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Photocatalytic activity of titania nanohole arrays
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Abstract

Titania nanohole array with various hole diameters was obtained by liquid phase deposition (LPD) method. Photocatalytic activity of titania
nanohole arrays was estimated by the photodecomposition properties of acetaldehyde and methylene blue. The photodecomposition rates
of methylene blue and acetaldehyde were increased with heat treatment temperature. Titania nanohole array sintered at 1173 K showed the
highest photocatalytic activity. This result was caused by the fact that the crystallinity increased with heat treatment temperature and the
specific surface area of titania nanohole array was almost constant with heat treatment. The sample with the 250 and 200 nm diameter showed
the highest photocatalytic activity.
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. Introduction

Titania has a high potential for many industrial applica-
ions and therefore many researches focus on its fabrication
nd characterization[1–5]. In recent years, major attention
as been devoted to its ability of photocatalysis[6]. Much
ffort has been made to prepare titania with a large specific
urface area in order to increase the photocatalytic activity. In
ur previous reports[7,8], we have described a new process

or synthesis of titania nanohole array with a large specific
urface area.

In this process, we use a liquid phase deposition (LPD)
ethod with an anodic alumina as a starting material. The
PD method is a novel wet process, which has been devel-
ped for the preparation of metal oxide thin films[9–14]. In

his process, it is possible to produce thin metal oxide films or
ydroxide films directly on a substrate that is immersed in a

reatment solution for deposition. Metal oxide or hydroxide
hin films are formed by means of both a hydrolysis equi-
ibrium reaction of a metal-fluoro complex ion and an F−

consuming reaction of boric acid or aluminum metal, wh
acts as a scavenger for F− [9]. The hydrolysis reaction o
metal-fluoro complex ions [MFx(x− 2n)−], in the treatmen
solution for deposition is given as follows:

MFx
(x−2n)− + nH2O ⇔ MOn + xF− + 2nH+ (1)

The equilibrium reaction (1) is shifted to the right-hand s
by the addition of boric acid or aluminum metal, which re
ily reacts with the F− ions to form stable complex ions (Eq
(2) and(3)):

H3BO3 + 4H+ + 4F− ⇔ BF4
− + H3O+ + 2H2O (2)

Al + 6H+ + 6F− ⇔ H3AlF6 + 3/2(H2) (3)

The LPD method is a very simple process and does no
quire any special equipment such as a vacuum system.
moreover, be applied readily to the preparation of thin fi
on various types of substrates with large surface area
complex morphologies, since the LPD is performed in
aqueous solution. In our new process[7,8], since we use an
∗ Corresponding author. Tel.: +81 6 6879 7905; fax: +81 6 6879 7889.
E-mail address:thama@stu.nucl.eng.osaka-u.ac.jp (T. Hamaguchi).

odic alumina as a scavenger and starting template material,
we can synthesize the oxide nanohole array in a single pro-
cess. In this study, we measured the photocatalytic activity
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Table 1
Sample name and the reaction condition for the sample

Sample
name

Reaction
time (h)

Amount of
titania (mg)

Ti/Ti + Al
(wt.%)

Hole diameter
(nm)

Ti-05 0.5 8.7 2.8 300
Ti-10 1.0 45 14.2 250
Ti-15 1.5 78 23.1 200
Ti-20 2.0 110 31.6 150

for titania nanohole array of photodecomposition of acetalde-
hyde gas and methylene blue.

2. Experimental

The ammonium hexafluorotitanate ((NH4)2TiF6; Aldrich
Inc.) was dissolved at a concentration of 0.1 mol/dm3 in dis-
tilled water as the treatment solution 1 to synthesize the tita-
nia nanohole arrays. Anodic alumina disks (anodisc; WHAT-
MAN Ltd.) were used as the starting material and F− scav-
enger. The disk diameter and thickness of the anodic alumina
were 13 mm and 50�m, respectively. The anodic alumina
was immersed in the treatment solution 1 and the reaction
was carried at 293 K. For comparison of the photocatalytic
activity, titania film was prepared by LPD method. The am-
monium hexafluorotitanate and boric acid were dissolved at
a concentration of 0.1 mol/dm3 in distilled water as the treat-
ment solution 2 for deposition of thin film. Soda lime glass
used as substrates was immersed in the treatment solution
and the reaction was carried at 20◦C for 24 h. The sample
was then removed from the treatment solution, washed with
distilled water and acetone and dried at room temperature.
Heat treatments of the deposited films were carried out in
airflow for 1 h at temperatures ranging from 373 to 1373 K.
The sample name, the reaction time for the preparation of
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was carried out as follows: the sample of 13 mm diameter was
immersed in the 0.1 mmol/dm3 methylene blue solution for
1 h. Then, the sample was removed from the methylene blue
solution and dried in a dark place at room temperature. The
decomposition properties of methylene blue were estimated
by the delta absorbance (Eq.(4)), the wavelength of which
was 650 nm as measured by PCC-2 (ULVAC Inc.).

�ABS = ABS† − ABSinitial (4)

ABS† is the absorbance at various illumination times and
ABSinitial the absorbance at initial time.

3. Results and discussion

Fig. 1shows FE-SEM photographs of the surface structure
of anodic alumina as the starting material, Ti-05, Ti-10, Ti-15,
and Ti-20. Anodic alumina inFig. 1(a) had many pores whose
mean diameter was approximately 200 nm. FromFig. 1(b),
we can observe a structure similar to that of the anodic alu-
mina. The hole diameter of Ti-05 is about 300 nm. It could
be seen that the widening of hole diameter was caused by
the dissolution of anodic alumina. The surface structure of
Ti-10 (Fig. 1(c)), Ti-15 (Fig. 1(d)), and Ti-20 (Fig. 1(e)) had
many tubes and the inside diameters of the sample were about
2 ter of
t 0 nm.
T , 50,
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T ntered
u e ar-
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n ther
t on
he sample, the amount of titania, and the titanium conte
eight are described inTable 1.
The surface morphologies and cross-section of the

dic alumina disk and the titania nanohole array were
erved by field-emission scanning electron microscopy
EM) (JEOL, JSM-6700F). The BET surface area was d
ined by N2 adsorption (YUASA-IONICS COMPANY, AU
OSORB). Photodecomposition experiment of acetalde
apor was carried out as follows: the sample with 25 cm2 ap-
arent surface area was placed at the bottom of a quartz
ell (volume, 500 ml). The air in the cell was replaced b
as consisting of a 4:1 mixture of N2 and O2 and containing
0% humidity. Then, acetaldehyde was added to the c
ive an initial concentration of 100 ppm. After 30 min, ir
iation was commenced. A black light, whose wavele
as about 300–420 nm, was used as the light source

ight intensity was 1.0 mW/cm2 at the bottom of the reactio
ell, as measured by a detector with a wavelength dete
ange of 320–380 nm. The 0.50 dm3 gas in the reaction ce
as then removed using a gas syringe at periodic interva
as chromatography. Photodecomposition of methylene
50, 200, and 150 nm, respectively. The outside diame
hese samples was almost the same, approximately 30
he wall thickness values of these samples were 30
nd 70 nm, respectively. The distance between each t
ecreased when the reaction time was increased and
as no scaffold formed by the wall of anodic alumina[8] in
ig. 1(d) and (e).

Fig. 2shows FE-SEM photographs of the cross-secti
tructure of Ti-05, Ti-10, Ti-15, and Ti-20. We could not c
rm whether titania exists on the surface structure of T
Fig. 1(a)), however, we could observe titania particles on
all of anodic alumina from the cross-sectional view of Ti

Fig. 2(a)). The remaining anodic alumina was observed
ween the tubes (Fig. 2(b) and (c)). Comparing these figur
he scaffolds formed from anodic alumina could be obse
ver the top of titania tubes inFig. 2(b), however, no sca
olds could be observed inFig. 2(c) and only anodic alumin
etween tubes was observed. This result agrees with th
EM analysis of the surface morphologies. There rema
o anodic alumina inFig. 2(d). It is found that Ti-20 consiste
f only titania of at least 7�m from the surface.

The following part of the study demonstrates how s
roperties of titania nanohole array changed with heat t
ent temperature.Fig. 3shows X-ray diffraction patterns f

he titania nanohole array sintered at various tempera
he titania nanohole array samples as prepared and si
p to 673 K showed no peaks, while the titania nanohol
ay sintered at and over 773 K showed some peaks. For t
anohole array sintered below 973 K, diffraction peaks o

han that of anatase TiO2 were not observed. The diffracti
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Fig. 1. FE-SEM photographs of the surface structure of titania nanohole arrays synthesized for various reaction times.

peaks of rutile of titania appeared for titania nanohole array
sintered above 1373 K. The ratio of anatase to rutile was cal-
culated as 85:15 from this peak.Fig. 4 shows the specific
surface area of Ti-10 sintered at various temperatures. The
specific surface area of non-heat treatment Ti-10 was 28.90.
The specific surface area is calculated by dividing the total
surface area by the sum of the weights of titania and remain-
ing alumina. The specific surface area of titania nanohole
array was almost constant up to 1173 K. We consider that
this was due to the structure of titania nanohole array with
anodic alumina. Neither the structure of the anodic alumina
nor that of the titania nanohole array changed with heat treat-
ment up to this temperature. The sample sintered at 1373 K,
however, could not keep the structure because of the anatase
to rutile phase transition of titania as shown inFig. 5. So the

photocatalytic activity of the sample sintered at 1373 K was
lower than that at 1173 K.

Fig. 6shows the photodecomposition properties of the ac-
etaldehyde by using Ti-10 sintered at various temperatures.
The sample sintered at up to 573 K hardly decomposed the
acetaldehyde gas. The samples sintered at above 973 K de-
composed the acetaldehyde gas faster than that sintered at
773 K, and the highest photocatalytic activity was attained
with the sample sintered at 1173 K. Since the purpose be-
hind the photodecomposition properties of acetaldehyde is
the deodorization, we have to estimate not only the decom-
position rate of acetaldehyde but also the generation rate of
carbon dioxide.Fig. 7shows the generation properties of car-
bon dioxide by the titania nanohole array sintered at above
773 K. In this figure, the amount of generated carbon diox-



102 T. Hamaguchi et al. / Journal of Photochemistry and Photobiology A: Chemistry 173 (2005) 99–105

Fig. 2. FE-SEM photographs of cross-sectional structure of titania nanohole arrays synthesized for various reaction times.

ide is set to be zero at 30 min. The lowest generation rate of
carbon dioxide was shown by Ti-10 sintered at 773 K. The
generation rate of carbon dioxide by the sample sintered at
1173 K was slightly higher than that at 973 K. These results

F tem-
p

show that the photooxidation power of the sample sintered
at 1173 K was the strongest. The reason behind the highest
photocatalytic activity of the titania nanohole is discussed as
follows. We focused on two factors: one is the crystallinity
and the other is specific surface area. The crystallinity of ti-
tania nanohole array became higher with heat treatment tem-
perature (fromFig. 3). On the other hand, the specific surface
area was almost constant with heat treatment temperature up
to 1173 K (fromFig. 4). From these results, it can be con-
cluded that the highest photocatalytic activity was caused by
the highest crystallinity of the sample sintered at 1173 K. The
reason why titania nanohole array sintered at 1373 K showed

tures.

ig. 3. XRD properties of titania nanohole arrays sintered at various
eratures.
 Fig. 4. Specific surface area of the Ti-10 sintered at various tempera
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Fig. 5. FE-SEM photograph of the surface structure of titania nanohole array
sintered at 1373 K.

Fig. 6. Photodecomposition properties of acetaldehyde by using Ti-10 sin-
tered at various temperatures.

lower photocatalytic activity than that sintered at 1173 K was
that the sample sintered at 1373 K showed rutile phase, which
demostrated lower photocatalytic activity than anatase phase
and had lower specific surface area than the sample sintered
at 1173 K.

Fig. 7. Photogeneration properties of carbon dioxide by using Ti-10 sintered
at various temperatures.

Fig. 8. Photodecomposition properties of methylene blue by using Ti-10
sintered at various temperatures.

Fig. 8shows the photodecomposition properties of methy-
lene blue by using Ti-10 sintered at various temperatures. As
a reference, the photodecomposition properties of methylene
blue by using anodic alumina. Ti-10 sintered at 573 K and
anodic alumina hardly decomposed methylene blue, how-
ever, Ti-10 sintered at 773 K could decompose methylene
blue. This tendency was the same as the photodecomposition
properties of acetaldehyde gas. This tendency was the same as
the photodecomposition properties of the acetaldehyde gas.
These results can be related to the result of X-ray diffraction
(Fig. 3). In other words, titania nanohole array, which has
low crystallinity does not show the photocatalytic activity.
Above 573 K annealing leads to an increase of crystallinity
and hence the rise of photocatalytic activity.

According to a previous report[15], titania thin films pre-
pared by LPD method show that the photocatalytic activity,
and the highest photodecomposition property of acetaldehyde
were achieved by the thin film sintered at 573 K.Fig. 9shows
the photodecomposition properties using methylene blue of
titania thin films prepared by LPD method sintered in the
present study. We found that the thin film sintered at 573 K
and the sample sintered at 773 K showed the highest pho-

F itania
t

ig. 9. Photodecomposition properties of methylene blue by using t
hin film by LPD method sintered at various temperatures.



104 T. Hamaguchi et al. / Journal of Photochemistry and Photobiology A: Chemistry 173 (2005) 99–105

Fig. 10. Photodecomposition properties of methylene blue by various sam-
ple sintered at 1173 K.

todecomposition property of methylene blue. However, the
titania nanohole array, Ti-10 asprepared and sintered below
573 K, showed no photocatalytic activity. We concluded that
Ti-10 thin films as-prepared showed no photocatalytic activ-
ity due to the presence of Al ions. According to Gesenhues
[16], photocatalytic activity of Al-doped titania was lower
than that of non-Al-doped titania. Because of using Al ion
as an F− scavenger, the titania nanohole array included Al
ion as well as titania particles and showed low photocatalytic
activity after heat treatment at low temperatures.

Fig. 10 shows the photodecomposition properties of
methylene blue using various hole diameter samples sin-
tered at 1173 K. Both Ti-05 and Ti-10 showed the lowest
photodecomposition rate of methylene blue. Ti-10 and Ti-15
showed a very high photodecomposition rate. The reason for
the high photocatalytic activity might be that Ti-10 and Ti-15
included larger amount of titania powder than Ti-05 as shown
in Table 1. Although Ti-20 included larger amount of titania
powder than Ti-10 and Ti-15, it showed low photocatalytic
activity. Fig. 11shows the specific surface area of Ti-10, Ti-
15 and Ti-20 sintered at 1173 K. In this figure, open mark
shows the specific surface area of these samples calculated

F action
t

by dividing the total surface area by the weights of titania
and remaining alumina, and solid mark shows the specific
surface area of the titania calculated by dividing the total sur-
face area by the sum of weights of only titania. The specific
surface area of the samples was almost constant, however,
the specific surface area of the titania decreased with reac-
tion time. So, we concluded that the photocatalytic activity
of Ti-20 was lower than that of Ti-10 and Ti-15. However,
it is impossible to justify that the photocatalytic activity of
Ti-10 was similar to that of Ti-15. Therefore, we considered
other possibilities for this result. We expected that when the
hole diameter decreased the depth of photoillumination be-
came less. However, we are forced to conclude that we do not
have any definite answers to this question. Further systematic
experiments on variation of the photocatalytic activity with
hole diameter and the sample thickness are needed.

4. Conclusions

Photocatalytic activity of titania nanohole arrays was es-
timated by the photodecomposition properties of methylene
blue and acetaldehyde. The activity of photodecomposition
of methylene blue and acetaldehyde was increased with heat
treatment temperature. Titania nanohole array sintered at
1 sult
w with
h a of ti-
t ment.
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ig. 11. Specific surface area of the sample prepared for several re

ime.
173 K showed the highest photocatalytic activity. This re
as caused by the fact that the crystallinity increased
eat treatment temperature and the specific surface are

ania nanohole array was almost constant with heat treat
itania nanohole array with various hole diameters was
ared. The samples with 250 and 200 nm diameters sh

he highest photocatalytic activity.
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