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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 semiconduefbirs-é-e

Nb, and Fe-V with various composition ratios were synthesized—-Feand 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 F& system, the highest photocurrent was observed with 50% vanadium.

This ratio corresponds to Fe\iQwhich 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 CulBl, was found as a new visible-light-responsive p-type semiconductor.

1. Introduction solar light effectively, new semiconductors that work under
visible light with high efficiency in photoelectrodes and

Ever since Fujishima and Honda reported on the use Ofphotocatalysts must be developed.

TiO, photoelectrodes for water splitting under UV-light L
irradiation? it has been expected that photoelectrodes and However, it is difficult to say that the search for new
photocatalysts would emerge as important technologies forsemlco_nductor me_lterlals has proce_eded expeditiously. In the
energy production and environmental purification using SCr€ening of semu:ondyctpr materlal_s, there are more thgn
sunlight. TiQ that work under UV light are currently in 1000 patterns qf comblnatlons of ordinary elements even in
practical use as photocatalysts for environmental purifica- the case of a binary oxide. The number of target materials
tion2 Although much effort has been devoted to the IS€normous for.mlxed OX|de's.that cqn5|st of more than three
development of visible-light-responsive semiconductors for Metals with various composition ratios; therefore, a manual
photocatalyst; ¢ no efficient semiconductor has been found Search of such materials is difficult. Therefore, to accelerate
to be of practical use under visible light. In the field of the screening of semiconductor materials, their synthesis and
photoelectrode development, nanocrystalline semiconductor€valuation should be speedy, easy, and automatic. We
thin films with porous structure such as W@ e0s, and developed a high-throughput screening system for new
BiVO, on conducting glass electrodes have shown excellentVisible-light-responsive semiconductors for photoelectrodes
incident photon-to-current conversion efficiencies (IPCE) for and photocatalysts. We selected photoelectrochemical mea-
water decomposition under visible light!2 compared with ~ Surement to evaluate the charge separation ability of visible-
single-crystal- or pellet-type photoelectrodes. However, the light-responsive semiconductors, and we developed an
solar energy conversion efficiencies were not sufficient for automated synthesis system for photoelectrode library (array
practical use with regard to charge separation, light absorp-0f samples) using the metal organic decomposition (MOD)
tion, photocurrentpotential dependence, the energy levels method and evaluation system for screening.

of the conduction and valence bands, and stability. To utilize  As an example application of our system, iron-based binary
oxides, known as n-type semiconductor photoelectrodes,
* To whom correspondence should be addressed. E-mail: k.sayama@Wwere selected as target materials. lron-based binary oxide
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(AIST). with various composition ratios, and their photocurrents were
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based binary oxides were investigated for p-type semicon-solutions than there is with a method using an aqueous

ductor photoelectrodes. solution. Furthermore, this method is useful for the prepara-
. _ tion of porous films because the organic solvent or additives
2. Experimental Section (viscosity-improver) in the preparation solution control the

2.1. Features and Advantages of Our Screening System. POrous structure during the calcination process. Poro.us thin-
We selected photoelectrochemical measurement for speedJ"m photoelectrodes have the advantage that the diffusion
and easy evaluation of the charge separation ability of visible- €Ngth of the electrons or holes formed by the band gap
light-responsive semiconductors. In this measurement, IOho_phot_oexcnatl_on is significantly shorter than that with con-
toexcited electrons and holes are forced to separate byventlpnal thick photoe!ectrodes. Because the electrolyte
application of a potential, and then they are detected assolytmn can penetrate _|nto pores over the whgle nanocrys-
photocurrent. It is sufficient to evaluate the properties of flline semiconductor film, electrons or holes in the nano-
photoexcitation and charge separation simply by visible light. Particle can move quickly to the semiconductor-electrolyte
In the process of screening for photocatalyétgvaluation interface. In the preparation process, the so_lut|ons were mixed
of the photocatalytic activity of semiconductors is difficult @t the molecular level to exact ratios using an automated
and time-consuming because photocatalytic activity dependsliquid-handling platform. The mixed solutions were printed
strongly on measurement conditions, the type of substance O" conductlve.g'lass substrat'es and fired. Disposable tips were
cocatalysts, etc. Therefore, if the visible-light responsivenessUSed in the mixing and printing process to prevent contami-
of a material could be confirmed by photoelectrochemical Nation. A similar preparation method was used in the
measurement before the evaluation of photocatalytic activity, Screening of the thermoelectric elemetitdut the quality
the screening process would be more efficient. Furthermore,©f the film was not good enough for photoelectrodes;
the type of semiconductor (n- or p-type) could also be con- therefore,l we used the following special technique to prepare
firmed by checking the photocurrent properties of the targeted high-quality photoelectrodes.
material. There have been reports regarding the enhancement The photocurrent is affected by the contact between
of photocatalytic activity by heterojunctions of semiconduc- semiconductor particles or the semiconductor and conductive
tors®17 and the photoelectrolysis of water by heterojunction substrate. In the preparation of photoelectrode films with
photoelectrodé8!® or a combination of p- and n-type sufficient thickness for light absorption, when highly con-
photoelectrode® 22 It is expected that new photoelectrodes centrated solutions are used or a large amount of solution is
and photocatalysts will be developed by using the n- and printed on the substrate at the same time, a thick film with
p-type semiconductors found by the screening system. many cracks will be synthesized, and this film will easily

There have been reports on the screening of photoelec-€xfoliate from the substrate. The main reason for the cracks
trodes, and features of the synthesis and evaluation method@nd exfoliation of the film is self-shrinkage during calcina-
are mentioned below. McFarland et al. synthesized semi-tion. Therefore, it is particularly important to overprint very
conductor films on conductive glass substrates by electro-thin films layer by layer, that is, to overprint low-concentra-
chemical deposition and evaluated their photocurrent prop-tion MOD solutions on the substrate. A porous structure with
erties using a special electrochemical prébeowever, in flexibility and the technique of overprinting very thin films
photoelectrode synthesis by electrochemical deposition,repeatedly layer by layer can release the tension of self-
semiconductors that can be synthesized electrochemically argshrinkage, resulting in high-quality film with a high photo-
limited, and the preparation of mixed-metal semiconductors current. To make high-quality film automatically, we com-
is difficult because the speed of electrodeposition from a bined an automated liquid-handling platform to print the
solution containing various metal ions is different according samples and a robot arm with highly accurate mobility to
to the elements. Parkinson et al. used ink-jet printing to transfer them between the automated liquid-handling platform
prepare photoelectrodé&They printed overlapping patterns and an electric furnace. This combination made it possible
of soluble metal nitrate salts, as metal oxide precursors, ontoto print the solution at the same position and fire it several
a conductive glass substrate, fired it to obtain metal oxides, times automatically. This system makes it easy to check the
and measured the photocurrent. The resulting photocurrentdependence of photocurrent on film thickness.
from the photoelectrochemical cell was recorded as mapping In our system, there are two procedures for evaluation of
data. A preparation method using a wet process is highly the visible-light response of the semiconductor: the high-
versatile, but in the case of ink-jet printing, solutions are speed evaluation procedure (HEP) and the detailed evaluation
printed on the substrate individually, and it is not precisely procedure (DEP). The features of the two procedures are
known whether the solutions are mixed at the molecular level compared in Table 1. HEP is performed using a photoelec-
on the substrate. Many mixed oxides consist of an integer trode in which several samples are printed on one substrate,
ratio of metals, but there is uncertainty about the correctnessin the same way that was reported by Parkinson &t he
of the metal ratio and about contamination. photoelectrode is immersed in electrolyte, and every sample

To solve these problems, we selected the MOD method on the substrate is scanned with focused light. This method
using organic solvents, and the solutions were mixed using has the advantage that the photocurrents of many samples
an automated liquid-handling platform before printing and can be evaluated quickly and convenient, it is suitable for
firing. In the MOD method, metal ions are dispersed at the brief screening of visible light responsiveness. But the
atomic level and stabilized by organic compounds, and theremethod has the disadvantages that one sample could affect
is less concern about precipitation after mixing of the other samples on the same substrate and that a sample to
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Table 1. Comparison between HEP and DEP i7" Automatic liquid handling system - ----ocsssssssssssssosoososnonooneneny
. Dispense Printing :
HEP DEP : Sy 3 | e—
- - - Dispasable
purpose brief and speedy detailed evaluation : s PTeTeTeTaTS) Phato
evalutation +4 238332 Max SBsamles iacross
. 000000 slectrodes. plate
no. of samples 42 samples (max) 1 sample i ooanons Photoelectrode
v 0000000 for DEP
on one substrate : [086060060600 Max S2aiecirodes plate |
) Solution Deep-well Hot plate
photoelectro- photocurrentat  current-potential [ Containers  for Mixed solut Max 400°C
chemical fixed potential current-time i s pluiathe slide plate
evaluation IPCE
other evaluations difficult XRD, XRF, SEM, etc. IS— T
advantage speedy and free from the effects . LI
convenient of other samples the sample
disadvantage effects of duration LB
other samples Figure 2. Scheme of photoelectrode synthesis.
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Electric "a automated
furnace ‘M liquid-handling platform
Figure 1. Automated semiconductor synthesis system.

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- several different metal ions at the same time, and various
chemical measurements such as currgattential measure-  oxides such as complex materials and doping materials can
ment, currenttime measurement, and incident photon-to- pe prepared. Various solutions, including aqueous solutions,
current conversion efficiencies are available. Furthermore, 516 gyailable as precursor solutions. The precursor solutions
the samples could be characterized using XRD, XRF, SEM, i containers are dispensed into a deep well and mixed well
etc. But it takes a long time to evaluate photocurrent property ., yaneated aspiration and dispensing using a disposable tip.
of many sa_mples compare_d_ with the HEP. We tried to make The disposable tip is replaced for every solution to prevent
the screening process efficient for an enormous number Ofcontamination. Solution containers and the deep well for

samples by using both of these procedures. The S'Creemngsample preparation are cooled with circulating water and

scheme of this system is as follows. First, materials are capped with an automated slide plate to prevent evaporation
synthesized and evaluated by HEP, and samples that show pp b P P

high visible-light responsiveness are selected briefly and of the solution, and they are purged with dry §as to keep

quickly. Selected samples are synthesized individually to out oxygen and mp|sture from. th.e air to avoid alteration of
confirm their photocurrent properties and to identify the the precursor sol_ut|or_1. In_the printing process, asmgll amount
material using the DEP. of sample sollutlon is d|spen.s-ed on the conductmg glass
Details about the automated semiconductor synthesis sys—S.UbStrate and |s'spread by trailing thg head of the dlsppsqble
tem and the effective evaluation system are described below.t'p' Excess sqlunon on the substrate is removgd by aspiration
2.2. Automated Semiconductor Synthesis Systeriihe to make a thin solution layer. The evaporation speed and
. : ; . ... spreading of the solution can be also controlled by adjusting
automated semiconductor synthesis system developed in thl?h A t f th bstrate (Fi 5
study is shown in Figure 1. This system consists of an € gmpera ure ot the su.s rate (Figure 2).
automated liquid-handling platform (Tecan Japan, Mini-  This system can synthesize the 2 patterns of photoelectrode
Prep75) for mixing and printing the solution, an automated for HEP and DEP. For the HEP, various samples are
electric furnace (Denken, KDF P-80, max 11@) for firing synthesized on the same conductive glass substrate (114 mm
samples up to 906C, and a robot arm (Mitsubishi Electric, x 40 mm), as shown in Figure 3(a). There are 42 samples
RV-1A) for transferring the samples between the automated per substrate in the standard condition and four substrates
liquid-handling platform and the electric furnace. In the available in one experiment. This means 168 samples can
automated liquid-handling platform, there are 5 containers be synthesized in a day in just one experiment, yielding over
for large amounts of precursor solutions (max 25 mL) and 60 000 synthesized samples in a year. On the other hand, in
96 containers for small amounts (max 1 mL) to handle the DEP, the semiconductor films are synthesized individu-

Figure 3. Photograph of the photoelectrode for high-speed
evaluation (a) and photoelectrodes for detailed evaluation (b).
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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).

Counter Moreover, some methods to reduce the effect of the

electrode

(PV inhomogeneity of the film thickness on the photocurrent were
used in both HEP and DEP as follows. The photocurrent is

Photocurrent

alll

Time

Current

Potentiostat

Reference
electrode
(Ag/AgCl)

Working electrode
(Photoelectrode)

402004000004 generally sensitive with the inhomogeneity of the film
Spot light| |~ #-44E -4 | thickness when the average film thickness is very thin.
Ootesl e *L: MEAALALAAALAA, - Therefore, we over-painted the film 4 times as a standard
Electrolyte condition. The photocurrent was measured by irradiating light
Soniks hatemmplatlainatspt ot from the conductive glass side to shorten the diffusion length

Figure 4. High-speed evaluation procedure. The photocurrent of Of electron 'and holes. Furthermore, it was megsured in 4
a sample is evaluated by scanning the photoelectrode with focuseddifferent points at one sample area and the maximum value
light while applying a constant potential. The potential was set to was selected as the photocurrent of sample.
1.0 and—0.1 V (vs. Ag/AgC) for the screening of n-and p-type 5 4 appication to Visible-Light-Responsive Semicon-
semiconductors, respectively. . .

ductor Screening using Our SystemWe used our system

ally on small conductive glass substrates (5 mm80 mm) to screen for visible'—light—requnsive semiconductors. First,
(Figure 3b). One experiment can synthesize 32 samples. We controlled the_prlntlng c_ond_mons tp make homogeneous
2.3. Evaluation Scheme of Synthesized Photoelectrodes. films. Homogeneity of the film is required for the photocur-
For HEP, the photocurrent of a sample is evaluated by re_nt measurement. In addition, in the HEP, many samples are
scanning the photoelectrode synthesized for HEP (Figure 3a)Printed on the same glass substrate to evaluate the photo-
with focused light, while a constant potential is applied Current quickly, so preventing contact between samples is
(Figure 4). The size of the glass substrate was decided bylmportant. In this study, the printing condition was con'FroIIed
consideration of the effect of glass conductivity. The by the_temperature of th.e substrate and by the ad_dltlon of a
photocurrent measurement was performed using a poten_wscosny—lmprover.solutlon to the precursor solution. The
tiostat (Toho Giken, PS-08) and a Pyrex glass cell. Sodium spread of the solution could 'be controlled by th.e temperat'ure
sulfate aqueous solution (0.1 M, pH 5.8) or sodium dihy- of the fsubst_rat(_a by acceleratlo_n of the evaporation of solution.
drogen phosphate aqueous solution (0.1 M, adjusted to pHThe viscosity-improver solution was added to control the
7.0 with sodium hydroxide) was used as an electrolyte. SPréad of the sample and to prepare a homogeneous film.
Copper foil was taped on the top of the photoelectrode to Ethyl cellulose was selected as the viscosity-improver
connect the cables for the working electrode (Figure 3a). Pecause it shows a high affinity with the EMOD solutions
An Ag/AgCl electrode and a platinum wire were used as used in this study._The solution was prepared by dissolution
the reference and counter electrodes, respectively. A xenorf €thyl cellulose in butyl acetate as a solvent at 10 wt %.
lamp (Perkin-Elmer, CERMAX 300W) equipped with an Fluorine-doped tin oxide (FTO) conductive glass provided
optical fiber and a 420 nm cutoff filter (HOYA, L-42) was by Asahi Glass Co. and an enhanced metal organic decom-
used as the light source. The edge of the optical fiber was position (EMOD) solution of bismuth provided by Symme-
covered with a 1-mm hole slit and fixed on the XY stage to trix Corporation, diluted to 0.2 M with butyl acetate, were
scan light on the sample. The photocurrent was evaluatedused as the substrate and precursor solutions, respectively.
by measurement of the current difference between when theThe dependence of the printed sample condition on the
light on the sample was turned on and off while applying a substrate temperature was examined by changing the tem-

constant potential. The potential was set to 1.0 afdlL V perature of the glass substrate from 30 to 160 Second,
(vs Ag/AgCl) for the screening of n- and p-type semiconduc- the viscosity-improver solution was added to the MOD
tors, respectively. solution, and the amount was changed from 0 to 90 vol %

On the other hand, in the DEP, synthesized samples forto control the printing condition.
DEP (Figure 3b) are individually evaluated for their photo-  After optimization of the printing condition, the sample
current properties by currenpotential measurement and was prepared by mixing MOD and viscosity-improver
current-time measurement. From the results, information solutions using the automated liquid-handling platform and
about the open circuit potential, dark current and photocurrent printing on an FTO substrate. For the screening of n-type
properties, and stability can be obtained. The photoelectrodessemiconductor photoelectrodes targeted at iron-based binary
can also be used to identify the crystal phase, the compositionoxides, an MOD solution of each metal diluted at 0.2 M
ratio, the morphology of particles, etc. Curreipotential with butyl acetate was used, and the mixing ratio of the two
measurement was performed using a potentiostat (BAS, metals was changed from 0 to 100 mol %wé 5 mol %
Als660s) and a Pyrex glass cell. A xenon lamp (Ushio Denki, step size. For the screening of p-type semiconductor pho-
500W) was used as light source. The photoelectrode wastoelectrodes targeted at bismuth-based binary oxide, materials
masked with a 2-mm hole slit and was irradiated with with confirmed crystal structures were selected as target
chopping light. A 0.1 M sodium sulfate aqueous solution materials, and samples were prepared by mixing the MOD
was used as an electrolyte. An Ag/AgCI electrode and a solution of desired metal with that of bismuth at the desired
platinum wire were used as reference and counter electrodesgcomposition ratios. In this experiment, the MOD solution
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Figure 5. Effect of temperature on printing condition. The bismuth
solution was printed on the conductive glass substrate at various
temperatures.
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Figure 6. Effect of viscosity-improver on printing condition. The ~ Figure 7. Dependence of photocurrent on the Ti ratio in-He
bismuth solution was mixed with viscosity-improver at various binary oxides (HEP). The photoelectrode was prepared by painting
ratios. The viscosity improver was prepared by dissolution of ethyl and firing at 550°C for 30 min, four times, using HEP. It was
cellulose in butyl acetate as a solvent at 10 wt %. finally fired at 700°C for 30 min. Electrolyte: 0.1 M NapPQ,
aqgueous solution (pH 7.0). Applied potential: 1.0 V (vs Ag/AgCl).

was used without dilution. The printed samples were Light source: Xe lamp with 420 nm cutoff filter (3.2 mW).

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 ®@or

30 min in air. The synthesized photoelectrodes were evalu-
ated for their photoelectrochemical properties using the HEP
and DEP as explained above.

of TiO; film were prepared using HEP in the condition
mentioned above, and the standard variation of photocurrent
was about 3% to the average vafie.

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 oxidesi®'? and these results can be compared with

3.1. Control of Printing Condition. The printing condi-  our results to check the reliability of our system. We
tion was optimized for the preparation of high-quality films  examined the photocurrent properties of various combinations
for several metal solutions by changing the temperature of of Fe—=M (M = Si, Ca, Ti, V, Cr, Zn, Zr, Nb, In, Sn, Bi}
the substrate and the amount of viscosity-improver added towith various composition ratios. In some combinations, we
the MOD solutions. The case of bismuth is shown as an observed higher photocurrents than with pure iron oxide.
example in Figure 5. The spread area of the solution wasHere, we select the FeTi, Fe—Nb, and Fe-V systems as
decreased by increasing the temperature. The solution spreadxamples. In the FeTi system, an improvement of photo-
widely at less than 50C; therefore, the film area could not  current compared with pure F@; was observed from 5%
be controlled. On the other hand, the shape of the film areaTj synthesized in the HEP at 70, and a sample with
could be controlled at temperatures from 70 to 200 At 20% Ti showed the highest photocurrent (Figure 7). An
over 130°C, the spread area was very small, and the film Fe,0; photoelectrode doped with Ti has been reported by
became inhomogeneous. The best homogeneous film wasaugstynski et al? In their study, FgO; doped with 5% Ti
obtained around 70C, so the substrate temperature was showed a higher photocurrent than undopedOgeOur
adjusted to be approximately 7C. results correspond well with theirs. A sample with 5% Ti

Next, the optimal amount of viscosity-improver added to prepared in the DEP showed a pattern only ot(re
the solution was examined (Figure 6). The spread of the (hematite) in an XRD measurement, and it was suggested
solution was reduced, and the area of the sample becaméhat Ti was doped in ;. In the Fe-Nb system, a sample
smaller with an increased amount of viscosity-improver. By with 15% Nb synthesized in the HEP at 7800 showed the
comparison of films with and without viscosity-improver, highest photocurrent (Figure 8). Miyake and Kozuka have
we confirmed that the film area could be controlled and that reported on Fgs—Nb,Os film.1? They observed the highest
the apparent homogeneity of the film thickness could be photocurrent at Nb/(Fe- Nb) = 0.25, among Nb/(Fe- Nb)
improved by addition of the viscosity-improver. However, = 0.0, 0.25, 0.75, and 1.0. In our study, the sample with
when an excess of viscosity-improver was added to the 25% Nb showed the highest photocurrent among Nb ratios
solution, the sample became inhomogeneous and easy t®f 0, 25, 50, 75, and 100%. These results correspond well
detach from the substrate. Thus, the amount of viscosity- with previous reports by Miyake and Kozuka. This consis-
improver added to the solution was adjusted to be B tency is a good example of the capability of our system. For
vol % (standard 75 vol %). Almost all films prepared from the Fe-V system, a sample with 50% V synthesized in the
various MOD solutions under optimized temperature and HEP at 550°C showed the highest photocurrent (Figure 9).
viscosity were homogeneous, so we selected these as thén the DEP, the XRD pattern of the photoelectrode with 50%
basic preparation conditions. The reproducibility of the V was too broad and noisy to identify the compound of the
samples was evaluated by photocurrent measurement usingxide semiconductor because of the thinness of the fitth (
TiO; film. TiO, was suitable to evaluate the reproducibility xm) and its low crystallinity. However, we confirmed that
by photocurrent because of its stability. Forty-two samples the powder synthesized using a large amount of the precursor

3. Results and Discussion
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Figure 8. Dependence of photocurrent on the Nb ratio in-FRé
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 NagPO,
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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Figure 9. Dependence of photocurrent on the V ratio infé
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 NaHPQ, 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).

solution at 550°C showed mainly the XRD pattern of
FeVQO,. We therefore inferred that mainly very fine FeyO
with low crystallinity was synthesized in the photoelectrode.
A porous structure was confirmed by SEM observation. The
FeVQy, particles were 2630 nm in diameter. The color of
the sample with 50% V was brownish yellow, and the
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Table 2. Bismuth-Based Binary Oxides Selected from XRD
Data Marked as Highly Reliable

1 2 3
1 ZnBisgOso Biz6ZNo301183  SrBiO;
2 SiBI,Og SrBi,O4 CuBiyO4
3 Ca;BI 6013 CagBI 205 B|48A| 2095
4 AlBiOy Bio.67Y 03015 Yo.288Bi0.71015
5 B!1.87Y0.1@3 B!12N|019 B!3.64N|0.3605.82
6 B!a.ed\/lno.sloe.ls B!zFetOQ BizsFeQyo
7 B|24F6203g Bi 12Mgolg Blank
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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 MJS&y
aqueous solution (pH 5.8). Applied potentiat0.1 V (vs Ag/AgCI).
Light source: Xe lamp with 420 nm cutoff filter (3.2 mW).
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for semiconductor material was performed using the HEP
targeted at bismuth-based binary oxides. We selected target
materials from XRD data marked as highly reliab¥e) (in

the Powder Diffraction Fil& because crystal structures
marked with ax 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 580 The
photocurrent was evaluated by application of a potential of
—0.1V (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

threshold of the absorption spectrum was approximately 600photocurrent was observed in the sample targeted for
nm. Furthermore, the passage of photoelectrons (CoulombCuBi:O, (Figure 10).

number) fo 1 h was about 0.013 C (0.18mol), whereas
the amount of FeVQunder irradiation was approximately
0.07 umol. Therefore, from the result of the currettime

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

measurement, the turnover number of the observed photo-particles were 1530 nm in diameter, and the aggregated

electrons to the FeVQunit was greater than 1. After the

particles were 100-400 nm. Figure 12 shows the current

measurement, there was no change in the appearance of thpotential properties of the Cuf, film under ultraviolet

FeVQ, 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 Bi\4®® Bi,W,0,,%8 CaBb04,%° BiTap g
Nbo 043 and PbBiNb,Oy,3! have been reported to be

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 Cuf, film also showed

a high photocurrent that was more than half that under
ultraviolet and visible-light conditions. Therefore, we con-
clude that CuBiO, has high visible-light responsiveness. The
CuBi,0O4 was dark brown, and its threshold of absorption

efficient photocatalysts and photoelectrodes. The screeningwas approximately 800 nm. Furthermore, the passage of
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o CuBi,0,
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Figure 11. XRD profile of the sample prepared for CyBj, as
the targeted material using the DEP.

60

Potential [V]s. Agiage)

Photocurrent [uA]

— without filter
—--—- with 420nm cutoff filter

Figure 12. Current-potential curve of the CuB0, film electrode.
The photoelectrode was prepared by painting and firing at°850
for 30 min, one time, using DEP. Electrolyte: 0.1 M J$&,
aqueous solution (pH 5.8). Light source: Xe lamp (9 mW without
filter).

photoelectrons (Coulomb numberyf h was about 0.026

C (0.27 umol), whereas the amount of CuyBi, under
irradiation was about 0.02mol. Therefore, from the results
of the currenttime measurement the turnover number of
the observed photoelectrons to the unit of GaBiwas
approximately 13 for 2 h. This material was confirmed to
be stable as a photoelectrode. As mentioned above,,OuBI
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-

Arai et al.

examples show the capability of this system. In the-We
system, an improvement of the photocurrent was observed
for the composition ratio corresponding with FeyYQhis
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, CuBi 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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