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A combinatorial approach has been carried out to systematically investigate visible-light responsiveness of
Fe—Ti—M (M: various metal elements) oxides for photoelectrochemical water splitting. Among the 25
elements tested, strontium was the most effective. A ternary metal oxide with the composition Fege 1 Tig ¢Sr430,
has been identified as a new lead structure for a visible-light responsive, n-type semiconductor. We have
conducted various kinds of characterization of the Fe—Ti—Sr oxide semiconductor and discussed the reason
why Sr in the Fe—Ti oxide gave the highest photocurrent.

Introduction

Ever since Fujishima and Honda first found that a TiO,
photoelectrode splits water into oxygen and hydrogen under
UV-light irradiation,! photoelectrodes and photocatalysts
have been important for energy production and environmental
purification using solar light. Currently, TiO, under UV light
is used as a photocatalyst for environmental cleanup.’
Although great efforts have been made in developing visible-
light responsive semiconductors for photocatalysis,*'* no
efficient ones have been discovered for visible light. In the
field of photoelectrodes, nanocrystalline semiconductor thin
films with porous structures such as WO;, Fe,0;, and BiVO,
on conducting glass electrodes have shown very high incident
photon-to-current conversion efficiencies (IPCE) for water
decomposition under visible light,"*~'® compared with single-
crystal or pellet-type ones. However, their solar energy
conversion efficiencies have been insufficient for practical
use with respect to light absorption, energy levels of valence
and conduction bands, charge separation, photocurrent—
potential dependence, and stability.

In order to utilize sunlight effectively, new semiconductors
which would work under visible light with high conversion
efficiencies, both as photoelectrodes and photocatalysts, must
be discovered and developed. It is challenging to proceed
with the search for new semiconductor materials consisting
of more than two elements with varying compositions
because of the large phase space available. To accelerate
the screening of semiconductor materials, their synthesis and
evaluation should be automated.

Guided by the above factors, we have developed a high-
throughput screening system for new visible-light responsive
semiconductors for photoelectrodes and photocatalysts. A
photoelectrochemical measurement was selected to evaluate
the charge separation capacity of the visible-light responsive
semiconductors. In addition, an automated synthesis system
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for a photoelectrode library (array of samples) using the metal
organic decomposition (MOD) method and an evaluation
system for screening were developed. Our MOD method uses
organic solvents as well as additives (viscosity improver),
and the precursor solutions are mixed using an automated
liquid-handling platform before printing and firing. This
method is best suited to the preparation of mixed oxides and
the doping because metal ions are dispersed at the atomic
level and stabilized by organic compounds before thermal
decomposition by calcination. Furthermore, because of the
small amount of samples required, our method is low-cost
and environmentally friendly. As a result, in the screening
for p-type semiconductors in bismuth-based binary oxides,
a new material with high visible-light responsiveness,
CuBi,0,, was discovered.'® Moreover, during the screening
of iron-based binary oxides for n-type semiconductors, we
have found several promising new materials quickly and
easily, such as Fe(85%)—Ti(15%), Fe(65%)—Zr(35%), and
Fe(50%)—V(50%).2°

In this work, we apply this search method to discover new
n-type, ternary-oxide semiconductors consisting of Fe, Ti, and
M. We also characterize these new semiconductors in order to
elucidate the reason for the high visible-light response.

Experimental Section

Our automated semiconductor synthesis system has been
reported previously.'*?° Fluorine-doped tin oxide (FTO)
conductive glass obtained from Asahi Glass Co. was used
as the substrate. We used enhanced metal-organic decom-
position solutions of various metals purchased from Symetrix
Corporation, diluted with n-butyl acetate to 0.2 mol -dm™>
as precursors. The precursor solutions were mixed in a deep
well at the required ratio, and a viscosity improver, prepared
by dissolving ethyl cellulose in n-butyl acetate at 10 wt %, was
added to control the printing conditions. The solutions were
printed on a conducting glass substrate using a disposable tip.
This system can synthesize 42 samples on the same conductive
glass substrate at a time. The printed samples were transferred
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Figure 1. Dependence of the photocurrent on the Ti ratio in Fe—Ti
binary oxide photoelectrodes.

into a furnace and fired first at 823 K for 0.5 h and then at 973
K for 0.5 h in air. These printing and firing processes were
repeated four times. Some samples were also prepared by spin
coating and calcination for various characterizations.

The photocurrents of the synthesized samples were evalu-
ated by scanning the photoelectrode with focused light while
applying a constant potential. The photocurrent was measured
using a potentiostat (Toho Giken, PS-08) and a Pyrex glass
cell. As electrolyte, we used 0.1 mol-dm > NaH,PO,
aqueous solution adjusted to pH 7.0 with NaOH. Cu foil
was taped on the top of the photoelectrode to connect the
cables to the working electrode. An Ag/AgCl electrode and
a Pt wire were used as the reference and counter electrodes,
respectively. A Xe lamp (PerkinElmer, CERMAX 300 W)
equipped with an optical fiber was used as the light source.
A 420 nm cutoff filter (HOYA, L-42) was used for visible-
light irradiation. The edge of the optical fiber was covered
with a 1 mm diameter slit and fixed on the XY stage to scan
the light over the sample. The photocurrent was evaluated
by measuring the difference between the current when the
light was on (3.2 mW) and the current when the light was
off under a constant potential. The potential was set to 1.0
V. The error in the photocurrent measurement was within
6%.

The morphology of the film was observed using a scanning
electron microscope (SEM, Hitachi, S-800). Material iden-
tification was performed using an X-ray powder diffracto-
meter (XRD, Bruker AXS, MX-Labo) with Cu Ka, radiation.
Patterns were assigned according to the JCPDS database.
Raman spectroscopy was undertaken using a Jasco NRS-
1000 Raman spectrophotometer at 532 nm. UV —vis spectra
were taken with a Jasco V-570 spectrometer equipped with
an integrating sphere, and light-harvesting efficiency (LHE)
of the electrode was calculated from its transmittance (7)
and reflectance (R):

LHE=1—-T7T-R (1)
Results and Discussion

Fe—Ti Binary Oxides. As previously reported,'®*° the
photocurrent in the Fe—Ti system showed marked improve-
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Table 1. Composition of Samples for the New Visible-Light
Responsive Ternary Oxide Search

Fe—Ti ratio = 98:2

Fe—Ti ratio = 90:10

Fe Ti M Fe Ti M
98.0 2.0 0.0 90.0 10.0 0.0
97.9 2.0 0.1 89.9 10.0 0.1
97.8 2.0 0.2 89.8 10.0 0.2
97.7 2.0 0.3 89.7 10.0 0.3
97.5 2.0 0.5 89.6 10.0 0.5
97.3 2.0 0.7 89.4 9.9 0.7
97.0 2.0 1.0 89.1 9.9 1.0
96.6 2.0 1.5 88.7 9.9 L5
96.1 2.0 2.0 88.2 9.8 2.0
95.1 1.9 2.9 87.4 9.7 29
933 1.9 4.8 85.7 9.5 4.8
91.6 1.9 6.5 84.1 9.3 6.5
89.1 1.8 9.1 81.8 9.1 9.1

ment between 5 and 20 mol % Ti concentrations compared
to pure Fe oxide. On the basis of this result, we began by
investigating the effect of Ti within 20 mol % in detail. As
shown in Figure 1, the photocurrent increased with the
addition of Ti and reached a maximum at 9 mol %. This
behavior was reproducible. We have, thus, fixed the Fe—Ti
ratio at 98:2 and at 90:10 for the ternary oxide search.
Fe—Ti—M Ternary Oxides. For the Fe—Ti—M ternary
oxides, we examined 25 kinds of M elements (Al, B, Ba,
Bi, Ca, Ce, Co, Cr, Cu, Dy, In, La, Mg, Mn, Nb, Ni, Pb, Sb,
Si, Sm, Sn, Sr, Ta, Y, and Zn). Using an M content range of
0—9.1 mol %, a set of 26 samples was created for each M,
as listed in Table 1. Figure 2 shows the influence of the M
elements on photocurrent. In the case of Fe—Ti ratio of 98:2
(Figure 2a), Ba, Ce, La, Sn, Sr, and Zn improved their
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Figure 2. Photocurrents of Fe—Ti-M ternary oxides: Fe—Ti ratio
of (a) 98:2 and (b) 90:10. The italicized values are the M atomic
ratios at maximum photocurrents.
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visible-light response, since their average photocurrents were
higher than the 1.06 A for Fe—Ti binary oxide in Figure
1. Adding La, Sr, and Zn also yielded high values of
maximum photocurrent, over 2 uA. However, the addition
of Ca, Co, Cu, Mn, Sb, Si, and Sm drastically decreased the
visible-light response.

For the 90:10 Fe—Ti ratio in Figure 2b, the addition of B,
Ba, Bi, La, Nb, Sn, Sr, and Y enhanced the average value
of the photocurrent (1.36 #A in Figure 1). The samples
containing Ba, La, Nb, Si, Sr, and Y showed high values of
maximum photocurrent, over 2 uA. In contrast, adding Co,
Cu, Mg, Mn, Ni, and Sb diminished the visible-light response
of the oxides considerably. In general, ternary oxides based
on the 90:10 Fe—Ti ratio exhibited higher photocurrent than
those with a 98:2 ratio, in agreement with the binary oxide
result of Figure 1.

Among the 25 elements tested, we find Sr to be the most
effective, because it exhibited the highest maximum and
average photocurrents for both Fe—Ti ratios. The photocur-
rent for the 90:10 system was more than 40% higher than
for the 98:2 on for Sr addition. Cu was the least efficient
additive among the 25 elements tested.

Consequently, we explored the effect of adding Sr on the
Fe—Ti system at ratios near 90:10 in more detail. Figure 3
depicts the influence of Sr concentration on the photocurrent
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Figure 3. Dependence of the Sr ratio on the photocurrent in Fe—Ti—Sr ternary oxide photoelectrodes: Fe—Ti ratio of (a) 97:3, (b) 90:10,
and (c) 87:13.

for the Fe—Ti ratio = 97:3, 90:10, and 87:13 systems. The
photocurrent initially increased with the Sr ratio, reached a
maximum at about 5 mol % of Sr, and then decreased
drastically for all Fe—Ti ratios studied. Sr addition over 6
mol % adversely affected the visible-light response. Among
the samples examined, the highest value of photocurrent, 3.34
UA, was obtained for Fegs TigSr430,, in agreement with
the finding in Figure 2 that Fegs;Tiq5Sry 3O, exhibited the
maximum photocurrent. This proves the reproducibility of
our combinatorial search.

Oxide Characterization. To investigate the reason why
the Fegq TigeSr430, (FeTiSrO) sample gave the highest
photocurrent, several kinds of characterization were carried
out. For comparison, Fe oxide (FeO), Fe—Ti binary oxide
(FeTi0O), and Fe—Sr binary oxide (FeSrO) with compositions
corresponding to FeTiSrO and prepared by spin coating were
also characterized. The photocurrent increased in the order:
FeO < FeSrO < FeTiO < FeTiSrO, irrespective of the
preparation method.

Figure 4 shows the SEM images of the different oxides.
Porous structures were observed in all cases. FeO sample in
Figure 4a comprised ~50 nm diameter grains. Grains ~60
nm in diameter were found in FeTiO (Figure 4b). However,
some of the grains were rodlike, and the size distribution
was larger than for FeO. The shapes of the grains for FeSrO
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Figure 4. SEM images of semiconductor film surfaces: (a) FeO, (b) FeTiO, (c) FeSrO, and (d) FeTiSrO.

in Figure 4c were similar to those for FeO, but their sizes
were smaller, approximately 30 nm. Unlike FeO, FeTiO, and
FeSrO, the particles in FeTiSrO (Figure 4d) appeared fused
and interconnected. They were approximately 70 nm in
diameter.

Figure 5 shows the XRD spectra of the four oxides.
Unlike in other characterizations, samples used for XRD
were not film but powder, prepared by calcination of the
precursor solution. The FeO sample in Figure 5a exhibited
peaks that correspond to o-Fe,O; (Hematite, JCPDS
#33—0664, Figure Se) at 24.2°, 33.2°, 35.6°, 40.9°, 49.5°,
54.1°, 62.4°, and 64.0°. At the same time, a tiny peak at
35.2° assigned to Fe;04 (magnetite, JCPDS #19-0629) was
discernible at the shoulder of an intense peak at 35.6°.
The FeTiO sample in Figure 5b had peaks only due to
a-Fe,03, such as (104) and (110) reflections, suggesting
Ti-doping of the hematite.'’

Many peaks corresponding to SrFe;,09 (JCPDS #33-1340,
Figure 5e) at 30.4°, 32.4°, 34.2°, 37.2°, 40.4°, 42.6°, 55.2°,
56.9°, and 63.2° appeared in the FeSrO sample (Figure 5c¢),

(@)

Intensity / a.u.
G

1071 1110
012 110 205113 024 "7 017) 514300 (e)
N 1 5 O 0
I . |} L I|  Dulla |
20 30 40 50 60 70
26/ degree

Figure 5. X-ray diffraction patterns of (a) FeO, (b) FeTiO, (c)
FeSrO, (d) FeTiSrO, and (e) standard powder pattern of a-Fe,Os
(hematite: black lines with plane indices) and SrFe;,0,¢ (blue lines
with plane indices).
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Figure 6. Raman spectra of semiconductor films: (a) FeO, (b)
FeTiO, (c) FeSrO, and (d) FeTiSrO.

besides the weaker peaks due to o-Fe,O5 at 33.2°, 35.7°,
49.5°, and 54.1°, as well as Fe;O,4 at 35.2°. Peaks corre-
sponding to SrFe ;09 at 30.2° and 40.5° as well as o-Fe,03
at 35.6° were also observed for the FeTiSrO sample in Figure
5d but were broader and weaker than those for the FeO,
FeTiO, and FeSrO samples. These findings reveal that Sr as
well as Ti is incorporated into the hematite for the FeTiSrO
sample.

The crystalline sizes estimated from the XRD line
broadening of the a-Fe,Os (104) peak at 260 = 33.2° by the
Scherrer equation are 36 nm for the FeO sample, 42 nm for
the FeTiO one, and 24 nm for the FeSrO one. The crystalline
size of the FeTiSrO sample could not be determined because
the peak was very broad and weak; however, its trend among
the three samples is consistent with the grain size observed
by SEM in Figure 4.

The Raman spectra of the films are shown in Figure 6.
The spectrum of FeO sample in Figure 6a is typical of an
o-Fe,O5 phase showing peaks at 221, 289, 405, 494, and
605 cm!. These peaks matched well with the previously
reported Raman data for hematite.?'>* The band at 657 cm ™!
may be due to either a magnetite'®** or the result of the
breakdown in Raman symmetry selection rules induced by
short-range order such as nanoscale dimensions or lattice
defects.'®*'"?* Judging from the low intensity of the XRD
spectrum in Figure 5a, this band would not be attributed to
Fe;O, but for defects. Five modes of o-Fe,O; and one
disorder-related mode were also found in FeTiO and FeSrO
samples (Figure 6b,c). Besides, one SrFe;,0;9 mode appeared
at 682 cm™! for the FeSrO sample in Figure 6¢,%’ in
agreement with the XRD observation in Figure 5c. SrFe;,0y9
itself seems to have no visible-light responsiveness. The peak
at around 610 cm ™! was not distinguished in the FeTiSrO
sample (Figure 6d); however, it was also assigned to the
hematite. In addition, there was a peak attributed to surface
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Figure 7. Light-harvesting efficiency (LHE) spectra of semiconduc-
tor films: (a) FeO, (b) FeTiO, (c) FeSrO, and (d) FeTiSrO.

and grain boundary disorder®” detected at 654 cm™" for all
four samples.

Optical properties of the semiconductor films were studied
by UV —vis spectroscopy. LHE spectra of the films are given
in Figure 7. The LHE values for all samples were high, and
over 80% of the values came from the short-wavelength
region of the spectra. However, the values gradually de-
creased for longer wavelengths. As the wavelengths reached
the characteristic optical absorption threshold for hematite
(~600 nm),?® the LHE dropped off rapidly. Little difference
in LHE spectra was found among the four samples; that is,
efficient visible-light absorption for a-Fe,O3 was preserved
in Sr and Ti doping.

On the basis of the characterization results, we can explain
why the FegeTig¢S1430, (FeTiSrO) sample exhibited the
highest photocurrent as follows. Ti doping of a-Fe,O3
evidenced by XRD and Raman spectroscopy improved the
short hole diffusion length in a hematite (2—4 nm,*® 20
nm?’). This is because the hole diffusion length in TiO, is
800 nm and is much longer than in 0-Fe,04.282% Sr as well
as Ti doping into hematite induces interconnection of
nanocrystalline hematite particles, as demonstrated by SEM
observations, leading to the minimization of the electron/
hole transfer distances. The doping leaves high visible light
absorbance unchanged,” ' as evaluated by UV —vis spec-
troscopy. As a result, recombination between photogenerated
electrons and holes is suppressed in the FeTiSrO photoelec-
trode: more electrons and holes are forced to separate under
an applied voltage. These are then detected as an increase
in the photocurrent.

In the field of photocatalyst, the codoping method with
two elements is often adopted to neutralize charge balance
in the semiconductors. There is a possibility that Sr also
maintains the charge balance in the crystal lattice of Fe,O;
by codoping with Ti. Kudo and co-workers studied the
visible-light response of TiO, and SrTiO; codoped by Cr/
Sb,> Rh/Sb,*? Ni/Ta, and Ni/Nb.** They found that the
photocatalytic activity of TiO, codoped with Cr/Sb, Rh/Sb,
Ni/Ta, and Ni/Nb was much higher than that of TiO, doped
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only with Cr, Rh, or Ni. The authors explained that the 5+
cations of Sb, Ta, and Nb codoped with the 3+ ones of Cr
and Rh and the 2+ one of Ni maintain the charge balance
of Ti**. This suppressed the formation of Cr®", Rh*", and
Ni*" ions or oxygen defects which serve as recombination
centers. Hashimoto and co-workers also found that Ta/N
codoping enhanced photocatalytic activities of N-doped TiO,
thin films under visible light due to the charge compensation
by Ta’" as well as N>~ for Ti*" and 0?>~.** Dai and co-
workers investigated the electronic and optical properties of
N/La codoped SrTiO; by means of density functional
calculations to explore the physical and chemical origin of
its photocatalytic activity under visible light.*> They dem-
onstrated theoretically that no localized states serving as
electron—hole recombination centers appeared within the
N/La codoped SrTiO;. On the basis of these findings, the
codoped Sr** ions with Ti** should play a role in charge
compensation for Fe*" to prevent the formation of recom-
bination centers between photogenerated electrons and holes,
leading to enhanced visible-light response. As mentioned
above, Ba addition to the Fe—Ti binary oxide also increased
the photocurrent, supporting the theory for a dication.
However, Mg and Ca were not effective in spite of dipositive
ion. It may be due to the difference of doping condition into
Fe, 03 lattice and/or the misalignment of doping amount for
the charge compensation. Sr may also influence the electronic
band structure of o-Fe,Os although only Ti doping caused
no change in it.*®

La as well as Ba was also one of the most effective
elements, but more detailed investigations of them will be
reported in a forthcoming paper. The highest value of
photocurrent, 3.55 nA, was obtained for FeosTi; gLa,¢O,,
as shown in Figure 2a. Promotion effects of La doping have
also been reported on the photocatalysts such as NaTaO3,*”~®
Ti0,,*° Zn0,*" Bi,Ti;0,,*" and AgNbO;.*? Enhanced pho-
tocatalytic activity may be due to smaller particle size,*”**#!
larger surface area,*** ordered surface nanostep structure,’’
and inhibition on phase transformation®” but is less well
understood. Further works need to be investigated on the
discovered Fe—Ti—La oxide.

Conclusion

We have successfully applied the high-throughput
screening system to discover new ternary, visible-light
responsive, n-type semiconductors, Fegg 1 Tig¢Srs30,. The
results of SEM, XRD, Raman, and UV —vis spectroscopy
for the photoelectrode suggest that Sr as well as Ti
suppress the recombination between photogenerated elec-
trons and holes for high LHE o-Fe,O;. This leads to
enhancement of visible-light responsiveness.
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