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A high-throughput screening system for new visible-light-responsive semiconductors for photoelectrodes
and photocatalysts was developed in this study. Photoelectrochemical measurement was selected to evaluate
visible-light responsiveness, and an automated semiconductor synthesis system that can be used to prepare
porous thin-film photoelectrodes of various materials was also developed. As an example application of our
system, iron-based binary oxides were selected as target materials for n-type semiconductors. Fe-Ti, Fe-
Nb, and Fe-V with various composition ratios were synthesized. Fe-Ti and Fe-Nb binary oxide systems
have been studied previously, and our results showed good consistency with previous reports, demonstrating
the capability of our system. In the Fe-V system, the highest photocurrent was observed with 50% vanadium.
This ratio corresponds to FeVO4, which is expected to be a new visible-light-responsive material. As another
example, screening targets of bismuth-based binary oxides were investigated for p-type semiconductor
photoelectrodes, and CuBi2O4 was found as a new visible-light-responsive p-type semiconductor.

1. Introduction

Ever since Fujishima and Honda reported on the use of
TiO2 photoelectrodes for water splitting under UV-light
irradiation,1 it has been expected that photoelectrodes and
photocatalysts would emerge as important technologies for
energy production and environmental purification using
sunlight. TiO2 that work under UV light are currently in
practical use as photocatalysts for environmental purifica-
tion.2 Although much effort has been devoted to the
development of visible-light-responsive semiconductors for
photocatalysts,3-6 no efficient semiconductor has been found
to be of practical use under visible light. In the field of
photoelectrode development, nanocrystalline semiconductor
thin films with porous structure such as WO3, Fe2O3, and
BiVO4 on conducting glass electrodes have shown excellent
incident photon-to-current conversion efficiencies (IPCE) for
water decomposition under visible light,7-12 compared with
single-crystal- or pellet-type photoelectrodes. However, the
solar energy conversion efficiencies were not sufficient for
practical use with regard to charge separation, light absorp-
tion, photocurrent-potential dependence, the energy levels
of the conduction and valence bands, and stability. To utilize

solar light effectively, new semiconductors that work under
visible light with high efficiency in photoelectrodes and
photocatalysts must be developed.

However, it is difficult to say that the search for new
semiconductor materials has proceeded expeditiously. In the
screening of semiconductor materials, there are more than
1000 patterns of combinations of ordinary elements even in
the case of a binary oxide. The number of target materials
is enormous for mixed oxides that consist of more than three
metals with various composition ratios; therefore, a manual
search of such materials is difficult. Therefore, to accelerate
the screening of semiconductor materials, their synthesis and
evaluation should be speedy, easy, and automatic. We
developed a high-throughput screening system for new
visible-light-responsive semiconductors for photoelectrodes
and photocatalysts. We selected photoelectrochemical mea-
surement to evaluate the charge separation ability of visible-
light-responsive semiconductors, and we developed an
automated synthesis system for photoelectrode library (array
of samples) using the metal organic decomposition (MOD)
method and evaluation system for screening.

As an example application of our system, iron-based binary
oxides, known as n-type semiconductor photoelectrodes,
were selected as target materials. Iron-based binary oxide
systems such as Fe-Ti, Fe-Nb, and Fe-V were synthesized
with various composition ratios, and their photocurrents were
evaluated. In another example, screening targets of bismuth-
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based binary oxides were investigated for p-type semicon-
ductor photoelectrodes.

2. Experimental Section

2.1. Features and Advantages of Our Screening System.
We selected photoelectrochemical measurement for speedy
and easy evaluation of the charge separation ability of visible-
light-responsive semiconductors. In this measurement, pho-
toexcited electrons and holes are forced to separate by
application of a potential, and then they are detected as
photocurrent. It is sufficient to evaluate the properties of
photoexcitation and charge separation simply by visible light.
In the process of screening for photocatalysts,13,14evaluation
of the photocatalytic activity of semiconductors is difficult
and time-consuming because photocatalytic activity depends
strongly on measurement conditions, the type of substance,
cocatalysts, etc. Therefore, if the visible-light responsiveness
of a material could be confirmed by photoelectrochemical
measurement before the evaluation of photocatalytic activity,
the screening process would be more efficient. Furthermore,
the type of semiconductor (n- or p-type) could also be con-
firmed by checking the photocurrent properties of the targeted
material. There have been reports regarding the enhancement
of photocatalytic activity by heterojunctions of semiconduc-
tors15-17 and the photoelectrolysis of water by heterojunction
photoelectrodes18,19 or a combination of p- and n-type
photoelectrodes.20-22 It is expected that new photoelectrodes
and photocatalysts will be developed by using the n- and
p-type semiconductors found by the screening system.

There have been reports on the screening of photoelec-
trodes, and features of the synthesis and evaluation methods
are mentioned below. McFarland et al. synthesized semi-
conductor films on conductive glass substrates by electro-
chemical deposition and evaluated their photocurrent prop-
erties using a special electrochemical probe.23 However, in
photoelectrode synthesis by electrochemical deposition,
semiconductors that can be synthesized electrochemically are
limited, and the preparation of mixed-metal semiconductors
is difficult because the speed of electrodeposition from a
solution containing various metal ions is different according
to the elements. Parkinson et al. used ink-jet printing to
prepare photoelectrodes.24 They printed overlapping patterns
of soluble metal nitrate salts, as metal oxide precursors, onto
a conductive glass substrate, fired it to obtain metal oxides,
and measured the photocurrent. The resulting photocurrent
from the photoelectrochemical cell was recorded as mapping
data. A preparation method using a wet process is highly
versatile, but in the case of ink-jet printing, solutions are
printed on the substrate individually, and it is not precisely
known whether the solutions are mixed at the molecular level
on the substrate. Many mixed oxides consist of an integer
ratio of metals, but there is uncertainty about the correctness
of the metal ratio and about contamination.

To solve these problems, we selected the MOD method
using organic solvents, and the solutions were mixed using
an automated liquid-handling platform before printing and
firing. In the MOD method, metal ions are dispersed at the
atomic level and stabilized by organic compounds, and there
is less concern about precipitation after mixing of the

solutions than there is with a method using an aqueous
solution. Furthermore, this method is useful for the prepara-
tion of porous films because the organic solvent or additives
(viscosity-improver) in the preparation solution control the
porous structure during the calcination process. Porous thin-
film photoelectrodes have the advantage that the diffusion
length of the electrons or holes formed by the band gap
photoexcitation is significantly shorter than that with con-
ventional thick photoelectrodes. Because the electrolyte
solution can penetrate into pores over the whole nanocrys-
talline semiconductor film, electrons or holes in the nano-
particle can move quickly to the semiconductor-electrolyte
interface. In the preparation process, the solutions were mixed
at the molecular level to exact ratios using an automated
liquid-handling platform. The mixed solutions were printed
on conductive glass substrates and fired. Disposable tips were
used in the mixing and printing process to prevent contami-
nation. A similar preparation method was used in the
screening of the thermoelectric elements,25 but the quality
of the film was not good enough for photoelectrodes;
therefore, we used the following special technique to prepare
high-quality photoelectrodes.

The photocurrent is affected by the contact between
semiconductor particles or the semiconductor and conductive
substrate. In the preparation of photoelectrode films with
sufficient thickness for light absorption, when highly con-
centrated solutions are used or a large amount of solution is
printed on the substrate at the same time, a thick film with
many cracks will be synthesized, and this film will easily
exfoliate from the substrate. The main reason for the cracks
and exfoliation of the film is self-shrinkage during calcina-
tion. Therefore, it is particularly important to overprint very
thin films layer by layer, that is, to overprint low-concentra-
tion MOD solutions on the substrate. A porous structure with
flexibility and the technique of overprinting very thin films
repeatedly layer by layer can release the tension of self-
shrinkage, resulting in high-quality film with a high photo-
current. To make high-quality film automatically, we com-
bined an automated liquid-handling platform to print the
samples and a robot arm with highly accurate mobility to
transfer them between the automated liquid-handling platform
and an electric furnace. This combination made it possible
to print the solution at the same position and fire it several
times automatically. This system makes it easy to check the
dependence of photocurrent on film thickness.

In our system, there are two procedures for evaluation of
the visible-light response of the semiconductor: the high-
speed evaluation procedure (HEP) and the detailed evaluation
procedure (DEP). The features of the two procedures are
compared in Table 1. HEP is performed using a photoelec-
trode in which several samples are printed on one substrate,
in the same way that was reported by Parkinson et al.24 The
photoelectrode is immersed in electrolyte, and every sample
on the substrate is scanned with focused light. This method
has the advantage that the photocurrents of many samples
can be evaluated quickly and convenient, it is suitable for
brief screening of visible light responsiveness. But the
method has the disadvantages that one sample could affect
other samples on the same substrate and that a sample to
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which potential is applied for a long time could change
during the measurement. To solve these problems, we
synthesized and evaluated the semiconductor films individu-
ally, with the DEP. In this method, various photoelectro-
chemical measurements such as current-potential measure-
ment, current-time measurement, and incident photon-to-
current conversion efficiencies are available. Furthermore,
the samples could be characterized using XRD, XRF, SEM,
etc. But it takes a long time to evaluate photocurrent property
of many samples compared with the HEP. We tried to make
the screening process efficient for an enormous number of
samples by using both of these procedures. The screening
scheme of this system is as follows. First, materials are
synthesized and evaluated by HEP, and samples that show
high visible-light responsiveness are selected briefly and
quickly. Selected samples are synthesized individually to
confirm their photocurrent properties and to identify the
material using the DEP.

Details about the automated semiconductor synthesis sys-
tem and the effective evaluation system are described below.

2.2. Automated Semiconductor Synthesis System.The
automated semiconductor synthesis system developed in this
study is shown in Figure 1. This system consists of an
automated liquid-handling platform (Tecan Japan, Mini-
Prep75) for mixing and printing the solution, an automated
electric furnace (Denken, KDF P-80, max 1100°C) for firing
samples up to 900°C, and a robot arm (Mitsubishi Electric,
RV-1A) for transferring the samples between the automated
liquid-handling platform and the electric furnace. In the
automated liquid-handling platform, there are 5 containers
for large amounts of precursor solutions (max 25 mL) and
96 containers for small amounts (max 1 mL) to handle

several different metal ions at the same time, and various
oxides such as complex materials and doping materials can
be prepared. Various solutions, including aqueous solutions,
are available as precursor solutions. The precursor solutions
in containers are dispensed into a deep well and mixed well
by repeated aspiration and dispensing using a disposable tip.
The disposable tip is replaced for every solution to prevent
contamination. Solution containers and the deep well for
sample preparation are cooled with circulating water and
capped with an automated slide plate to prevent evaporation
of the solution, and they are purged with dry N2 gas to keep
out oxygen and moisture from the air to avoid alteration of
the precursor solution. In the printing process, a small amount
of sample solution is dispensed on the conducting glass
substrate and is spread by trailing the head of the disposable
tip. Excess solution on the substrate is removed by aspiration
to make a thin solution layer. The evaporation speed and
spreading of the solution can be also controlled by adjusting
the temperature of the substrate (Figure 2).

This system can synthesize the 2 patterns of photoelectrode
for HEP and DEP. For the HEP, various samples are
synthesized on the same conductive glass substrate (114 mm
× 40 mm), as shown in Figure 3(a). There are 42 samples
per substrate in the standard condition and four substrates
available in one experiment. This means 168 samples can
be synthesized in a day in just one experiment, yielding over
60 000 synthesized samples in a year. On the other hand, in
the DEP, the semiconductor films are synthesized individu-

Table 1. Comparison between HEP and DEP

HEP DEP

purpose brief and speedy
evalutation

detailed evaluation

no. of samples
on one substrate

42 samples (max) 1 sample

photoelectro-
chemical
evaluation

photocurrent at
fixed potential

current-potential
current-time
IPCE

other evaluations difficult XRD, XRF, SEM, etc.

advantage speedy and
convenient

free from the effects
of other samples

disadvantage effects of
other samples

duration

Figure 1. Automated semiconductor synthesis system.

Figure 2. Scheme of photoelectrode synthesis.

Figure 3. Photograph of the photoelectrode for high-speed
evaluation (a) and photoelectrodes for detailed evaluation (b).
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ally on small conductive glass substrates (5 mm× 30 mm)
(Figure 3b). One experiment can synthesize 32 samples.

2.3. Evaluation Scheme of Synthesized Photoelectrodes.
For HEP, the photocurrent of a sample is evaluated by
scanning the photoelectrode synthesized for HEP (Figure 3a)
with focused light, while a constant potential is applied
(Figure 4). The size of the glass substrate was decided by
consideration of the effect of glass conductivity. The
photocurrent measurement was performed using a poten-
tiostat (Toho Giken, PS-08) and a Pyrex glass cell. Sodium
sulfate aqueous solution (0.1 M, pH 5.8) or sodium dihy-
drogen phosphate aqueous solution (0.1 M, adjusted to pH
7.0 with sodium hydroxide) was used as an electrolyte.
Copper foil was taped on the top of the photoelectrode to
connect the cables for the working electrode (Figure 3a).
An Ag/AgCl electrode and a platinum wire were used as
the reference and counter electrodes, respectively. A xenon
lamp (Perkin-Elmer, CERMAX 300W) equipped with an
optical fiber and a 420 nm cutoff filter (HOYA, L-42) was
used as the light source. The edge of the optical fiber was
covered with a 1-mm hole slit and fixed on the XY stage to
scan light on the sample. The photocurrent was evaluated
by measurement of the current difference between when the
light on the sample was turned on and off while applying a
constant potential. The potential was set to 1.0 and-0.1 V
(vs Ag/AgCl) for the screening of n- and p-type semiconduc-
tors, respectively.

On the other hand, in the DEP, synthesized samples for
DEP (Figure 3b) are individually evaluated for their photo-
current properties by current-potential measurement and
current-time measurement. From the results, information
about the open circuit potential, dark current and photocurrent
properties, and stability can be obtained. The photoelectrodes
can also be used to identify the crystal phase, the composition
ratio, the morphology of particles, etc. Current-potential
measurement was performed using a potentiostat (BAS,
Als660s) and a Pyrex glass cell. A xenon lamp (Ushio Denki,
500W) was used as light source. The photoelectrode was
masked with a 2-mm hole slit and was irradiated with
chopping light. A 0.1 M sodium sulfate aqueous solution
was used as an electrolyte. An Ag/AgCl electrode and a
platinum wire were used as reference and counter electrodes,

respectively. Material identification was performed using an
X-ray diffractometer (XRD, Bruker AXS, MX-Labo). The
morphology observation of the film was performed using a
scanning electron microscope (SEM, Hitachi, S-800).

Moreover, some methods to reduce the effect of the
inhomogeneity of the film thickness on the photocurrent were
used in both HEP and DEP as follows. The photocurrent is
generally sensitive with the inhomogeneity of the film
thickness when the average film thickness is very thin.
Therefore, we over-painted the film 4 times as a standard
condition. The photocurrent was measured by irradiating light
from the conductive glass side to shorten the diffusion length
of electron and holes. Furthermore, it was measured in 4
different points at one sample area and the maximum value
was selected as the photocurrent of sample.

2.4. Application to Visible-Light-Responsive Semicon-
ductor Screening using Our System.We used our system
to screen for visible-light-responsive semiconductors. First,
we controlled the printing conditions to make homogeneous
films. Homogeneity of the film is required for the photocur-
rent measurement. In addition, in the HEP, many samples are
printed on the same glass substrate to evaluate the photo-
current quickly, so preventing contact between samples is
important. In this study, the printing condition was controlled
by the temperature of the substrate and by the addition of a
viscosity-improver solution to the precursor solution. The
spread of the solution could be controlled by the temperature
of the substrate by acceleration of the evaporation of solution.
The viscosity-improver solution was added to control the
spread of the sample and to prepare a homogeneous film.
Ethyl cellulose was selected as the viscosity-improver
because it shows a high affinity with the EMOD solutions
used in this study. The solution was prepared by dissolution
of ethyl cellulose in butyl acetate as a solvent at 10 wt %.

Fluorine-doped tin oxide (FTO) conductive glass provided
by Asahi Glass Co. and an enhanced metal organic decom-
position (EMOD) solution of bismuth provided by Symme-
trix Corporation, diluted to 0.2 M with butyl acetate, were
used as the substrate and precursor solutions, respectively.
The dependence of the printed sample condition on the
substrate temperature was examined by changing the tem-
perature of the glass substrate from 30 to 150°C. Second,
the viscosity-improver solution was added to the MOD
solution, and the amount was changed from 0 to 90 vol %
to control the printing condition.

After optimization of the printing condition, the sample
was prepared by mixing MOD and viscosity-improver
solutions using the automated liquid-handling platform and
printing on an FTO substrate. For the screening of n-type
semiconductor photoelectrodes targeted at iron-based binary
oxides, an MOD solution of each metal diluted at 0.2 M
with butyl acetate was used, and the mixing ratio of the two
metals was changed from 0 to 100 mol % with a 5 mol %
step size. For the screening of p-type semiconductor pho-
toelectrodes targeted at bismuth-based binary oxide, materials
with confirmed crystal structures were selected as target
materials, and samples were prepared by mixing the MOD
solution of desired metal with that of bismuth at the desired
composition ratios. In this experiment, the MOD solution

Figure 4. High-speed evaluation procedure. The photocurrent of
a sample is evaluated by scanning the photoelectrode with focused
light while applying a constant potential. The potential was set to
1.0 and-0.1 V (vs. Ag/AgCl) for the screening of n- and p-type
semiconductors, respectively.

Visible-Light-Responsive Semiconductors Journal of Combinatorial Chemistry, 2007, Vol. 9, No. 4577



was used without dilution. The printed samples were
transferred into the furnace by the robot arm and fired at
550°C for 30 min in air. For the high-temperature treatment
condition, the synthesized samples were fired at 700°C for
30 min in air. The synthesized photoelectrodes were evalu-
ated for their photoelectrochemical properties using the HEP
and DEP as explained above.

3. Results and Discussion

3.1. Control of Printing Condition. The printing condi-
tion was optimized for the preparation of high-quality films
for several metal solutions by changing the temperature of
the substrate and the amount of viscosity-improver added to
the MOD solutions. The case of bismuth is shown as an
example in Figure 5. The spread area of the solution was
decreased by increasing the temperature. The solution spread
widely at less than 50°C; therefore, the film area could not
be controlled. On the other hand, the shape of the film area
could be controlled at temperatures from 70 to 110°C. At
over 130°C, the spread area was very small, and the film
became inhomogeneous. The best homogeneous film was
obtained around 70°C, so the substrate temperature was
adjusted to be approximately 70°C.

Next, the optimal amount of viscosity-improver added to
the solution was examined (Figure 6). The spread of the
solution was reduced, and the area of the sample became
smaller with an increased amount of viscosity-improver. By
comparison of films with and without viscosity-improver,
we confirmed that the film area could be controlled and that
the apparent homogeneity of the film thickness could be
improved by addition of the viscosity-improver. However,
when an excess of viscosity-improver was added to the
solution, the sample became inhomogeneous and easy to
detach from the substrate. Thus, the amount of viscosity-
improver added to the solution was adjusted to be 50-75
vol % (standard 75 vol %). Almost all films prepared from
various MOD solutions under optimized temperature and
viscosity were homogeneous, so we selected these as the
basic preparation conditions. The reproducibility of the
samples was evaluated by photocurrent measurement using
TiO2 film. TiO2 was suitable to evaluate the reproducibility
by photocurrent because of its stability. Forty-two samples

of TiO2 film were prepared using HEP in the condition
mentioned above, and the standard variation of photocurrent
was about 3% to the average value.26

3.2. Screening for n-Type Semiconductors in Various
Iron-Based Binary Oxides.We selected iron-based binary
oxides as a target material because there have been reports
on the photoelectrochemical properties of various iron-based
binary oxides,10,12 and these results can be compared with
our results to check the reliability of our system. We
examined the photocurrent properties of various combinations
of Fe-M (M ) Si, Ca, Ti, V, Cr, Zn, Zr, Nb, In, Sn, Bi)27

with various composition ratios. In some combinations, we
observed higher photocurrents than with pure iron oxide.
Here, we select the Fe-Ti, Fe-Nb, and Fe-V systems as
examples. In the Fe-Ti system, an improvement of photo-
current compared with pure Fe2O3 was observed from 5%
Ti synthesized in the HEP at 700°C, and a sample with
20% Ti showed the highest photocurrent (Figure 7). An
Fe2O3 photoelectrode doped with Ti has been reported by
Augstynski et al.10 In their study, Fe2O3 doped with 5% Ti
showed a higher photocurrent than undoped Fe2O3. Our
results correspond well with theirs. A sample with 5% Ti
prepared in the DEP showed a pattern only of Fe2O3

(hematite) in an XRD measurement, and it was suggested
that Ti was doped in Fe2O3. In the Fe-Nb system, a sample
with 15% Nb synthesized in the HEP at 700°C showed the
highest photocurrent (Figure 8). Miyake and Kozuka have
reported on Fe2O3-Nb2O5 film.12 They observed the highest
photocurrent at Nb/(Fe+ Nb) ) 0.25, among Nb/(Fe+ Nb)
) 0.0, 0.25, 0.75, and 1.0. In our study, the sample with
25% Nb showed the highest photocurrent among Nb ratios
of 0, 25, 50, 75, and 100%. These results correspond well
with previous reports by Miyake and Kozuka. This consis-
tency is a good example of the capability of our system. For
the Fe-V system, a sample with 50% V synthesized in the
HEP at 550°C showed the highest photocurrent (Figure 9).
In the DEP, the XRD pattern of the photoelectrode with 50%
V was too broad and noisy to identify the compound of the
oxide semiconductor because of the thinness of the film (<1
µm) and its low crystallinity. However, we confirmed that
the powder synthesized using a large amount of the precursor

Figure 5. Effect of temperature on printing condition. The bismuth
solution was printed on the conductive glass substrate at various
temperatures.

Figure 6. Effect of viscosity-improver on printing condition. The
bismuth solution was mixed with viscosity-improver at various
ratios. The viscosity improver was prepared by dissolution of ethyl
cellulose in butyl acetate as a solvent at 10 wt %.

Figure 7. Dependence of photocurrent on the Ti ratio in Fe-Ti
binary oxides (HEP). The photoelectrode was prepared by painting
and firing at 550°C for 30 min, four times, using HEP. It was
finally fired at 700°C for 30 min. Electrolyte: 0.1 M NaH2PO4

aqueous solution (pH 7.0). Applied potential: 1.0 V (vs Ag/AgCl).
Light source: Xe lamp with 420 nm cutoff filter (3.2 mW).
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solution at 550°C showed mainly the XRD pattern of
FeVO4. We therefore inferred that mainly very fine FeVO4

with low crystallinity was synthesized in the photoelectrode.
A porous structure was confirmed by SEM observation. The
FeVO4 particles were 20-30 nm in diameter. The color of
the sample with 50% V was brownish yellow, and the
threshold of the absorption spectrum was approximately 600
nm. Furthermore, the passage of photoelectrons (Coulomb
number) for 1 h was about 0.013 C (0.13µmol), whereas
the amount of FeVO4 under irradiation was approximately
0.07 µmol. Therefore, from the result of the current-time
measurement, the turnover number of the observed photo-
electrons to the FeVO4 unit was greater than 1. After the
measurement, there was no change in the appearance of the
FeVO4 film. This material is expected to be a new promising
n-type semiconductor with high efficiency under visible light.

3.3. Screening for p-Type Semiconductors in Bismuth-
Based Binary Oxides. For bismuth-based mixed-oxide
semiconductors, it is inferred that the valence band (VB)
was shifted because of the Bi-6s orbital, and several
compounds, such as BiVO4,6,8 Bi2W2O9,28 CaBi2O4,29 BiTa0.8-
Nb0.2O4,30 and PbBi2Nb2O9,31 have been reported to be
efficient photocatalysts and photoelectrodes. The screening

for semiconductor material was performed using the HEP
targeted at bismuth-based binary oxides. We selected target
materials from XRD data marked as highly reliable (f) in
the Powder Diffraction File32 because crystal structures
marked with af are easily identified and the composition
is generally predominant. Table 2 shows the selected target
materials as library members and their location printed on
the conductive glass substrate. The samples were prepared
by mixing the EMOD solutions at the desired composition
ratios, printing on the substrate, and firing at 550°C. The
photocurrent was evaluated by application of a potential of
-0.1 V (vs Ag/AgCl) for p-type semiconductors and 1.0 V
(vs Ag/AgCl) for n-type semiconductors. Under anodic bias,
no sample showed a distinct anodic photocurrent. On the
other hand, under cathodic bias, a remarkable cathodic
photocurrent was observed in the sample targeted for
CuBi2O4 (Figure 10).

From the XRD measurement, the oxide film showed the
pattern of tetragonal type CuBi2O4 (Figure 11). A porous
structure was confirmed in SEM observation. The CuBi2O4

particles were 15-30 nm in diameter, and the aggregated
particles were 100-400 nm. Figure 12 shows the current-
potential properties of the CuBi2O4 film under ultraviolet
and visible light (without filter) and visible light (420 nm
cutoff filter in use) in DEP. A relatively high photocurrent
was observed under ultraviolet and visible-light conditions.
Under visible-light conditions, the CuBi2O4 film also showed
a high photocurrent that was more than half that under
ultraviolet and visible-light conditions. Therefore, we con-
clude that CuBi2O4 has high visible-light responsiveness. The
CuBi2O4 was dark brown, and its threshold of absorption
was approximately 800 nm. Furthermore, the passage of

Figure 8. Dependence of photocurrent on the Nb ratio in Fe-Nb
binary oxides (HEP). The photoelectrode was prepared by painting
and firing at 550°C for 30 min, four times, using HEP, and it was
finally fired at 700°C for 30 min. Electrolyte: 0.1 M NaH2PO4

aqueous solution (pH 7.0). Applied potential: 1.0 V (vs Ag/AgCl).
Light source: Xe lamp with 420 nm cutoff filter (3.2 mW).

Figure 9. Dependence of photocurrent on the V ratio in Fe-V
binary oxides (HEP). The photoelectrode was prepared by painting
and firing at 550 °C for 30 min, four times, using HEP.
Electrolyte: 0.1 M NaH2PO4 aqueous solution (pH 7.0). Applied
potential: 1.0 V (vs Ag/AgCl). Light source: Xe lamp with 420
nm cutoff filter (3.2 mW).

Table 2. Bismuth-Based Binary Oxides Selected from XRD
Data Marked as Highly Reliable

1 2 3

1 ZnBi38O60 Bi7.65Zn0.35O11.83 SrBiO3

2 Sr3Bi2O6 SrBi2O4 CuBi2O4

3 Ca4Bi6O13 Ca2Bi2O5 Bi48Al2O95

4 Al4Bi2O9 Bi0.67Y0.33O1.5 Y0.285Bi0.715O1.5

5 Bi1.87Y0.13O3 Bi12NiO19 Bi3.64Ni0.36O5.82

6 Bi3.69Mn0.31O6.15 Bi2Fe4O9 Bi25FeO40

7 Bi24Fe2O39 Bi12MgO19 Blank

Figure 10. Photocurrent mapping of various bismuth-based binary
oxides. The photoelectrode was prepared by painting and firing at
550°C for 30 min, one time, using HEP. Electrolyte: 0.1 M Na2SO4

aqueous solution (pH 5.8). Applied potential:-0.1 V (vs Ag/AgCl).
Light source: Xe lamp with 420 nm cutoff filter (3.2 mW).
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photoelectrons (Coulomb number) for 2 h was about 0.026
C (0.27 µmol), whereas the amount of CuBi2O4 under
irradiation was about 0.02µmol. Therefore, from the results
of the current-time measurement the turnover number of
the observed photoelectrons to the unit of CuBi2O4 was
approximately 13 for 2 h. This material was confirmed to
be stable as a photoelectrode. As mentioned above, CuBi2O4

was found as a new visible-light-responsive p-type semi-
conductor using our high-throughput screening system.

4. Summary

The development of a high-throughput screening system
is needed for the expeditious discovery of new visible-light-
responsive semiconductor materials for photoelectrodes and
photocatalysts. For this study, we selected photoelectro-
chemical measurement for the speedy and convenient evalu-
ation of the visible-light responsiveness of materials, and we
developed an automated synthesis system and a high-speed
evaluation system for photoelectrodes. For the synthesis, a
wet process such as the metal organic decomposition (MOD)
method was selected because of its high versatility. This
method is also suitable to synthesize the porous film
photoelectrode. For the evaluation, the HEP and DEP are
used to make the screening process efficient for an enormous
number of samples.

As examples of the application of this system, various exper-
iments were performed. In the screening of iron-based binary
oxides, an improvement of photocurrent compared with iron
oxide was observed in the Fe-Ti and Fe-Nb systems, which
showed good consistency with previous reports. These

examples show the capability of this system. In the Fe-V
system, an improvement of the photocurrent was observed
for the composition ratio corresponding with FeVO4. This
material is expected to be a new promising n-type semicon-
ductor with high efficiency under visible light. As a result
of the screening for p-type semiconductors targeted at
bismuth-based binary oxides, CuBi2O4 was found to be a
new material with high visible-light responsiveness. The
system made it possible to obtain the above results speedily
and easily. We expect that our system will speed up the
research progress in the fields of photoelectrodes and
photocatalysts.
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