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Abstract

We have investigated the charge flow through heterojunction, which consists of two semiconductors possessing the equivalent energies
of the conduction band edges as well as the valence band edges. The composite powders possessing heterogeneous microjunction
prepared by precipitating anatase-type Ji@yers on perovskite-type (§4sLap0s5)TiOs4s particles from TiOSQ@ aqueous solution;
the (Sh.osLag 0s) TiO34s powder absorbed light with < 550 nm. Under visible light irradiation with > 420 nm of Xe discharge, the
photobleaching of methylene blue aqueous solution sensitized using the composite proceeded several times faster than that using TiO
alone. The change in the absorption spectrum shape of methylene blue aqueous solution with irradiation time differed significantly from
that obtained using TiPalone. The results have revealed that the uphill energy band bending in the composite was steeper than that in
TiO, alone, and the photogenerated hole was predominantly supplied to methylene blue ions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction may refer to solar cells using p- and n-type silicones, i.e.
p—n homojuctiond21], which have achieved a great suc-
Since the discovery of the photoelectrochemical water cess in solar energy conversion to electricity. The difference
splitting on n-type TiQ [1], i.e. photoelectrode, solar en- between the Fermi levels of two semiconductors yields en-
ergy conversion to hydrogen and electricity using the pho- ergy band bending in the junction region, which results in
togenerated charges has received much atteftier]. The one-dimensional separation of the photogenerated electron
applications of the photogenerated charges include theand hole. The energy step and spike at the junction inter-
photodegradation of organic molecules present in polluted face, leading to the charges’ recombination, do not appear
water and aif8,9] and wet solar cells sensitized by organic in the case of the homojunction.
dyes[10]. To attain efficient reactions, the photogenerated We have investigated a heterogeneous microjunction con-
electron and hole in the semiconductors must be spatially Sisting of perovskite-type (8t La,)TiO3z1s (Eq = 3.2€eV)
separated as fast as possible and then transferred int@nd anatase-type T¥Q(Eg=3.2eV); that is an f/n junc-
the reactants; otherwise the charges may be recombinedtion. Because they possess the equivalent energies of
Well-known approaches for the spatial charge separationthe conduction band edges as well as the valence band

are to load cocatalysts, e.g. NiO, Pt, and Ru@ TiO, edges, the situation becomes similar to that for homo-
and also to use composite films and powders consistingjunction. In the present study, the composite powders, i.e.
of two semiconducting photocatalysts, e.g. 7iGaP[11], (Sro.95Lag 05) TiO34s particles covered by anatase-type 7iO

TiO2/NbyOs [12], TiO2/SNG, [13-15] TiO2/WO3 [16-18] layers, were prepared, together with 3i@owder alone. It
and TiG/CdS[19,20] When considering the application to is well-known for TiG, plate dipped in agueous solution
the photoelectrochemical water splitting and wet solar cell, that an uphill energy band bending occurs in the surface
the charge separation must proceed in one-dimensional. Weegion[1]. We carried out the photobleaching of methylene
blue sensitized using the composite powder and, THOw-
* Corresponding author. Tek:81 6 6879 7461; fax:-81 6 6879 7461. der alone, and discussed the effect of the heterojunction on
E-mail address: shinya@mat.eng.osaka-u.ac.jp (S. Otsuka-Yao-Matsuo). the uphill band bending and charge separation.
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2. Experimental procedure
2.1. Materials

The (Sh.gsLapos)TiO34s used in this study was syn-
thesized by the conventional solid-state reaction method.
The powdered raw materials used were SgG@N) and
TiO2 (4N) purchased from Rare Metallic Co. Ltd., and
reagent-grade Lagl’H,O purchased from Kanto Kagaku
Co. Ltd. The raw materials were weighed considering ig-
nition losses, and mixed using a planetary ball mill with
80cn? pots made of partially stabilized zirconia. In or-
der to ensure thorough mixing of the powders, ethanol
was added during the mixing operation. After the dried
mixtures were calcined at 1073K for 10h, the calcined
powders were mixed again using the planetary ball mill
and pressed into 17.2-mm diameter disks under 265 MPa.
The disks were subsequently loaded in a Pt crucible and
sintered at 1573 K for 10h. The disks were then crushed
and pulverized using the planetary ball mill. To attain an
n*/n junction, the obtained powder (1 g) was first dispersed
in 1 mol/dm? HNOs acid solution (50 crf) maintained at
353-363 K. After 20 min, TiOS@powder (0.2 g) dissolved
in 1 mol/dn? HNOgz acid solution (10c) was added,
and 1mol/dmM ammonia aqueous solution (70#&msuc-
cessively added in the solution with stirring; pH 0.75-0.85
was attained. In this manner, the ¢9¢Lag 05)TiO3.5 par-
ticles were coated by Ti©sol, the amount of which was
10 mass% for the largest of the core particles. Sulfur was
removed totally before drying by washing with purified
water. The composite powder was then annealed at 873K
for 1h, so that the sol could become TpiQarticles. For
comparison, the SrTi® powder and anatase-type TiO
fine powder were prepared by a similar solid-state reaction
method and precipitating from TiOSGsolution, respec-
tively. The anatase-type TiOpowder (ST-01), supplied
from Ishihara Sangyo Co. Ltd. was also used for com-
parison. Because the results using the JTi@epared by
the precipitation were completely consistent with those
using ST-01, only the latter ones are presented in this
paper.

The samples were subjected to powder X-ray diffraction
(XRD) analysis (Cu & radiation using a curved graphitgsK
filter, 40kV and 200 mA) (MXP18, MAC Science, Yoko-
hama, Japan). The optical absorption properties of the pow-
dered samples were evaluated from their diffuse reflectivity
recorded by a double-beam spectrophotometer (Hitachi
U-4000) equipped with a white-coated (MgO) integrated
sphere. MgO powder was used as a reference material.

2.2. Evaluation of photocatalytic activity

The photocatalytic behavior of the sample powders was
evaluated by the photobleaching of methylene blue aque-
ous solution containing the sample powdé?P2,23] A
2x10°mol/dm? methylene blue aqueous solution was
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prepared; its maximum absorbance at approximately 664 nm
lay between 1.50 and 1.55. The sample powder (0.20 g) was
dispersed in the aqueous solution (100 ml) by stirring with
a magnetic stirrer. After 1 min, irradiation with a 500 W Xe
discharge light above the aqueous solution was initiated.
After a predetermined time, 12 ml of the solution was aspi-
rated and centrifuged. The optical absorption spectrum for
the supernatant solution was recorded using a double-beam
spectrophotometer (Hitachi U4000). At an appropriate in-
terval of time, a UV-cut filter (Suruga Seiki L42) was
inserted, and the photobleaching of methylene blue under
visible light (. > 420 nm) was examined.

3. Experimental results

Fig. 1shows the powder XRD pattern of the §ggLagp o5)
TiO34s—TiO2 composite compared with that of sLag o5)
TiO34s alone. La-doped strontium titanate was a single
phase of the perovskite type. For the composite, small
but clear diffraction peaks due to anatase-type,TiQuld
be observedFig. 2 shows the diffuse reflectance spectra
of (Sr.g5Lag 05) TiO34.s powders as sintered and after surface
treatment with 1 mol/df HNO3 aqueous solution for
20 min, compared with those of the (9Lag s)TiO31s—
TiO, composite, anatase-type Ti@nd sintered SrTi@and
(Sro.90Lan.10)TiO34s at 1573 K. For the 5mol% La-doped
strontium titanate, optical absorption due to electron
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Fig. 1. Powder X-ray diffraction patterns of the o9%LagosTiOz+s
and Sg.gsLag psTiO345—TiO2 composite prepared in this study. (a)
Srp.95La0,05TiO34s sintered at 1573 K (b) §psLag psTiO34s—TiO2 com-
posite powder annealed at 873 KDY Perovskite-type SfosLap osTiO3 15
(v) anatase-type Ti©
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Fig. 2. Diffuse reflectance spectra obh3§Lap 05TiO3,s powder compared
with those of TiQ, SrTiOz and Sg.gsLag 05TiO345—TiO2 composite pow-
ders. (@) SosLaposTiOs4s sintered at 1573K (b) $osLagpsTiO3z4s

with surface treatment (1mol/dm HNOs aqueous solution) (c)
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transition via impurity level (approximately 2.9 eV, 430 nm) i Starting solution ——
was observed together with fundamental absorption. As a 14 0 min
result, the (S49s5Lag.0s5)TiO3,s absorbed light with a long i 5 min
wavelength of 550nm. When it was subjected to HNO 212F
or HCI surface treatment, the optical absorption rate was E. - Emi"
slightly increased,; this was attributable to an increase in its S 1.0 30 min
surface roughnes®4]. When most of the doped Ba in 3 | dark
the Sr site works as a donor to yield excess electrons, the 08 | ?L‘j‘z“
titanate becomes a black metal-like conductor. However, the _§ - , 150 min
(Sro.95Lag05) TiO3,4s prepared in the present study was col- S06F ,\ i%) )
ored due to electronic transitions via impurity defect levels, < I e
maintaining a semiconductive property. Thus, we inferred 0.4 210 min
that most of the doped La was used in producing defects in Z@M)min
the cation site of the perovskite phase. When the amount of 0.2
the doped La was as large as 10 mol%, optical absorption 270 min~___
due to electron in the conduction band was observed, and —re
400 500 800

the sample became pale gray.

Fig. 3 shows variation in the absorption spectra of ®)
methylene blue aqueous solution sensitized using thegy 3 variation in the absorption spectra of methylene blue aqueous so-
(Sro.95Lag.05) TiO34s—TiO2 composite powder, compared |ution sensitized using §sLagosTiOs.s~TiO> composite powder, com-
with that using TiQ alone, under irradiation with Xe dis-  pared with those using TiOpowder alone under irradiation with 500 W
charge light. It is well-known that, as shown Fig. 3(b) Xe d_ischarge light. Thse concentration_of me_thylen_e blgg in t_he starting
when the aqueous solution sustains the photocatalytic redo@oftfzno‘:ﬁs uzs'ic:‘g zcru\';fng?iié f‘(L) 42""2';1‘;’; "é'g;k;"ggfel_'t'g:i gf
reactions sensitized by anatase-type Jlithe character- unfiltered irradiation. (a) SpsLagosTiOz4+s—TiO2 composite powder (b)
istic absorption peak of methylene blue at approximately Tio, powder alone.

664 nm decreases with a shift toward a shorter wavelength

[22,23,25,26] As the irradiation proceeded, the absorption

spectrum exhibited finally a single small peak at approxi- observed until the aqueous solution became eventually
mately 600 nm. In the case of the ¢ggLag o5) TiO345s—TiO2 colorless. InFig. 4, variations in maximum absorbance
composite powder, the absorption peak of methylene blue between 600 and 664 nm of methylene blue aqueous so-
at approximately 664 nm hardly shifted with time. Two lution sensitized using various sample powders are plotted
peaks appeared on the absorption spectrum at approxi-against time. The photocatalytic activities of the SrJiO
mately 600 and 664 nm, where the former peak was largerand (Sp.gsLag 05) TiO3.5 as sintered were found to be fairly
than the latter one. These two absorption peaks wereweak. When the (Qlslags)TiOz4s—TiO2 composite

Wavelength, A / nm
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1.6 4. Discussion
without powder (blank)
14 e RO st (k) As shown inFig. 4, the (Sb.sLao,05)TiO345~TiO com-
12 _— -;6\*\ posite powder, i.e. (8psLagos)TiO3.s particles covered
ik N2 — by a thin TiQ, layer exerted a high photocatalytic activity
B 10 B2 &\ 7 under visible light ofs > 420 nm. Anatase-type TiChardly
§ \A VT absorbs visible light of > 410 nm. Under irradiation of <
g 0.8 A R LN 410 nm, the photocatalytic activity of Tgds much higher
2 g 7777777 o V{ than that of (S§9s5Lag.05) TiO31s alone. These results imply
= 0.6 [ e e - M that the photogenerated charge, i.e. electron or hole, in the
04 | V7 R with surface treatment —~_ (Srp.95Lag 05) TiO3s moved in the TiQ. As shown inFig. 3,
T / o T the variation in the absorbance spectra of methylene blue
02 F Sualu g:']l;ilg_;ic o Ti0: ST-0D) aqueous solution obtained usingdg4lLag o5) TiO3,s—TiO2
- ’ composite was significantly different from that obtained
OO " 1 " 1 1

using TiQ alone. Fig. 5 shows a plausible degradation
scheme of methylene bluR6,27] When the photogen-
erated electrons are predominantly supplied to methylene
Fig. 4. Change in maximum absorbance in the wavelength range of blue, colorless leuco-MB is formed, and therefore the ab-
600-664 nm sensitized using various sample powders under irradiation sorption peaks in the range of 600-664 nm must decrease
with 500W Xe discharge light. Chain linel VL) indicate irradiation with time keeping the Origina| Shape of methy|ene blue. If
with visible light of 2 > 420nm using a UV-cut filter (L42, Suruga  yhe g ccessive degradation reactions Mi@emethylation
Seiki Co. Ltd.). Solid line indicates unfiltered irradiation. Dotted line in- . .
dicates interruption of irradiation/() SrTiOz powder prepared at 1573 K induced by holes are relatively slow, the MB aqueous so-
(©) SrogsLagosTiOs.s prepared at 1573K+% ) SrooslagosTiOz:s lution must become colorless on¢26]. Thereafter, the
with surface treatment (1 mol/dmHNOz aqueous solution) @, @) absorption peak at approximately 600 nm must appear and
Sip.95La0,05TiO34s—TiO2 composite ( maximum values in the range of  jncrease gradua"y; this may be the casedaCeZrQy [28]
600-664 nm and at approximately 664 nm, respectivélj) TiOy(ST-01) For instance, thionine being one of the materials formed
powder dried at 413K X) without sample powders (blank test with un- . . .
filtered irradiation) © ) SrygsLagosTiO34s—TiO2 composite (blank test by N-demethylation absorbs light with 596 nj27,29} As
without irradiation). these successive degradation reactiond\wgemethylation
accelerate, that is, they occur spontaneously with the for-
mation of leuco-MB, the absorption peak at 664 nm of
methylene blue decreases with a shift toward 600 nm and
powder was used as a sample, the absorbance of methylengisappears eventually; this is the well-known case for,TiO
blue smoothly decreased similarly to that of methylene alone. If the photogenerated holes could be predominantly
blue sensitized using Tialone. When the irradiation was  supplied to methylene blue, the degradation reactions via
interrupted, the decrease in absorbance became negligiblyN-demethylation would proceed without the formation of
small. Immediately before the interruption, the rate of de- leuco-MB. On the way of the reactions, molecules formed
crease in absorbance under unfiltered irradiation,Ags by N-demethylation such as thionine coexist with methy-
= 0.028 mirr! was twice as large as that using Fi@one, lene blue in the solution. Thus, two absorption peaks at
i.e. Aaps = 0.015miml. When the visible light ofx > approximately 600 and 664 nm must be observed until the
420 nm was successively irradiated, the photobleaching pro-methylene blue is completely decomposed. This expected
ceeded smoothly again. The rate of decrease in absorbancespectrum variation appears to agree with the experimental
i.e. Agps= 0.0039 mirr! was several times larger than that result obtained using (&ssLag.o5)TiO3,s—TiO2, compos-
using TiQ alone, i.e.Aaps = 0.00075minl. The rate of  jte. One may wonder if the photogenerated electron in the
decrease with Ti@was evaluated based on the difference methylene blue ion moved into the TiQayer. However,
in slopes between the irradiation and its interruption be- in view the fact that the rate of decrease in absorbance us-
cause a slight decrease in the maximum absorbance wasng TiO, alone was fairly small under visible light of >
observed without irradiation. Another important feature for 420 nm, this effect could be neglected.
the (Sep.gsLag.os)TiO35—TiO2 composite powder is that,
the absorbance of the methylene blue aqueous solution at electron
0 min; that is, 1 min after dispersal of the powder, is sig- /
nificantly lower than that of the as-prepared solution, i.e. .
between 1.50 and 1.55. This may come from the adsorption Methylene Blue l <« hole, HO
of methylene blue ions on the sample surface; the adsorption /'\ N-demethylated mmmppCO,, H,0, SO,, N,
appeared to be almost terminated before the irradiation with 10 11o*  Azure BA.C (blue) Thionine (violet)
Xe discharge. The result implies that the composite powder
was charged up due to spatial charge separation in it. Fig. 5. Plausible photodegradation scheme of methylene blue.

0 60 120 180 240 300 360
Time. t / min

Leuco-MB (colorless)
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For clarifying the fundamental properties of supercon-
ducting oxides, the donor-doped alkaline-earth titanates
with perovskite-type structure have been extensively in-
vestigated30—33] According to a recent repof83], the
Fermi level of (St_,La,)TiO3.s becomes higher than the
conduction band minimum, with increasing La content;
that is, the Fermi level is located in the conduction band.
In view of the fact that the (SrsLag.os)TiOszs prepared
in the present study was a semiconductor, its Fermi level
might exist in the energy band gap; however, it is plau-
sibly close to the conduction band edge. Thus, optical
absorption due to electron in the conduction band was ob-
served for (S§goLap.10)TiO34s. Because an impurity-free
TiO2 behaves as intrinsic semiconductor, the Fermi level
of anatase-type Ti@is located in the middle of the en-
ergy band gad34], unless it is annealed in a reducing
atmosphere. Furthermore, for perovskite-type SgTénd
anatase-type Ti® their conduction band minimum and
valence band maximum are nearly equivalent. It is natu-
ral that their energy band gaps are equivalent; i.e. 3.2eV
for SrTiOs and 3.2eV for anatase-type Tid9]. Thus,
the energy level diagram for (&g5Lag.os)TiO345—TiO2
heterojunction resembles that for homojunction where the
energy step and spike at the junction interface do not ap
pear. As shown irFig. 6, an uphill energy band bending
toward TiQ must be yielded in the junction region, the

slope sign of which is the same as that of the energy band

bending in the surface region of n-type Bi@ipped in the
agueous solutioi35]. One may try to use a donor-doped
TiO, plate alone with visible light response as a photo-
chemical electrode; however, the band bending in2TiO
becomes much smaller than that in impurity-free FiO
with increasing doping conter[R1]. In the case of the
(Sro.95Lap 05) TiO34s—TiO2 composite, the diffusion po-
tential due to the band bending in the junction region of
the (Sp.gsLapps)TiO31s and TiQ, equals the difference in
their Fermi levels; furthermore, the band bending in the
surface region of TiQ contacting with the aqueous solution
remains still large because of impurity-free BiOThus,

Fermi Level

Potential

Aqueous
Solution

+

Fig. 6. Schematic drawing of idealized energy level diagram for
Sro.g5L.ap05TiO345—TiO> heterojunction. Bold line indicates the energy
band bending.

5

a monotonic and large energy band bending, as shown in
Fig. 6, may appear in a part of (&ssLagos)TiO3+s and
throughout the TiQ layer.

As shown inFig. 2 the (Sp.gsLagos)TiO34s prepared
in the present study absorbed the light Jof< 550 nm
(2.2eV) due to its fundamental absorption and colorations
induced by electronic defects. Its spectrum in the range of
500-700 nm significantly differed from that of SrH@in-
tered at 1573 K. The colorations in Srl’;'(may.be i.nduced
by electronic defects related to oxygen, e.gy W, V§,
o, o/, 0", and Q° Thus, we have inferred that the col-
orations in (S#.95Lap,05) TiO34s Were induced by electronic

defects related to cations, e.g.gTaLagr, V§,, Vg, and ;.

Referring to the result shown iRig. 2 the energy level of
La:,gr and L&, may be lower by approximately 0.3eV than
the conduction band minimum. Thus, visible light of>
410nm can penetrate the TiQayer and induce the pho-
toexcitation of electrons in (§psLag os5)TiO34s particles.
The photogenerated holes move toward the surface of the
TiO, layer along the energy band bending showifrig. 6.

The present experimental results on photobleaching can be
clearly explained by this speculation. The photogenerated
electron in TiQ moves in the (SrgsLag.os) TiO3 s particle;
however, it may eventually move toward the three phase
interfaces: (Y995Lap 05)TiO345/TiO2/aqueous solution, ex-
isting in a micro-crack in the Ti@ layer, and may then
contribute slowly to catalytic reactions.

Up to date, many researchers have reported that
visible-light-induced photocatalytic reactions are enhanced
using composite powders and films consisting of pho-
toactive semiconductors. However, the difference between
the Fermi levels of the semiconductors that yields band
bendings has hardly been considered. The smooth flow
of the photogenerated charges through the heterojunction
must require a coherent joint between the two semicon-
ductors. According to a recent report, the surface top
layer of SITiQy has a TiQ stoichiometry with half of the
TiOs units [36]. Furthermore, the alkaline earth titanates;
e.g. SrTiQ and BaTiQ phases can dissolve trace BiO
These should be important factors for attaining a coherent
junction. TiG; and alkaline earth titanates are chemically
stable and abundant in resources. Their composites can
be prepared by low-cost processes such as hydrothermal
processe$37,38] Because SrTi@and SrZrQ@, are mutu-
ally soluble[39] and the latter energy band gap is larger
than the former one, the energy band gap of SgTgan
be increased by substituting the Ti site with Zr ions. Thus,
the combination of titanium oxides with donor-doped al-
kaline earth titanates such as {SiLa,)TiOs,s has many
advantages. The principle and experimental results in-
troduced in this study should become useful in the de-
sign of photochemical electrodes for water splitting and
dye-sensitized wet solar cells, and also in the synthe-
sis of photocatalytic powders for purifying water and
gases.
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