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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 rate:
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 showec
the highest photocatalytic activity.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction consuming reaction of boric acid or aluminum metal, which

acts as a scavenger for §9]. The hydrolysis reaction of
Titania has a high potential for many industrial applica- metal-fluoro complex ions [Mg~27-], in the treatment

tions and therefore many researches focus on its fabricationsolution for deposition is given as follows:

and characterizatiofl—5]. In recent years, major attention o) B

has been devoted to its ability of photocatalyf§is Much MF,&"297 4 nH,0 < MO, + xF~ + 27H )

effort has been made to prepare titania with a large specific

surface areain order to increase the photocatalytic activity. In

our previous reportf/,8], we have described a new process

for synthesis of titania nanohole array with a large specific ng)r:sgg)\;\{lth the F* ions to form stable complex ions (Egs.
surface area. :

In this process, we use a liquid phase deposition (LPD) {3805 + 4HT + 4F « BF4~ + H3O" + 2H,0 @)
method with an anodic alumina as a starting material. The
LPD method is a novel wet process, which has been devel-Al + 6H" + 6F < H3AlFg + 3/2(Hy) 3)
oped for the preparation of metal oxide thin filfi®@s-14]. In
this process, it is possible to produce thin metal oxide films or The LPD method is a very simple process and does not re-
hydroxide films directly on a substrate that is immersed in a duire any special equipment such as a vacuum system. It can,
treatment solution for deposition. Metal oxide or hydroxide Moreover, be applied readily to the preparation of thin films
thin films are formed by means of both a hydrolysis equi- ©n various types of substrates with large surface areas and

librium reaction of a metal-fluoro complex ion and an F complex morphologies, since the LPD is performed in an
aqueous solution. In our new procggs], since we use an-

odic alumina as a scavenger and starting template material,

* Corresponding author. Tel.: +81 6 6879 7905; fax: +81 6 6879 7889. W€ can synthesize the oxide nanohole array in a single pro-
E-mail addressthama@stu.nucl.eng.osaka-u.ac.jp (T. Hamaguchi).  cess. In this study, we measured the photocatalytic activity

The equilibrium reaction (1) is shifted to the right-hand side
by the addition of boric acid or aluminum metal, which read-
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Table 1 was carried out as follows: the sample of 13 mm diameter was
Sample name and the reaction condition for the sample immersed in the 0.1 mmol/dirmethylene blue solution for
Sample  Reaction Amount of TirTi+Al Hole diameter 1h. Then, the sample was removed from the methylene blue
name  tme(h) fitania(mg)  (Wt%) (nm) solution and dried in a dark place at room temperature. The
Ti-05 0.5 87 28 300 decomposition properties of methylene blue were estimated
Ti-10 10 45 1 250 by the delta absorbance (E@)), the wavelength of which
Ti-15 15 78 231 200

Ti-20 20 110 35 150 was 650 nm as measured by PCC-2 (ULVAC Inc.).

AABS = ABS; — ABSjnitial (4)

for titania nanohole array of photodecomposition of acetalde-

hyde gas and methylene blue. ABS; is the absorbance at various illumination times and
ABSinitial the absorbance at initial time.

2. Experimental
3. Results and discussion

The ammonium hexafluorotitanate ((WHTiFg; Aldrich
Inc.) was dissolved at a concentration of 0.1 mofdmdis- Fig. 1shows FE-SEM photographs of the surface structure
tilled water as the treatment solution 1 to synthesize the tita- of anodic alumina as the starting material, Ti-05, Ti-10, Ti-15,
nia nanohole arrays. Anodic alumina disks (anodisc; WHAT- and Ti-20. Anodic aluminaifig. 1(a) had many pores whose
MAN Ltd.) were used as the starting material and $cav- mean diameter was approximately 200 nm. Fiigign 1(b),
enger. The disk diameter and thickness of the anodic aluminawe can observe a structure similar to that of the anodic alu-
were 13mm and 5@m, respectively. The anodic alumina mina. The hole diameter of Ti-05 is about 300 nm. It could
was immersed in the treatment solution 1 and the reactionbe seen that the widening of hole diameter was caused by
was carried at 293 K. For comparison of the photocatalytic the dissolution of anodic alumina. The surface structure of
activity, titania film was prepared by LPD method. The am- Ti-10 (Fig. 1(c)), Ti-15 (Fig. 1(d)), and Ti-20 Fig. 1(e)) had
monium hexafluorotitanate and boric acid were dissolved at many tubes and the inside diameters of the sample were about
a concentration of 0.1 mol/dhin distilled water as the treat- 250, 200, and 150 nm, respectively. The outside diameter of
ment solution 2 for deposition of thin film. Soda lime glass these samples was almost the same, approximately 300 nm.
used as substrates was immersed in the treatment solutiomhe wall thickness values of these samples were 30, 50,
and the reaction was carried at 2D for 24 h. The sample  and 70 nm, respectively. The distance between each tubule
was then removed from the treatment solution, washed with decreased when the reaction time was increased and there
distilled water and acetone and dried at room temperature.was no scaffold formed by the wall of anodic alum[B&in
Heat treatments of the deposited films were carried out in Fig. 1(d) and (e).
airflow for 1 h at temperatures ranging from 373 to 1373 K. Fig. 2shows FE-SEM photographs of the cross-sectional
The sample name, the reaction time for the preparation of structure of Ti-05, Ti-10, Ti-15, and Ti-20. We could not con-
the sample, the amount of titania, and the titanium content in firm whether titania exists on the surface structure of Ti-05
weight are described ifable 1 (Fig. 1(a)), however, we could observe titania particles on the

The surface morphologies and cross-section of the an-wall of anodic alumina from the cross-sectional view of Ti-05
odic alumina disk and the titania hanohole array were ob- (Fig. 2(a)). The remaining anodic alumina was observed be-
served by field-emission scanning electron microscopy (FE- tween the tubesHig. 2(b) and (c)). Comparing these figures,
SEM) (JEOL, JSM-6700F). The BET surface area was deter- the scaffolds formed from anodic alumina could be observed
mined by N adsorption (YUASA-IONICS COMPANY, AU- over the top of titania tubes iRig. 2b), however, no scaf-
TOSORB). Photodecomposition experiment of acetaldehydefolds could be observed ffig. 2(c) and only anodic alumina
vapor was carried out as follows: the sample with 25 e between tubes was observed. This result agrees with the FE-
parent surface area was placed at the bottom of a quartz glasSEM analysis of the surface morphologies. There remained
cell (volume, 500 ml). The air in the cell was replaced by a noanodic aluminaifig. 2d). Itis found that Ti-20 consisted
gas consisting of a 4:1 mixture of,zdind G and containing of only titania of at least p.m from the surface.
50% humidity. Then, acetaldehyde was added to the cellto  The following part of the study demonstrates how some
give an initial concentration of 100 ppm. After 30 min, irra- properties of titania nanohole array changed with heat treat-
diation was commenced. A black light, whose wavelength menttemperaturé&ig. 3shows X-ray diffraction patterns for
was about 300-420 nm, was used as the light source. Thethe titania nanohole array sintered at various temperatures.
light intensity was 1.0 mW/cfat the bottom of the reaction  The titania nanohole array samples as prepared and sintered
cell, as measured by a detector with a wavelength detectionup to 673 K showed no peaks, while the titania nanohole ar-
range of 320-380 nm. The 0.50 dmas in the reaction cell  ray sintered at and over 773 K showed some peaks. For titania
was then removed using a gas syringe at periodic intervals fornanohole array sintered below 973 K, diffraction peaks other
gas chromatography. Photodecomposition of methylene bluethan that of anatase TiQvere not observed. The diffraction
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(a) anodic alumina
Pt i Bt Y

(b) Ti-05 (c) Ti-10
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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 photocatalytic activity of the sample sintered at 1373 K was
sintered above 1373 K. The ratio of anatase to rutile was cal-lower than that at 1173 K.

culated as 85:15 from this peakig. 4 shows the specific Fig. 6shows the photodecomposition properties of the ac-
surface area of Ti-10 sintered at various temperatures. Theetaldehyde by using Ti-10 sintered at various temperatures.
specific surface area of non-heat treatment Ti-10 was 28.90.The sample sintered at up to 573K hardly decomposed the
The specific surface area is calculated by dividing the total acetaldehyde gas. The samples sintered at above 973K de-
surface area by the sum of the weights of titania and remain-composed the acetaldehyde gas faster than that sintered at
ing alumina. The specific surface area of titania hanohole 773K, and the highest photocatalytic activity was attained
array was almost constant up to 1173 K. We consider that with the sample sintered at 1173 K. Since the purpose be-
this was due to the structure of titania nanohole array with hind the photodecomposition properties of acetaldehyde is
anodic alumina. Neither the structure of the anodic alumina the deodorization, we have to estimate not only the decom-
nor that of the titania nanohole array changed with heat treat- position rate of acetaldehyde but also the generation rate of
ment up to this temperature. The sample sintered at 1373 K,carbon dioxideFig. 7shows the generation properties of car-
however, could not keep the structure because of the anataséon dioxide by the titania nanohole array sintered at above
to rutile phase transition of titania as showrHig. 5. So the 773 K. In this figure, the amount of generated carbon diox-
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(a) Ti-05 (b) Ti-10

(c) Ti-15 (d) Ti-20

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 show that the photooxidation power of the sample sintered
carbon dioxide was shown by Ti-10 sintered at 773 K. The at 1173 K was the strongest. The reason behind the highest
generation rate of carbon dioxide by the sample sintered atphotocatalytic activity of the titania nanohole is discussed as
1173 K was slightly higher than that at 973 K. These results 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 (fronfig. 3). On the other hand, the specific surface
| 11 | I ul I area was almost constant with heat treatment temperature up

H 1373 K 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
. 1173 K reason why titania nanohole array sintered at 1373 K showed

rutile
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Fig. 3. XRD properties of titania nanohole arrays sintered at various tem-
peratures. Fig. 4. Specific surface area of the Ti-10 sintered at various temperatures.
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Fig.5. FE-SEM photograph of the surface structure of titania nanohole array

sintered at 1373 K.
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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
areference, the photodecomposition properties of methylene
blue by using anodic alumina. Ti-10 sintered at 573K and
anodic alumina hardly decomposed methylene blue, how-
ever, Ti-10 sintered at 773K 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 repadfi5], titania thin films pre-
pared by LPD method show that the photocatalytic activity,

lower photocatalytic activity than that sintered at 1173 K was and the highest photodecomposition property of acetaldehyde
that the sample sintered at 1373 K showed rutile phase, whichwere achieved by the thin film sintered at 573g. 9shows
demostrated lower photocatalytic activity than anatase phasethe photodecomposition properties using methylene blue of
and had lower specific surface area than the sample sintereditania thin films prepared by LPD method sintered in the

at1173K.
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present study. We found that the thin film sintered at 573 K
and the sample sintered at 773 K showed the highest pho-
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Fig. 7. Photogeneration properties of carbon dioxide by using Ti-10 sintered Fig. 9. Photodecomposition properties of methylene blue by using titania

at various temperatures.

thin film by LPD method sintered at various temperatures.
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0.0 ] by dividing the total surface area by the weights of titania
] and remaining alumina, and solid mark shows the specific
-0.1 surface area of the titania calculated by dividing the total sur-
1 0 face area by the sum of weights of only titania. The specific
'0'2'_ OOO surface area of the samples was almost constant, however,
0 034 R the specific surface area of the titania decreased with reac-
Q ; tion time. So, we concluded that the photocatalytic activity
<1-04 1 of Ti-20 was lower than that of Ti-10 and Ti-15. However,
_0.5_' it is impossible to justify that the photocatalytic activity of
| I Ti-10 was similar to that of Ti-15. Therefore, we considered
o Ti-10 T .
064 & Ti15 other possibilities for this result. We expected that when the
AL S i i — hole diameter decreased the depth of photoillumination be-
0 5 10 15 20 25 30 came less. However, we are forced to conclude that we do not
lllumination Time (min) have any definite answers to this question. Further systematic

experiments on variation of the photocatalytic activity with

Fig. 10. Photodecomposition properties of methylene blue by various sam- . :
d P prop Y y hole diameter and the sample thickness are needed.

ple sintered at 1173 K.

todecomposition property of methylene blue. However, the ]

titania nanohole array, Ti-10 asprepared and sintered below#: Conclusions

573K, showed no photocatalytic activity. We concluded that . . o

Ti-10 thin films as-prepared showed no photocatalytic activ-  Photocatalytic activity of titania nanohole arrays was es-
ity due to the presence of Al ions. According to Gesenhues fimated by the photodecomposition properties of methylene
[16], photocatalytic activity of Al-doped titania was lower blue and acetaldehyde. The activity of ph_otodecompqsnmn
than that of non-Al-doped titania. Because of using Al ion Of methylene blue and acgtald_ehyde was mcreaseq with heat
as an F scavenger, the titania nanohole array included Al tréatment temperature. Titania nanohole array sintered at
ion as well as titania particles and showed low photocatalytic 1173 K showed the highest photocatalytic activity. This result

activity after heat treatment at low temperatures. was caused by the fact that the crystallinity increased with
Fig. 10 shows the photodecomposition properties of heattreatmenttemperature and the specific surface area of ti-

methylene blue using various hole diameter samples sin-taniananohole array was almost constant with heat treatment.

tered at 1173 K. Both Ti-05 and Ti-10 showed the lowest Titania nanohole array with various hole diameters was pre-

photodecomposition rate of methylene blue. Ti-10 and Ti-15 Paréd. The samples with 250 and 200 nm diameters showed

showed a very high photodecomposition rate. The reason forthe highest photocatalytic activity.

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  Acknowledgements
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