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Abstract

SrTiOg photocatalysts doped with chromium ions showed photocatalytic activitiesfevélution from an aqueous methanol solution
under visible lightirradiation. However, it had a long induction period. Codoping of niobium or tantalum ions with chromium ions shortened
the induction period, and increased the photocatalytic activities in respect of év@ltion. The photocatalytic activities of chromium- and
chromium/tantalum-doped SrTiQvere improved when they were pretreated at 773 K in the hydrogen reduction atmosphere. Codoping of
tantalum ions suppressed the formation dfQpns and oxygen defects which would work as nonradiative recombination centers between
photogenerated electrons and holes, resulting in the shortening of induction periods and the improvement of photocatalytic activities.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction materials for photocatalysts aiming at water splitting owing
to their stability in water.
Photocatalytic water splitting has attracted attention from It has been reported that WQ1,2], RoPpNbzOyq [1],
a view point of photon energy conversion. It has been re- BiVO4 [1,2], BioWOg [2], chromium/antimony-doped TiO
ported that some metal oxide photocatalysts are active for[5], AQNbQOs [6], and AgVO4 [7] are visible-light-driven
evolution of B and @ from water[1-4]. Especially, the photocatalysts for & evolution from water containing a
NiO/NaTaQ:La photocatalyst can decompose water injo H  sacrificial reagent. On the other hand, there are few re-
and Q with a high quantum efficiencw50%[4]. However, ~ ports of active metal oxide photocatalysts fop kvolu-
these photocatalysts are not appropriate for the solar energyiion with visible light response, Pt/HPRbzO10 [1] and
conversion because the highly efficient overall water split- chromium/antimony-doped SrTgJ5]. Therefore, the de-
ting on the photocatalysts is limited under UV irradiation. velopment of highly efficient metal oxide photocatalysts for
Therefore, the development of visible-light-driven photo- Ha evolution under visible light irradiation is an attractive
catalysts for water splitting is an important research target. theme. The authors have previously reported that B0
Some metal oxidefl,2,5-7] (oxy)sulfides1,2,8-11] and SrTiOz codoped with chromium and antimony ions are ac-
(oxy)nitrides [12—15] function as active photocatalysts for tive for O; and H evolution from water containing sacrifi-
H, and @ evolution from aqueous solutions containing cial reagents under visible light irradiation, respectivsly
suitable sacrificial electron acceptors and donors under The authors have suggested in the previous paper that a con-
visible light irradiation. However, the highly active pho- cern for the charge balance is important for the design of
tocatalyst for water splitting under visible light irradiation photocatalysts doped with foreign elements.
has not been developed so far. Metal oxides are the hopeful SrTiOs is one of the candidates for the host material for
the design of visible-light-driven photocatalysts possessing
the H, production ability by doping of transition metal ions
* Corresponding author. Tek:81-3-5228-8267; fax;81-3-3235-2214.  Since the conduction band level of SrE@G more negative
E-mail address: a-kudo@rs.kagu.tus.ac.jp (A. Kudo). than that of rutile-TiQ [16]. On the other hand, the visible
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light response of doped SrTihas been reported in photo-
electrochemistry17—20]

In the present study, the photocatalytic reaction of
chromium-doped SrTi@for Hy evolution from water con-
taining methanol of a sacrificial electron donor under visi-
ble light irradiation was studied. The relationship between

photocatalytic activities and the charge compensation wasCr (1 mol%), Nb (1 mol%)

discussed.

2. Experimental

Chromium-doped SrTi@powder was prepared by a solid
state reaction. Starting materials (Sris®anto Chemical,
99.9%), TiQ (Soekawa Chemical; 99.9%), £03 (Kanto
Chemical; 98.5%), YOs (Wako Pure Chemical; 99.0%),
Nb2Os (Kanto Chemical; 99.95%), 3&s (Rare Metallic;
99.99%), and W@ (Nacali Tesque; 99.5%)) were mixed at
once according to the ratio SiNli;_,O3 (M: dopant ele-
ment). The mixture was calcined at 1423 K for 20h in air
using a platinum crucible. The obtained powder was con-
firmed by X-ray diffraction using Cu K radiation (Rigaku:
RINT-1400). B reduction treatment was performed on the
catalyst if necessary. A platinum cocatalyst was loaded from
an aqueous pPtCl solution by a photodeposition method.

Photocatalytic properties were evaluated by theeMo-
lution from an aqueous methanol solution under visible
light irradiation. The photocatalytic reactions were carried
out in a gas-closed circulation system. The catalyst (19)
was dispersed in a reactant solution (310 ml) by a magnetic
stirrer. An argon gas (50 Torr) was introduced into the sys-
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Table 1
Photocatalytic H evolution from an aqueous methanol solution over
chromium-doped SrTi@under visible light irradiatiof

Dopant (amount) Rate of Hevolution @umol h™1)

Cr (1 mol%) 25
Cr (1 mol%), V (1 mol%) 0.0
8.2
Cr (1 mol%), Ta (1 mol%) 15
Cr (2mol%), W (1 mol%) 5.6

aCatalyst: 1g, Pt (1wt.%)-loaded; reactant solution: 6.5vol.%
methanol, 310 ml; light source: 300 W Xe lamp attached with a cut-off
filter (A > 440 nm).

(ca. 50h). The photocatalytic activity of chromium-doped
SrTiOs was increased when high-valent ions, such as nio-
bium, tantalum, and tungsten ions, were codoped with
chromium ions. Moreover, their induction periods became
2-3 h. However, the photocatalytic activity was disappeared
when vanadium ions were codoped. Tantalum was the most
effective codopant. Therefore, further investigation was car-
ried out for the most active chromium/tantalum-codoped
SrTiOs photocatalysts.

3.2. Effect of codoping of tantalum ions into
chromium-doped S TiO3 on photocatalytic properties

Fig. 2 shows dependence of photocatalytic activities
of SrTiO3 doped with chromium and chromium/tantalum
upon the amounts of dopants. The equimolar amounts
of tantalum to chromium were codoped in the case of
chromium/tantalum-doped SrT#O The photocatalytic

tem after deaeration. The light source was an ozone-freeactivities of chromium- and chromium/tantalum-doped

Xe arc lamp (Perkin-Elmer: CERMAX-LX300) attached
with a cut-off filter (HOYA: Y44). The amount of evolved
H> was determined using gas chromatography (Shimadzu:
GC-8A, MS-5A column, TCD, Ar carrier).

Diffuse reflection spectra were obtained using a
UV-Vis-NIR spectrometer (Jasco: UbestV-570) and were
converted from reflection to absorption by the Kubelka-
Munk method. X-ray photoelectron spectra were measured
using an X-ray photoelectron spectrometer (Shimadzu:
ECSA-3200). The catalysts were observed by a scanning
electron microscope (Hitachi: S-5000).

3. Results

3.1. Photocatalytic activities of chromium- and
chromiunyM”*-doped STiO3

Table 1 and Fig. 1 show photocatalytic bl evolution
from an aqueous methanol solution over chromium- and
chromium/M**-doped SrTi@ under visible light irradi-
ation. All catalysts except for chromium/vanadium-dope
SrTiOs produced H. The chromium-doped SrTiphoto-
catalyst steadily evolved Hafter a long induction period

d

SrTiOs were increased as the amounts of chromium doped
were larger. Although their activities reached maxima at
6% for chromium-doped SrTi®and at 3% for chromium/
tantalum-doped SrTig) respectively, further amounts of
doping decreased the activities. Chromium/tantalum-doped
SrTiOs showed higher activity than chromium-doped
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Fig. 1. Photocatalytic bl evolution from an aqueous methanol solu-
tion over chromium-doped SrTigunder visible light irradiation. Doped
with (a) Cr (1 mol%), (b) Cr (1 mol%)/V (1 mol%), (c) Cr (1 mol%)/Nb
(1 mol%), (d) Cr (1 mol%)/Ta (1 mol%), and (e) Cr (1 mol%)/W (1 mol%).
Catalyst: 1g, Pt (1wt.%)-loaded; reactant solution: 6.5vol.% methanol,
310ml; light source: 300W Xe lamp attached with a cut-off filter
(A > 440nm).
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§ 40 Table 2
g Effect of Hy reduction treatment upon photocatalytic activities of
= 30 b chromium-doped SrTig}
é Dopant (amount) Temperature Induction Rate of B
2 90k of Hy period (h) evolution
3 N reduction (K) (wmol h—1)
T 10l (a),” Cr (Lmol% None 50 25
T 10 -
5 e . Cr (1 mol%) 573 7 9.0
= % ¢ | D Cr (6mol%) None 15 16
e % > a1 & 8 10 Cr (6 molo) 573 17 17
Amount of Cr doped / mol% Cr (4mol%), Ta (4mol%)  None 16 34
Cr (4mol%), Ta (4 mol%) 573 1 24
Fig. 2. Dependence of photocatalytic activities of chromium-doped $rTio  Cr (4mol%), Ta (4mol%) 773 1 70
upon the amounts of chromium. Closed circles: doped with Cr, open cir- Cr (10mol%), Ta (10mol%) None 12 8.4
cles: doped with Cr/Ta. Catalyst: 1g, Pt (1wt.%)-loaded; reactant solu- Cr (10mol%), Ta (10mol%) 573 3 7.8

tion: 6.5vol.% methanol, 310 ml; light source: 300 W Xe lamp attached

. . aCatalyst: 1g, Pt (1wt.%)-loaded; reactant solution: 6.5vol.%
with a cut-off filter (. > 440 nm).

methanol, 310 ml; light source: 300W Xe lamp attached with a cut-off
filter (A > 440 nm).

SrTiOs. Especially, when 10 mol% of chromium was doped, ) _ )
chromium/tantalum-doped SrTiGstill showed the activity ~ Cr°* ions involved in the catalysts were reduced t¢"Cr
whereas chromium-doped SrFOwas no longer active.  1ONS by th_e H reduction. The photocatalytic activities for
The lengths of induction periods as showrFig. 1did not ~ Hz evolution from an aqueous methanol solution of the
depend on the amounts of chromium doped. The induction féduced chromium- and chromium/tantalum-doped SgTiO
periods of chromium/tantalum-doped SrEi@ere 4-18h, ~ Were summarized iffable 2 In the case of SrTi9doped
which were shorter than those of chromium-doped SgTio  With 1mol% of chromium, the induction period was dras-
(18-50h). tically _shortened from 50 to 7 h. byj-reductlon treatment.
Effects of H reduction treatment on photocatalytic prop- N addition, the rate of kevolution was also improved by
erties of chromium- and chromium/tantalum-doped SgTio  four times by B reduction treatment. However, no signif-
photocatalysts were examined. The colors of both catalystsic@nt improvement in the photocatalytic properties by H
were changed from blackish red to bright yellow by the H reduction treatment was observed in the case of 6 mol% of
reduction. chromium doping. On the other hand, the induction periods
Diffuse reflection spectra of the photocatalysts are shown Of all catalysts were shortened by, Heduction treatment
in Fig. 3 Chromium- and chromium/tantalum-doped SrJio ~ When tantalum ions were codoped with chromium ions.
as prepared possessed absorption bands at 520 and 700 A1 activities were not improved in the case of téduc-
in the visible region in addition to the intrinsic band gap tion performed at 573K whereas the activity was increased
absorption whereas Heduction-performed photocatalysts Py ™o times in the case of Hreduction performed at
had simple absorption bands with onsets around 530nm?773K. The photocatalytic i evolution from an aque-
and weak absorption bands at 570-700 nm attributed to d—d°us methanol solution over the most active photocatalyst,
transition of C#* ions. The absorption spectra of reduced Cchromium(4%y)/tantalum(4%)-doped Sr@educed by H
chromium-doped SrTi@well agreed with action spectra of &t 773K, under visible light irradiationi(> 440nm) is
photocurrents of SrTi@doped with C? ions or LaCrQ shown inFig. 4. After 1 h of an induction period, fevo-
[17-19] The change in the absorption spectra implied that
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Fig. 4. Photocatalytic bl evolution from an agueous methanol solution
Fig. 3. Diffuse reflection spectra of chromium-doped Sri@ith and over Cr (4 mol%)/Ta (4 mol%)-doped SrTiQeduced with H at 773K
without H, reduction treatment. (a) Cr (4 mol%)-doped, (b) reduced Cr under visible light irradiation. Catalyst: 1g, Pt (1 wt.%)-loaded; reactant
(4 mol%)-doped, (c) Cr (4 mol%)/Ta (4 mol%)-doped, and (d) reduced Cr solution: 6.5vol.% methanol, 310ml; light source: 300W Xe lamp at-
(4 mol%)/Ta (4 mol%)-doped. tached with a cut-off filter X > 440 nm).



184

Cr(VI) Cr(im

Intensity / arb. units

590 585 580 575

Binding energy / eV

570

Fig. 5. X-ray photoelectron spectra of Cr2p of (a)0s, (b) Cr0;, (c)
Cr (4 mol%)-doped, (d) reduced Cr (4 mol%)-doped, (e) Cr (4 mol%)/Ta
(4 mol%)-doped, and (f) reduced Cr (4 mol%)/Ta (4 mol%)-doped STiO

lution steadily proceeded. The amount of Evolved for
19 h of irradiation was reached 10gnol. It is much larger
than the amounts of chromium and tantalum ({L9%ol)
involved in 1g of the catalyst. It indicates that the H
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Nb°*t, T, and Wt are codoped with chromium ions to
compensate the unbalanced charge as had been discussed
in the previous papef5]. Nevertheless, in the case of
chromium/vanadium codoping, the photocatalytic activity
was negligible. Because V3d orbitals should form a trapping
level below the conduction band consisting of Ti3d*V
ions trap the photogenerated electrons resulting in forma-
tion of V4 ions which facilitate the charge recombination.
In addition, the local structure around®V ions might be
distorted because of their small ionic radii. Such a local
distortion would also work as charge recombination cen-
ters. Codoping of tungsten ions did not increase the rate of
Ho evolution as much as codoping of niobium and tantalum
ions. Itis also due to the electron trap and a positive shift in
the conduction band by tungsten ions. However, a significant
effect on shortening of the induction period was observed.
It indicates that codoping of tungsten ions certainly com-
pensated the unbalanced charge. In contrast to them, it is
considered that codoping of niobium and tantalum ions can
achieve the charge compensation without the positive shift
in the conduction band, resulting in the shortening of in-
duction periods and the increase in the rate gieMolution.

evolution proceeded photocatalytically by the excitation of 42 Effect of codoping of tantalum ions into
the visible light absorption band due to transition from the chromjum-doped S'TiO3 on photocatalytic properties

electron donor level formed with doped chromium ions to
the conduction band of the SrTi(ost.

The photocatalytic activities of chromium- and chromium/

X-ray photoelectron spectroscopy measurements weretantalum-doped SrTiQwere increased, reached maxima,
carried out in order to see the oxidation states of doped and then decreased as the amounts of chromium doped be-

chromium as shown inFig. 5. The peak intensity of
Cr%* was almost the same as that of 3Crin the
chromium-doped SrTi@ as prepared. In contrast, in the
cases of chromium/tantalum-doped Sr{i&s prepared and
reduced chromium-doped SrTiCthe majority of chromium
ions were C#, but small amounts of € seemed to exist.
On the other hand, only &t was detected in the reduced
chromium/tantalum-doped SrT#O

4. Discussion

4.1. Photocatalytic activities of chromium- and
chromiunyM"*-doped STiO3

If Ti*+ ions in the SrTiQ lattice are replaced by €r
ions, CP* ions (SrTlY 1_3,Cr'"" »,CrV! .03) and/or oxygen
defects (SrM1_5,Cr'",,03_,) should form to maintain
the charge balance. &r ions which possess the strong

oxidizing ability are able to capture photogenerated elec-

trons. The reduction process forming3€rand/or Cf+

came larger, as shown Fig. 2 The number of photons ab-
sorbed would be increased with the increase in the amounts
of chromium, resulting in the increase in the activities. On
the other hand, doping of a large amount of chromium ions
would facilitate the charge recombination. Therefore, these
factors gave the optimum amounts of dopants. The for-
mation of the charge recombination centers such & Cr
ions and oxygen defects is inevitable when Srli©doped
with only chromium ions as mentioned above. In contrast,
codoping of tantalum ions with chromium ions prevents
from the formation of such charge recombination centers
since two T+ ions are ideally replaced by a couple of
crt/Taet (SrTiV 1_,,Cr'" . TaY ,03). In the cases of doping
with chromium of 10 mol%, the chromium/tantalum-doped
SrTiOs was still active whereas chromium-doped Sr3iO
was no longer active. It is due to the suppression of the for-
mation of the recombination centers caused by codoping of
tantalum ions. On the other hand, changes in particle sizes
and surface morphology as observed in the NaTe®was

not observed for the present systgth It was revealed from
XPS measurements that the formation of Cions was sup-

from CP+ seems to induce the long induction period as pressed by codoping of tantaluffig. 5). The absorption at

shown inFig. 1 In addition, the oxygen defects may work

520 and 700 nm was strong in the catalysts containing a large

as recombination centers between photogenerated electronamount of C#+ ions (Fig. 3). These bands were disappeared
and holes resulting in the decrease in the photocatalyticwhen H reduction pretreatment was performed. Thus, the

activity. The formation of the &t ions and oxygen defects
would be suppressed when high-valent cations suctPas V

relationship between the absorbance at 520 and 720 nm and
the amount of &t ions was observed. It is considered that
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the absorption bands are due to complicated transition re-tributes to the Z-scheme system combined with a avO
lated to the SrTi@ host, CF*, and CP+ ions. On the other ~ photocatalyst for a water splitting reactif®il].

hand, the XPS of reduced chromium-doped SgWas sim-

ilar to that of chromium/tantalum-doped Sri@s prepared

rather than that of the reduced chromium/tantalum-doped5. Conclusion

SrTiOg, indicating the existence of €r ions. However, the

both reduced catalysts showed similar DRS without the ab-  The chromium/niobium- and chromium/tantalum-doped
sorption bands due to €t ions. The oxidation of a part of  SrTiO; showed the higher activities and shorter induc-
Cr** ions at the surface to €t ions by exposing to airis  tion periods than chromium-doped SrEOit was found
reasonable for reduced chromium-doped Sgl&hce the  from XPS measurements that the formation of'Cions
charge balance has to be kept by the formation 6t Gons which would work as the charge recombination cen-
and/or oxygen defects as described above. On the other handers was suppressed by codoping of tantalum ions. The
although the XPS of reduced chromium-doped SgTénd chromium/tantalum-doped SrTiGtill showed higher activ-
chromium/tantalum-doped SrTiGas prepared were almost ity than chromium-doped SrTeven when H reduction

the same, their DRS were quite different from each other. It was conducted to reduce € It is due to that the forma-

is due to that C¥" ions were formed only at the surface in tion of oxygen defects was also suppressed by codoping
the former catalyst while €t ions existed not only at the  of tantalum ions since the charge balance in the crystals

surface but also in the bulk in the latter. was maintained by substitution of a couple offQTa>"
The order of lengths of induction periods was chromium- for two Ti*t ions. Thus, it has been found that niobium
doped SrTiQ > chromium/tantalum-doped SrTiO~ re- and tantalum ions are efficient codopants to maintain the

duced chromium-doped SrT¥O> reduced chromium/  charge balance when titanate photocatalysts are modified
tantalum-doped SrTi@ It corresponds to the order of the by doping of the low valence ions such astr

amounts of C3t involved in the catalysts. The induction pe-

riod of the reduced chromium-doped Srgi@as relatively
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