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Abstract Mesoporous titania films have been synthe-

sized by a modified sol–gel method in conjunction with

amphiphilic triblock copolymers. The effects of ammo-

nia vapor treatment on the formation of mesoporous

structures were investigated. Mesoporous titania films

with hexagonal structures were obtained by ammonia

vapor treatment. Without ammonia vapor treatment, it

was found that the mesoporous structures collapse due

to crystallization. The framework of mesoporous tita-

nia was found to be amorphous. Mesoporous titania

films prepared by ammonia vapor treatment showed

thermal stability up to 500 �C. Mesoporous samples

showed better photo-catalytic activity than anatase

titania films under UV-light irradiation.

Introduction

Ever since the discovery of mesoporous silicates by

researchers at Mobil Oil Corporation [1, 2], there has

been great interest in the synthesis and application of

mesoporous oxide materials [3, 4]. In work to date,

mesoporous powders of various oxides have been

prepared based on the use of sol–gel chemistry in

conjunction with surfactants [5–8]. From the scientific

point of view, the reliable processing of mesoporous

oxides into thin films has attracted considerable interest.

Recently, mesoporous silica films have been prepared

by the evaporation-induced self-assembly (EISA) of

surfactants [9–12]. The EISA process has been

extended to mesoporous transition metal oxides [13–

15]. Among them, mesoporous titania (TiO2) is an

attractive material due to its high photo-catalytic

activity under UV light irradiation.

Since the first pioneering work by Honda and

Fujishima [16], a great deal of research has been

conducted in order to improve the photo-catalytic

activity of titania by enhancing its textural and mor-

phological characteristics [13, 17, 18]. The high specific

surface area provided by mesoporous titania should

offer enhanced photo-catalytic activity. As a general

synthetic approach for the preparation of mesoporous

oxides, amphiphilic block copolymers have emerged as

structure-directing agents [11, 19, 20]. To our knowl-

edge, the synthesis of mesoporous titania is more

complicated when compared with that of mesoporous

silica [21–23]. In most cases, mesoporous structures

collapse during heat-treatment. More recently, highly

ordered mesoporous titania films have been prepared

and characterized [24–26]. Carefully controlled syn-

thesis conditions enable the fabrication of mesoporous

titania films.

Generally, most titanium alkoxides are highly reac-

tive toward hydrolysis and condensation, leading to the

formation of uncontrollable precipitates [27]. Chemical

modification using acetates, amines and b-diketones

has been employed for the stabilization of titanium

alkoxides [28, 29]. However, the chemical reactivity of

modified titanium alkoxides is strongly reduced vis-a-

vis hydrolysis and condensation. On the contrary, it is

interesting to note that clear and stable titanium

alkoxide solutions can be obtained without chemical
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modification in the presence of a large amount of acid

[27]. Acid behaves as a condensation inhibitor.

As-synthesized films prepared from precursor solutions

at high pH, therefore, probably possess a fragile titania

framework. It is well known that ammonia can act as a

condensation promoter [27]. Therefore, stabilization of

the titania framework can be expected when

as-synthesized films are treated by ammonia vapor.

In this study, mesostructured titania films have been

synthesized by modifying the sol–gel method in con-

junction with amphiphilic triblock copolymers under

acidic conditions. The effect of ammonia vapor treat-

ment on the formation of mesoporous titania films has

also been investigated.

Experimental procedure

Reagent grade titanium (IV) butoxide [Ti(O–nC4H9)4,

abbreviated as TBOT hereafter, Aldrich], ethyl alco-

hol (C2H5OH, 99.5 %, Wako Chemical), hydrochloric

acid (35.5 wt% HCl-aq, Wako Chemical) and distilled

water were used as raw materials. As a structure-

directing agent, Pluronic P123 with a poly(ethylene

oxide)-poly(propylene oxide)-poly(ethylene oxide)

sequence (EO20PO70EO20, average molecular

weight = 5,800, BASF) was used as received without

further purification.

In a typical preparation, TBOT (1.70 g) was

dissolved in a mixture of HCl-aq (0.38 g) and

C2H5OH (4.60 g) under vigorous stirring (about

1000 rpm) in air at room temperature. After 90 min

of stirring, distilled water (120 ll) and then Pluronic

P123 (0.51 g) were added directly to the TBOT/HCl/

C2H5OH mixture. Distilled water was added using a

micro pipette (Nichipet EX, Nichiro). A glass tube

(30 ml in volume) with a Teflon cap was used as the

vessel. The mixture was aged at room temperature for

24 h under stirring at 400 rpm in air. The favorable

TBOT:C2H5OH:HCl:H2O:Pluronic P123 molar com-

position was found to be 1:20:0.75:4:1.76 · 10-2. After

a homogeneous sol was obtained, wet-gel films were

deposited on silica glass and Si (100) substrates

(20 · 20 · 0.5 mm3 in size) by spin-coating at

2500 rpm for 1 min. Spin-coating was carried out in

a humidity controlled (less than 30%RH) dry box in

air.

As-deposited samples were dried for 24 h in an

ordinary air atmosphere (25 �C, 60%RH). After dry-

ing, a sample was loaded vertically using a clip into a

polypropylene vessel (28 mm/ · 110 mm, 50 ml in

volume). Subsequently, 20 ll of aqueous ammonia

was added in the vessel by using a micro pipette

(Nichipet EX, Nichiro). The vessel was then sealed

with a Teflon cap. The pH value of aqueous ammonia

was varied from 10.8 to 12.0. The sealed polypropylene

vessel, with a sample and aqueous ammonia, was

loaded in an oven. Ammonia vapor treatment was

carried out in the oven at 60 �C for 24 h. Samples, with

and without ammonia vapor treatment, were calcined

for 4 h in air at several temperatures over the range of

200–700 �C. The film thickness of calcined samples

varied from 1200 to 1500 nm.

X-ray diffraction (XRD) experiments were per-

formed using a X-ray diffractometer (Rigaku RINT-

2000) with CrKa radiation (20 kV, 30 mA). Transmis-

sion electron microscopy (TEM) and selected area

electron diffraction (SAED) images were recorded

using an electron microscope (Hitachi HF-2000) oper-

ated at 200 kV. Samples were detached from their Si

substrates and dispersed in ethyl alcohol (C2H5OH,

99.5%, Wako Chemical). Thin sample fragments of

samples were collected on holey carbon films on

copper grids (Type A grid, Okenshoji).

Photo-catalytic activity of samples was evaluated by

measuring the decomposition rate of Methylene Blue

(C16H18N3S � Cl � 2H2O, Wako Chemical) under UV-

light irradiation. Samples on Si substrates were cut

(9 · 20 · 0.5 mm3) and then immersed in 4.0 ml of an

aqueous Methylene Blue solution (1 · 10-5 mol/l). A

vitreous quartz cell (10 · 10 · 50 mm3) was used as a

vessel. UV-light irradiation was carried out using a

400 W high-pressure mercury lamp with a band-pass

filter (U-340, Sigma Koki). A water-filled cell was also

used as an infrared filter. The decomposition rate of

Methylene Blue solution was recorded at different

time intervals using a UV–Vis spectrophotometer

(JASCO V-570 Spectrophotometer).

Results and discussions

Figure 1 shows the results of XRD measurements for

(a) as-deposited and (b) calcined samples. The

as-deposited sample showed an intense and narrow

Bragg reflection at 1.49� and a much weaker one at

2.85�. These peaks are indexed as the (100) and (200)

reflections, respectively, of a hexagonal mesostructure.

This result can be explained by the preferential

arrangement of micellar cylinders parallel to the

substrate surface. In contrast, the calcined sample

showed diffuse scatterings in the 2h range of 1–4�,

suggesting that the heat-treatment collapsed the hex-

agonal mesostructure.
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Figure 2 shows the TEM pictures of the samples

calcined at (a) 300 �C and (b) 400 �C for 4 h. SAED

patterns are also shown in the Figure. Bright sections

indicate the pores while dark parts represent titania

matrices. Nanometer-sized (less than 10 nm) particles

were observed when the sample was calcined at 300 �C.

It is interesting to note that the degraded hexagonal

structures were observed. As indicated by an arrow in

the picture, pores and particles seem to be regularly

arranged near the edge. The SAED pattern of the

sample showed the weak (101) reflection of anatase

titania. Nano-crystalline titania precipitates with a

well-defined SAED pattern were observed for the

sample calcined at 400 �C. These diffraction rings were

indexed as the (101), (004), (103), (112), (200), (105)

and (211) reflections of anatase titania [30]. The sample

also showed disordered structures with intergranular

pores. From these results, calcination-induced crystal-

lization was one of the possible reasons for the

degradation.

Figure 3 shows XRD patterns of samples after

ammonia vapor treatment (dotted lines) and after

subsequent calcinations at 400 �C for 4 h (solid lines).

Initial pH values of aqueous ammonia solutions were

(a) 11.2, (b) 11.4 and (c) 11.6, respectively. As

(101) 

(101) 

(004), (103), (112)

(200) 

(105), (21 1) 

50 nm 

50 nm 

(a)

(b)

Fig. 2 TEM image of samples calcined at (a) 300 �C and (b)
400 �C for 4 h. Corresponding SAED patterns are also shown in
the figure

Fig. 3 XRD patterns of samples after ammonia vapor treatment
(dotted lines) and calcined samples heat-treated at 400 �C for
4 h. (solid lines). The initial pH values of aqueous ammonia are
(a) 11.2, (b) 11.4 and (c) 11.6, respectively

Fig. 1 XRD patterns of (a) as-deposited and (b) calcined
samples prepared from a precursor solution with a P123/TBOT
molar ratio of 1:1.76 · 10-2. Note that the calcined sample was
heat-treated at 400 �C for 4 h
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indicated by dotted lines, samples after ammonia vapor

treatment showed the (100) reflection of hexagonal

structures. After calcination, no diffraction peaks were

observed for sample (a). The weak and broad (100)

reflection was observed for sample (b). Sample (c)

exhibited an intense and narrow Bragg reflection at

1.70� and a weaker one at 3.35�, respectively. These

peaks can be indexed respectively as the (100) and

(200) reflections of a hexagonal structure with a unit

cell parameter of a = 7.8 ± 0.2 nm. Therefore, one can

surmise that ammonia vapor treatment affects the

formation of mesoporous titania. It should be noted

that samples became detached after calcination when

the initial pH value of aqueous ammonia was more

than 12.0.

Figure 4 shows the results of TEM observation for

calcined samples prepared by ammonia vapor treat-

ment. The pH values of aqueous ammonia solutions

were (a) 11.2, (b) 11.4 and (c) 11.6, respectively. SAED

patterns are also shown in the Figure. In picture (a),

the sample consisted of nanocrystalline titana particles.

The average grain size of titania particles was esti-

mated to be about 10 nm. A well-defined SAED

pattern corresponding to the anatase phase was also

observed. A continuous titania framework with disor-

dered mesopores was observed for sample (b). In

picture (c), the sample exhibited well-ordered meso-

porous structures. The right side of the image shows a

hexagonal structure and left side represents a cellular-

like structure. The titania wall thickness was estimated

to be about 2.0 nm. However, the wall of titania

appeared to be amorphous.

Figure 5 shows TEM pictures of mesoporous sam-

ples calcined at (a) 500 �C, (b) 600 �C and (c) 700 �C,

respectively. The pH value of aqueous ammonia was

11.6. In picture (a), the sample showed an ordered

hexagonal structure but the titania matrices appeared

to be amorphous. In picture (b), nanocrystalline

titania particles with degraded hexagonal structures

were observed. In picture (c), nanocrystalline titania

particles with disordered structures were observed.

The (101), (004), (103), (112), (200), (105) and (211)

reflections of the anatase phase were clearly observed

for the sample. The results of TEM observations for

the calcined samples showed good agreement with

XRD results. Samples showed clear (100) and (200)

(101) 

(101) 
(200) 

(004), (103), (112)
(105), (211) 50 nm 

50 nm 

50 nm 

(a)

(b)

(c)

Fig. 4 TEM pictures of calcined samples after ammonia vapor
treatment. The initial pH values of aqueous ammonia are (a)
11.2, (b) 11.4 and (c) 11.6, respectively. Corresponding SAED
patterns are also shown. Note that the samples were calcined at
400 �C for 4 h

(101) 

(101) 
(200) 

(004), (103), (112) 
(105), (211) 

50 nm 

50 nm 

50 nm 

(a)

(b)

(c)

Fig. 5 TEM pictures of mesoporous samples calcined at (a)
500 �C, (b) 600 �C and (c) 700 �C for 4 h. The initial pH value of
aqueous ammonia solution was 11.6. Corresponding SAED
patterns of each sample are also shown
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reflections of hexagonal structures up to 500 �C. At

above 600 �C, the (100) peak decreased and shifted

towards larger 2h values. This can be explained by the

degradation of the mesoporous structure during crys-

tallization. A further decrease in the peak intensity

occurred at 700 �C. Therefore, mesoporous titania

prepared by ammonia vapor treatment showed ther-

mal stability only up to 500 �C.

Figure 6 shows changes in the relative absorption

intensity as a function of irradiation time. The

decomposition rate of Methylene Blue was estimated

from the relative absorption intensity (It/I0) as a

function of irradiation time. I0 means the absorption

coefficient of aqueous Methylene Blue before irradi-

ation and It represents that of irradiated for t min. The

absorption coefficient was estimated at 665 nm. As

shown in curve (a), It/I0 values decreased very slightly

when aqueous Bethylene Blue was irradiated without

titania films. In curve (b), the sample showed clear

photo-catalytic activity. The It/I0 decreased to about

80% after irradiation for 150 min. Marked differences

were observed for samples with mesoporous struc-

tures. As shown in curve (c), the decomposition rate

increased about two times compared with that of the

nanocrystalline titana film. Further improvement was

observed for sample (d). The It/I0 decreased to about

35% after irradiation for 150 min. According to the

SAED pattern, amorphous mesoporous titania films

showed better photocatalytic activity than nano-crys-

talline titalia films. No further improvement was

observed for the sample calcined at 600 �C, as shown

in curve (e).

It is generally accepted that anatase titania exhibits

better photo-catalytic activity than amorphous and

rutile titania [17]. This study clarifies how mesoporous

structures affected photo-catalytic activity. As shown

in Fig. 6, amorphous mesoporous titania films showed

better photo-catalytic activity than anatase nanocrys-

talline titania films. Therefore, the mesoporous struc-

tures were a very important factor in the enhanced

photo-catalytic activity. Mesoporous samples showed

hexagonal structures, they exhibited enhanced photo-

catalytic activity. This result suggested that a part of

the mesopores act as open channels. The formation of

a continuous 3D mesoporous structure is very attrac-

tive for practical applications. In the synthesis of

mesoporous silica films, the EO/PO ratio affects the

formation of mesostructure [10, 33]. Mesoporous silica

films with a continuous 3D mesoporous structure have

been synthesized using PEO-PPO-PEO block copoly-

mers with higher EO/PO ratios above 1.5, e.g.

Pluronic F127 for example [10]. Owing to its com-

plexity of the procedure, it is difficult to fully

understand the specific mechanism during sol–gel thin

film deposition and ammonia vapor treatment, since

there are many synthetic parameters which affect the

formation of mesoporous structure. Therefore, suit-

able controls of synthesis conditions could allow the

preparation of mesoporous titania films with contin-

uous 3D pores and improved activity. It is believed

that ammonia vapor treatment will be one of the

indispensable processes for the preparation of meso-

porous titania films.

Conclusion

In this study, the effect of ammonia vapor treatment

on the formation of mesoporous titania films has been

investigated. Without ammonia vapor treatment, cal-

cination-induced degradation of mesostructures

occurred due to crystallization. Mesoporous titania

films have been successfully fabricated by applying

post-deposition chemical treatment using vaporized

ammonia. The calcined samples showed well-ordered

hexagonal mesoporous structures. However, titania

Fig. 6. Changes in the relative absorption intensity as a function
of irradiation time: (a) without titania films, (b) nanocrystalline
titania films and mesoporous titania samples calcined at (c)
400 �C, (d) 500 �C and (e) 600 �C for 4 h, respectively
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matrices appeared to be amorphous. Mesoporous

structures were thermally stable up to 500 �C. Mes-

oporous titania films showed better photo-catalytic

activity than anatase nanocrystalline titania films.
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