (at pH 0) of the hetero junction of
FTO/WOs3/BiVO, electrode showing an effective charge-
transfer process.?)

electron-hole pairs in BiVO,. The schematic figure for
the role of WOs3 in the FTO/WO3/BiVO, layer is shown
in Fig. 14. This effect can decrease the applied potential
for water oxidation and enhancing the photocurrent den-
sity.

Further work should be done for the search of the
good mediator to enhance the photocurrent efficiency
and the composite electrode will be the key to find out
the high efficient electrodes to convert the solar-energy
to the chemical energies in the near future.

5 Photocatalytic Activity of the Phosphate
Species: Search for the High-Efficient
Photocatalyst that Evolve Oxygen

As mentioned above, fabrication of the high efficient
water-splitting electrodes are important. The most diffi-
culty is the fabrication of the thin film electrode that
evolves oxygen with high quantum efficiencies under the
visible light irradiations. Now BiVOQ, is most popular pho-
tocatalyst that evolve oxygen with the sacrifice such as
AgNO; under the visible light irradiations. Many
(oxy)nitrides were found to be photocatalytic active for
oxygen evolutions under the visible light irradiations.?
Recently we have found that BiCu,POs is photocatalytic
active for oxygen evolution under the visible
irradiations.’? Figure 15 shows the amount of the total
oxygen evolution for the photocatalyst BiX,;VOs (X = Zn,
Cu, Pb) and BiY:PO¢s (Y = Cu, Pb) under the sacrifice.
Although the photocatalytic activity of phosphate is
lower than the vanadates, there is still some activity on
oxygen evolution. Search for good photocatalysts is also
necessary for finding out the good water splitting elec-
trode under the solar irradiations and we expect that
new types of high-efficient water-splitting photocatalysts
will also help the fabrication of the high efficient water-
splitting electrodes in future.
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Fig. 15 Comparison of the amount of oxygen evolution for
the photocatalyst BiX;VOs (X = Zn, Cu, Pb) and BiY.POs
(Y = Cu, Pb) under 40 ml of 0.05 M AgNO; solutions. The
light source was 350 W Xe lamp combined with a cut-off
glass filter (A >420 nm)3? Irradiation time was 4 h.

5 Conclusion

This article showed the important roles of the photo-
electrochemistry in the developments of the visible-light
driven photocatlysts. The positions of the midgap states
in the S-doped anatase and rutile TiO, were determined
by monitoring the influence of the photocurrent efficien-
cy on the addition of hydroquinone (HQ), I, SCN-, or Br-
as a reductant. Application of the laser-ablation to the
photocatalytic powders to fabricate the thin film elec-
trode was introduced. The photocurrent enhancements
were observed in both of the laser-ablated BiVO, and
BiZn,VOg particulate electrodes. The composite electrode
FTO/Sn0,/BiVO, and FTO/WO0;/BiVO, were fabricated
and the photocurrents were increased in both electrodes.
The roles of SnO, and WOj; as mediators to transfer elec-
trons from the conduction band of BiVO, to FTO were
suggested. Finally, the new types of water-splitting pho-
tocatalysts were investigated and the BiCu;POs was
found to be active for oxygen evolution with the addition
of sacrifice reagent under the visible light irradiation.
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