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Abstract

A novel synthesis method of a highly active photocatalyst was proposed. Titanium dioxide (TiO2) nano-particles were prepared by three-step

procedure, precipitation of hydroxyapatite (HAp) on TiO2 particles, heat treatment of the TiO2/HAp composites, and acid treatment in

hydrochloric acid. The unique point of this procedure is the selective dissolution of HAp to obtain exposed TiO2 surfaces. The HAp precipitation

was achieved by stirring TiO2 powders in the mixtures of Ca(NO3)2 and NH4H2PO4 aqueous solutions at pH 8.5. Then, the heat-treated TiO2/HAp

composites were treated with hydrochloric acid. The precipitated HAp avoided the direct contact of TiO2 particles and suppressed the phase

transformation from anatase-to-rutile>200 8C. The HAp also suppressed a decrease of specific surface area of TiO2 during the heat treatment. The

photocatalytic activities were evaluated from an absorbance decrease of methylene blue (MB) under ultraviolet (UV) irradiation. The MB

photodecomposition was approximated to the first-order reaction and the reaction rate constants of the obtained TiO2 powders heated at various

temperatures were higher than those of conventional TiO2 powders heated at same temperatures. The enhanced photocatalytic activity is attributed

to the suppression effects for the phase transformation to rutile phase and the decreasing of specific surface area in the heat treatment.
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1. Introduction

Titanium dioxide (TiO2) is a well-known photocatalyst [1].

Many studies have been performed on the applications of TiO2

photocatalyst to water and air purification because TiO2 can

photodecompose most organic matters by an electron excitation

[2]. Electron and hole pairs are generated when TiO2 is

irradiated by ultraviolet (UV) light. The electron and hole

produce radical species by a reduction or oxidation of adsorbed

water. These radicals can decompose most organic matters [3].

To achieve a high photocatalytic activity, it is essential to

suppress a recombination of electron–hole pairs [4,5]. This is

generally achieved by high temperature calcination. However,

an introduction of thermal energy induces particle agglomera-
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tions with a significant loss of specific surface area with phase

transformation from anatase-to-rutile, which is generally

considered to have lower photocatalytic activity than anatase

[6]. It is, thus, difficult to enhance crystallinity of anatase

suppressing decrease of the specific surface area and anatase

phase ratio by the heating procedure.

Stabilizing anatase phase [7–11] is known as a successful

procedure for the synthesis of highly active photocatalyst

[12–15]. Park et al. [12] synthesized (Fe + Zn)/TiO2 nano-

particles by a flame aerosol method. This composite had higher

photocatalytic activity than a pure TiO2 powder in the

degradation of 2-propanol. They explained that a critical

factor in the photocatalytic activity is a high anatase phase ratio

as well as high specific surface area and high crystallinity. The

stabilization of anatase phase has also been achieved by adding

oxides such as SiO2 [9,10,14,15] and Al2O3 [11]. For example,

Jung and Park [15] synthesized a silica-embedded TiO2 by

sol–gel method and reported that the embedding of silica into
d.
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anatase matrix enhanced the thermal stability of TiO2

nanoparticles resulting in the suppression of the phase

transformation from anatase to rutile. The silica-embedded

TiO2 powder had higher photocatalytic activity than that of

pure TiO2 despite of a decrease of the exposed TiO2 surface.

They concluded that a heat treatment at high temperature

without forming rutile is a key to the high photocatalytic

activity due to the reduction of bulk defects, which are

responsible for the low photocatalytic activity.

In the present study, anatase was stabilized by a precipitation

of hydroxyapatite (Ca10(PO4)6(OH)2, HAp) on TiO2 particle.

The HAp precipitated TiO2 composite particles [16–18] were

prepared by changing of pH in the suspension. Then, they were

heated at various temperatures and the resulting sample was

treated in HCl solution to remove the HAp. The most different

point from the previous studies is the additional procedure of

the acid treatment to obtain an exposed TiO2 surface. The

resulting samples were characterized by various methods and

evaluated their photocatalytic activity using methylene blue

(MB) [19].

2. Experimental procedure

The commercial highly active TiO2 powder (P25, supplied

by Degussa Corporation) was used as the starting material. The

experimental flow chart for sample preparation is shown in

Fig. 1. The TiO2 powder (0.5 mg) was ultrasonically dispersed
Fig. 1. Experimental flow scheme for the preparation of TiO2 powder by three-

step procedure.
in a solution (100 ml) dissolving NH4H2PO4 (1.0 mg) and

Ca(NO3)2�4H2O (3.4 mg) adjusted the pH at 8.5 by 15 mass%

NH4OH solution and stirred for 3 days. All of these chemicals

were purchased from Wako Pure Chemicals, Japan. The

filtrated samples were dried at 110 8C for 24 h and heat-treated

at 600–900 8C for 2 h. The resulting samples were treated in

HCl solution (1 mol/l) for 1 h and centrifuged 6 times with

distilled water to rinse the powder surface. The sample obtained

at each synthesis step is designated as samples (a), (b), (c), and

(d). For the reference, P25 powders were heat-treated at 500–

900 8C for 2 h.

The samples (a)–(d) were characterized by various methods.

The XRD patterns were obtained using PHILIPS XPert

diffractometer with a monochromated Cu Ka radiation. The

mass ratio of rutile in the acid treated sample (d) was evaluated

from the Spurr’s equation [20]:

FR ¼ 1� 1

1þ 1:26ðIRð110Þ=IAð101ÞÞ ; (1)

where FR is the mass ratio of rutile in the sample, IA(101) and

IR(110) are the integrated 101 intensities of anatase and 110 of

rutile, respectively. The SEM images were obtained using FE-

SEM (FEI, SIRION) at an acceleration voltage of 15 kV. The

specific surface area was calculated using Brauner–Emmett–

Teller (BET) by a single-point method (CHEMBET-3000,

YUASA) using nitrogen. The sample was dried at 150 8C
for 24 h before the measurement.

The photocatalytic activity was evaluated from the decrease

in the concentration of MB under UV (254 nm) irradiation [19].

The powder sample (10 mg) was dispersed ultrasonically for

10 min in 10 mM MB solution (50 ml) and stirred for 24 h in the

dark. The resulting suspension was ultrasonically treated again

for 10 min and irradiated UV at the intensity of 1.0 mW/cm2.

The absorbance at a wavelength of 664 nm was measured by a

UV–vis spectrometer (UV-3100PC, SHIMADZU) to determine

an MB concentration.

3. Results and discussion

3.1. Chemical reactions at each stage of the synthesis

In this study, TiO2 nano-particles were prepared by the

three-step procedure: (1) precipitation of HAp on TiO2 surfaces

in an aqueous solution, (2) heat treatment at 600–900 8C and (3)

acid treatment in HCl solution (1 mol/l) to remove the surface

HAp. Fig. 2 shows the XRD patterns obtained after each

synthetic step (samples (b)–(d)) together with the starting

material, P25. The P25 powder contained both anatase (as the

major phase) and rutile (as the minor phase). The broad peaks

assigned to HAp were detected in the sample (b), which was

obtained after the precipitation of HAp. These peaks remained

even after the heat treatment at 700 8C for 2 h with an increase

of their crystallinity (sample (c)). Fig. 3 shows the XRD

patterns of the TiO2/HAp composites heated at various

temperatures. The HAp began to decompose and Ca3(PO4)2

(TCP) was formed above 850 8C. The XRD pattern of the

sample (d) prepared by acid treatment of the TiO2/HAp



Fig. 2. XRD patterns obtained in a series of synthetic procedure, (a) starting

material, (b) after precipitation, (c) after heat treatment at 700 8C, and (d) after

acid treatment.
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composite heated at 700 8C (Fig. 2(d)) showed disappearance

of the HAp peaks and appearance of anatase and rutile peaks.

Thus, acid treatment is thought to be successfully done under

this condition. Fig. 4 shows the SEM images of samples (a)–(d).
Fig. 3. XRD patterns obtained after heat treatment of TiO2/HAp composites

with various heating temperatures.
The particle size of the starting material, P25, was about 30 nm

with a spherical shape. After the precipitation of HAp,

elongated particles were observed in Fig. 4(b) and the particle

size was smaller than 100 nm. After the heat treatment at

700 8C (Fig. 4(c)), the composite particles were found to

agglomerate. After the acid treatment (Fig. 4(d)), the HAp

seemed to be dissolved and the resulting particle size became

almost same size with the starting P25.

3.2. Effect of HAp precipitation on phase transformation

and specific surface area

The main objects of this study are to suppress the phase

transformation and a decrease of specific surface area by the

three-step method as HAp coating, heating and selective

leaching of the HAp. The effect of the HAp precipitation on the

anatase-stabilization was evaluated from a comparison of the

phase transformation temperature from anatase to rutile. Fig. 5

shows changes of mass ratios of rutile in the present three-step

and conventional one-step procedures as a function of heating

temperature. In the one-step procedure, the starting material,

P25, contains 17 mass% rutile. This sample started the anatase-

to-rutile transformation by heating at 600 8C and saturated at

800 8C. By contrast, the phase transformation started by

heating at 800 8C in the present three-step procedure, being

about 200 8C shifted by the HAp precipitation. Comparing the

phase transformation temperature with the decomposition

temperature of HAp, both reactions were found to occur at

almost same temperature, at 800–850 8C.

The effect of the HAp precipitation on the specific surface

area in the heat treatment was also evaluated. At first, the effect

of HAp precipitation and acid treatment on the specific surface

area was evaluated. The specific surface area of the sample after

the HAp precipitation and acid treatment was measured and

was 47 m2/g. Since this value shows no significant difference

with that of P25 (45 m2/g), the steps of HAp precipitation and

acid treatment is found to have little influence to the specific

surface area of P25. Fig. 6 shows the changes of specific surface

areas of the three-step and the one-step samples as a function of

heating temperature. The on-set temperatures of decreasing of

the specific surface area were clearly different between the two

samples and about 100 8C higher in the three-step sample. This

result indicates that the three-step procedure was effective to

suppress decreasing of specific surface area as well as phase

transformation to rutile in the heat treatment. It is considered

that these effects are derived from the prevention of direct

contact of the anatase particles (Fig. 4) as was reported in TiO2–

SiO2 system [9].

3.3. Photocatalytic activities of the TiO2 powders

The photocatalytic activities of the three-step samples were

evaluated using a MB aqueous solution under UV irradiation

(1.0 mW/cm2). Fig. 7 shows the changes of MB concentration

normalized by the initial concentration (C/C0) as a function of

UV irradiation time. The MB decomposition rate was the

highest by heating at 700 8C. It is general that a photocatalytic



Fig. 4. SEM images obtained in a series of synthetic procedures (a) starting material, (b) after precipitation, (c) after heat treatment at 700 8C, and (d) after

acid treatment.
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activity shows a local maximum against heating temperature;

this is due to a balance among recombination rate of electron–

hole pairs, anatase phase ratio, and specific surface area.

All the data in Fig. 7 were well fitted by assuming first-order

reaction represented by the following formula:

ln
Ct

C0

� �
¼ �k1t; (2)

where Ct and C0 were the MB concentrations at time t and 0,

respectively, and k1 was the rate constant of first-order reaction

(min�1). The k1 values of the three-step and one-step samples
Fig. 5. Phase transformation curves from anatase to rutile obtained in three-step

procedure and one-step conventional heating procedure.
are shown in Fig. 8 as a function of heating temperature. The

three-step samples had apparently higher rate constants than the

one-step samples at all heating temperatures. For the samples

without heating (R.T. samples), the k1 of the three-step sample

was about 1.1 times higher than the one-step sample (P25). This

suggests that a moderate acid treatment has positive effect for

photocatalytic activity of P25, e.g. improving dispersibility.

The k1 values increased by heat treatment and showed the

maximum rate constant at 700 8C (k1 = 0.12) in the three-step

sample. The k1 values of the one-step samples showed similar

trend and showed the maximum at 650 8C (k1 = 0.08). Thus, the
Fig. 6. Specific surface area measured by N2-BET method obtained in three-

step procedure and one-step conventional heating procedure.



Fig. 7. Decrease curves of methylene blue concentration ratios (C/C0) under

UV irradiation with various heating temperatures in three-step procedure.

Fig. 8. Photocatalytic activity evaluated from decrease of methylene blue

concentration obtained in three-step procedure and one-step conventional

heating procedure.
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maximum k1 of the three-step sample was found to be 50 8C
higher temperature. Although both samples showed a drastic

decrease of the k1 values above the maximum k1 heating

temperature, the k1 values of the three-step samples were 1.5

times higher than that of the one-step samples.

From the above results, the following changes are thought to

occur in the samples with higher heating temperatures: (1) clear

decrease of specific surface area by coalescence of grains, (2)

maximum decomposition rate as a trade-off relationship

between higher calcination temperature and lower specific

surface area, and (3) increase of anatase-to-rutile phase

transformation by further increasing of grain size. The three-

step procedure is considered to be effective to suppress the

starting of drastic decrease of specific surface area about 100 8C
compared with the conventional one-step procedure and this

increment was very effective to enhance the photocatalytic
activity without using hydrothermal conditions [21–23] and any

organic solvents [24]. This three-step procedure is, thus, more

suitable mass-production procedure for TiO2 with high

photocatalytic activity compared with other procedures.

4. Conclusion

TiO2 powders were prepared by three-step procedure,

precipitation of hydroxyapatite (HAp) on the TiO2 particles

(TiO2/HAp composite), heat treatment at 600–900 8C, and acid

treatment (obtaining of TiO2 particles by removing of the

HAp). The following results were obtained:

The three-step procedure was effective to suppress a loss of

specific surface area and anatase-to-rutile phase transformation

compared with that of the one-step procedure (conventional

heating of P25 powders). This effect was considered to be

achieved by avoiding of the direct contact of TiO2 particles in

the heat treatment.

The photocatalytic activities of the samples heated at various

temperatures were clearly enhanced in the three-step samples

compared with the one-step samples. The maximum MB

photodecomposition rate constant was obtained by heating at

700 8C in the three-step sample and was about 1.5 times higher

than that of the one-step sample (P25).
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