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A polymerized complex~PC! technique was utilized to prepare high-purity barium tetratitanate
~BaTi4O9) fine powders at a low temperature~700 °C!. BaTi4O9 via the PC route, combined with
RuO2, exhibited 2.4 times larger photocatalytic activities for the decomposition of water compared
to those for a sample prepared by a solid-state reaction method. A considerably large surface area
(;30 m2/g! of the BaTi4O9/RuO2 powdervia the PC route, when compared with;5 m2/g for the
solid-state reaction powder, was supposed to be one of the key factors responsible for the high
photocatalytic activity observed. ©1996 American Institute of Physics.@S0003-6951~96!04740-7#
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Apart from the suitable utilization of BaTi4O9 as a mi-
crowave dielectric resonator filter1–5 in the electronic ce-
ramic industry, the compound BaTi4O9 has recently received
considerable attention as a new host catalytic material
combination with RuO2 for stoichiometrically complete pho-
todecomposition of water.6,7 The crystal structure of the hos
BaTi4O9 compound was reported by several groups,

8–10 and
it was shown to be isostructrual with orthorhombi
KTi3NbO9.

11 The BaTi4O9 compound is then characterize
by the presence of the pentagonal-prism tunnel structu
which seems to play an important role in the emergence
the photocatalysis in BaTi4O9/RuO2 as has been explained
by Inoueet al.6,7 The significance of such photocatalytic ac
tivities in this new class of materials was discussed by t
same authors6,7 from the following two standpoints:~i! the
tunnel structure brings about a significantly large distortio
of TiO6 octahedra, possibly leading to efficient production
photoexcited charges, and~ii ! it prevents RuO2 particles
from aggregating and growing into large particles.

One of the serious obstacles that blocks further subst
tial developments in the application of BaTi4O9/RuO2 mate-
rials as photocatalysts with higher activities is the great d
ficulty in preparing a powder of the host BaTi4O9 compound
with high surface areas. To obtain such active powders, p
cessing temperatures must be set below'700 °C so that the
grain growth may not be very significant. BaTi4O9 has been
synthesized by heat treatment of a mixture of BaCO3 and
TiO2 at high temperatures~900–1300 °C! with repeated
cycles of grinding and firing for the completion of the solid
state reaction.1,9,12 Alternatively, attempts to synthesize
BaTi4O9 at lower temperatures have been carried out by s
gel techniques using metal–alkoxides.13,14However, gels de-
rived from barium and titanium alkoxide precursors hav
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always produced strongly multiphase samples with impuri-
ties such as BaTi5O11, Ba4Ti13O30, and BaTi2O5 after the
heat treatment at temperatures below 900 °C.13,14 The
BaTi4O9 phase did not crystallize from these gels until
'900 °C, and complete formation of BaTi4O9 could be
achieved only at 1100 °C or 1300 °C.13 The primary problem
in processing BaTi4O9 by these previously reported routes is
the strong tendency to produce coarse and inhomogeneo
powders with large grain sizes owing to the high-temperature
heat treatments. This would in turn result in a host catalytic
material with a relatively low activity due to the low surface
area of the dense oxide powders. It is, therefore, necessary
develop a methodology for preparing fine powders of pure
BaTi4O9 with high surface areas.

The principal aim of this letter is to report on a simple
polymerized complex~PC! route, based on polyesterification
between citric acid and ethylene glycol,15,16that was success-
fully used to synthesize pure BaTi4O9 at 700 °C suitable for
a host catalytic material with a high active surface. The pho
tocatalytic activity for the decomposition of water in a
BaTi4O9/RuO2 material preparedvia the PC route is com-
pared with that in a sample prepared by the conventiona
solid-state reaction technique in order to demonstrate the po
tential advantage of the PC method in fabricating photocata
lysts with higher activities.

The BaTi4O9 powders were synthesized by the PC
method as outlined in Fig. 1. A 0.1 mol of titanium tetraiso-
propoxide~Ti@OCH~CH3)2] 4) was first dissolved into 4 mol
of ethylene glycol~OHCH2CH2OH!, and subsequently 1 mol
of citric acid @~HOOCCH2C~OH!~COOH!CH2COOH!# was
added in this solution. After achieving complete dissolution,
0.025 mol of BaCO3 was added and the mixture was stirred
for 2 h at 50 °Cuntil it became transparent. The colorless
clear solution thus obtained was heated at 13065 °C to pro-
mote polymerization and remove excess solvents. On contin
ued heating at;130 °C over several hours, the solution be-
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came highly viscous with a change in color from colorless
deep yellow, and finally it gelled into a transparent brow
glassy resin. It is noteworthy that no visible formation o
precipitation or turbidity was observed during the polyme
ization and gelation. Charring the resin at 350 °C for 2 h in
an electric furnace resulted in a black powder, which is he
after referred to as a ‘‘precursor.’’ The precursor was he
treated at 650–800 °C for 2 h in static air on an Al2O3 boat
followed by natural furnace cooling to room temperatur
Thermogravimetry-differential thermal analysis~TG-DTA!
was carried out to follow the decomposition of precurso
with a heating rate of 10 °C/min. For the purpose of com
parison, BaTi4O9 was also prepared by the convention
solid state reaction at 900 °C for 20 h using an intimate m
ture of BaCO3 and TiO2 achieved by mechanical grinding
for 2 h. The products were characterized by x-ray diffractio
~XRD! using CuKa radiation to identify various possible
phases formed.

Both powders of BaTi4O9 synthesized by the PC and th
solid-state reaction route were combined with a fixed amou
of RuO2 ~1 wt % of Ru relative to BaTi4O9) in exactly the
same manner as follows:~i! Powders of BaTi4O9 were sus-
pended into aqueous solutions containing RuCl3 and the sus-
pension was stirred for 4 h at'70 °C until most of the water
was evaporated.~After this procedure water was added an
the solution was again evaporated to dryness.! ~ii ! The result-
ing mass was dried at 100 °C for 12 h.~iii ! The impregnated
BaTi4O9 was heat treated at 500 °C for 2 h under flowing
H2/N2 gas ~H2 2%1N2 98%!, followed by oxidation at
475 °C in air for 7 h. The powdered photocatalysts thus o
tained were suspended into pure water. The photodecom
sition of water by BaTi4O9/RuO2 was then carried out at
60 °C in a closed gas-circulation reaction vessels under ir
diation of light from a high-pressure Hg lamp operated
500 W. H2/O2 gases evolved were analyzed by a gas ch
matograph. The specific surface area of the samples
measured by the conventional three-point BET method us
nitrogen gas as absorbent.

Figure 2 shows typical TG-DTA curves of a Ba–Ti pre

FIG. 1. Flow chart for preparing BaTi4O9 by the polymerized complex
method.
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cursor fired in air. The TG curve shows a continuously sma
weight loss up to'320 °C and another larger weight loss
extending up to'680 °C. The first weight loss is mostly due
to dehydration and evaporation of volatile organic comp
nents. The second large weight loss between 320 a
680 °C can be ascribed to decomposition of organics
volved in the precursor. The DTA scan of the precursor at
heating rate of 10 °C/min in static air shows a large exothe
feature corresponding to the large weight loss observed
TG between 320 and 680 °C, which can be attributed
burnout of most of organics involved in the precursor.
relatively weak exotherm feature starting at'730 °C
~marked with an arrow! in the DTA curve can probably be
attributed to the onset of crystallization into BaTi4O9 accord-
ing to the XRD data~Fig. 3!.

The XRD patterns of powders obtained after calcinin
the precursor in air at three different temperatures for 2 h are
depicted in Fig. 3 in 2u range of 10°–55°. The precursor
heat treated up to 650 °C was primarily amorphous in stru
ture, as shown by the broad continuum in the XRD in Fi
3~a!. Drastic crystallization has occurred during the he
treatment of the precursor in air at 700 °C for 2 h. All th
XRD patterns of the powders heat treated above 700 °C

FIG. 2. TG-DTA curves of the Ba/Ti51/4 composition precursor.

FIG. 3. X-ray diffraction patterns of products obtained by heating the B
Ti51/4 composition precursor in static air for 2 h at 650 °C~a!, 700 °C~b!,
and 800 °C~c!.
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hibited a pure orthorhombic phase of BaTi4O9 in good
agreement with the diffraction pattern observed for this co
pound by Phuleet al.14 It should be stressed here that th
impurity phases BaTi5O11, Ba4Ti13O30, and BaTi2O5, which
are most frequently formed as by-products during the sy
thesis of BaTi4O9, were not detected by XRD. The tempera
ture ~700 °C! at which pure BaTi4O9 forms via the PC
method is so far the lowest processing temperature for t
compound.

Figure 4 shows total gas~H21O2) evolution volumes
with illumination time and compares the photocatalytic a
tivity of the BaTi4O9/RuO2 sample prepared at 700 °C by
the PC route with that of another sample prepared
900°C by the conventional solid-state reaction method. N
that the total amount of RuO2 in each powder is exactly the
same as mentioned before. On the assumption that H2O is
stoichiometrically decomposed into H2 and ~1/2!O2, the
maximum rates of photoassisted evolution of H2 and O2
were estimated from Fig. 4 to be 420 and 210mmol h21

FIG. 4. Photoassisted water decomposition on RuO2-inpregrated BaTi4O9.
The BaTi4O9 powders were prepared by polymerized complex meth
(s) or solid state reaction method (d). The amount of RuO2 is the same
for both the BaTi4O9 powders~1 wt % or Ru relative to BaTi4O9).
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g21, respectively. It is quite obvious that the BaTi4O9/
RuO2 samplevia the PC route has shown 2.4 times highe
photocatalytic activities compared to those for the samp
prepared by the solid-state reaction method. The remarka
acceleration of the photocatalytic reaction is at least part
attributable to the fact that the BaTi4O9/RuO2 powdervia the
PC route has a considerably large surface area (;30 m2/g!
when compared with;5 m2/g for the solid-state reaction
powder. These results would indicate that the PC route is
promising methodology for preparing the host BaTi4O9 com-
pound with a large surface area that increases the Ru2

deposition sites developed on the surface of BaTi4O9 thus
substantially improving the photocatalytic activity of
BaTi4O9/RuO2. It should, however, be noticed that the pho
tocatalytic process can be influenced not only by the partic
size of BaTi4O9 but also by how evenly the RuO2 is distrib-
uted over the surface of BaTi4O9. To clarify the latter issue,
transmission electron microscopic analysis is ongoing.
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nology Foundation and NEDO International Joint Researc
Grant.

1H. M. O’Bryan, Jr., J. Thomson, Jr., and J. K. Ploudre, J. Am. Ceram. So
57, 450 ~1974!.

2H. M. O’Bryan, Jr., and J. Thomson, Jr., J. Am. Ceram. Soc.57, 522
~1974!.

3J. K. Ploudre, D. F. Linn, and H. M. O’Bryan, Jr., J. Am. Ceram. Soc.57,
450 ~1974!.

4S. Nomura, K. Tomoya, and K. Kaneta, Jpn. J. Appl. Phys.22, 1125
~1983!.

5S. Nishigaki, S. Yano, H. Kato, T. H. Irai, and T. Nonomura, J. Am
Ceram. Soc.71, C-11 ~1988!.

6Y. Inoue, T. Niiyama, Y. Asai, and K. Sato, J. Chem. Soc. Chem. Com
mun.579 ~1992!.

7Y. Inoue, Y. Asai, and K. Sato, J. Chem. Soc. Faraday Trans.90, 797
~1994!.

8F. W. Harrison, Acta Crystallogr.9, 198 ~1956!.
9K. Lukaszewicz, Proc. Chem.31, 1111~1957!.
10W. Hofmeister, E. Tillmanns, and W. H. Bauer, Acta Crystallogr.40,
1510 ~1984!.

11A.D. Wadsley, Acta Crystallogr.17, 623 ~1964!.
12D. E. Rase and R. Roy, J. Am. Ceram. Soc.38, 102 ~1955!.
13J. J. Ritter, R. S. Roth, and J. E. Blendell, J. Am. Ceram. Soc.69, 155

~1986!.
14P. P. Phule and S. H. Risbud,Better Ceramics through Chemistry III,
edited by C. J. Brinker, D. E. Clark, and D. R. Ulrich@Mater. Res. Soc.
Symp. Proc.121, 275 ~1988!#.

15M. P. Pechini, U. S. Patent No. 3,330, 697 ~1967!.
16M. Kakihana, J. Sol-Gel Sci. Tech.5, 7 ~1996!.

od
2055Kakihana et al.
t¬to¬AIP¬license¬or¬copyright;¬see¬http://apl.aip.org/apl/copyright.jsp


