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Abstract

Mechanical coating technique was used to fabricate titanium (Ti) films on alumina (Al,03)
balls. The following high-temperature oxidation was carried out for oxidizing the Ti films to
form TiO,. The oxidation behavior of the films and the microstructure evolution of the
oxidized films were investigated. The results showed that the inner and surface layers of the
Ti films were oxidized simultaneously. When oxidizing at a relatively low oxidation
temperature in a short time, TiO)/Ti composite films were obtained. With increase in
oxidation temperature and oxidation time, the thickness of TiO; increased and eventually Ti
films were totally oxidized to TiO; films. Meanwhile, TiO, needles grew up and became
columnar crystals which also grew up with the increase of the oxidation temperature and
oxidation time. The photocatalytic activity of the oxidized films was examined and discussed.
Compared with the single TiO; films, TiOy/Ti composite films showed much higher
photocatalytic activity. The highest photocatalytic activity was achieved when the thickness of
TiO; films in TiO,/Ti composite films was 27um.

1 Introduction

Development and application of TiO, photocatalysts have been paid close attention to due to
their high potential in environment purification, sterilization, and hydrogen generation, among
others [1, 2]. To lower the recycling cost and increase the degradation efficiency of pollutants,
investigations of TiO, photocatalysts are oriented toward the immobilization in the form of
thin films [3, 4]. Numerous techniques including physical vapor deposition (PVD), chemical
vapor deposition (CVD), and sol-gel method, among others have been used to fabricate TiO,
photocatalyst thin films to increase their photocatalytic activity [5-7]. However, some
disadvantages limit the applications of these techniques. For example, complicated and large
scale equipments are required and their processes can be operated only in vacuum for PVD
and CVD. In addition, the production cost is relatively high.
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In this condition, we developed ball milling and proposed a novel coating technique called
mechanical coating technique (MCT) to fabricate TiO, photocatalyst films on alumina
(Al,0O3) balls [8, 9]. Collision, friction and abrasion are utilized effectively to form Ti films on
ceramic grinding mediums during the fabrication. Subsequently, TiO; films were prepared by
further oxidation of Ti films that had prepared before by MCT. Although the TiO; resultants
had rutile crystal type, they showed relatively high photocatalytic activity [10]. To enhance
the photocatalytic activity, clarifying the influence of the oxidation process on the
microstructure and the photocatalytic activity of the oxidation films seems to be important.

In this work Ti films on Al,O; balls was prepared by MCT. The following high-temperature
oxidation was performed to oxidize the Ti films that were prepared by MCT. The oxidation
behavior of Ti films at high temperatures and the microstructure evolution of the obtained
films were investigated. The photocatalytic activity of the films was examined and discussed.

2 Experimental

2.1 Fabrication of Ti films

Ti powder with an average diameter of 30 um and a purity of 99.1% was used as the coating
material. Alumina (Al,O3) balls with an average diameter of 1 mm were used as the substrates.
40 g Ti powder and 60 g Al,Os balls were charged into a bowl made of alumina with the
dimension of @75 mmx70 mm (250 m/ in volume). Then the mechanical coating was carried
out by a planetary ball mill (Pulverisette 6, Fritsch). The rotation speed of the ball mill was set
at 480 rpm and the milling time was 10 h. During the fabrication, milling operation was
performed 10 min followed by 2 min intermittence to avoid the overheating of the bowl and
the contents. The schematic diagram of MCT can be found in our published work [11].

2.2 Fabrication and characterization of TiO; films

The Ti film-coated Al,O3 balls prepared by MCT were heated in air to 973, 1073, 1173 and
1273 K at a speed of 15 K/min and then held at that oxidation temperature for 0.5~50 h. The
mass gain of 40 Ti film-coated Al,Oj; balls (The average weight: 136.4 mg) during the heating
and the holding as the above oxidation process was examined by a thermal balance (TG-DTA
2000S, MAC science Co., Ltd.). The thicknesses of TiO, films were calculated by the mass
gain. The chemical composition and the crystal types of the prepared samples were examined
by XRD (JDX-3530, JEOL). Cu-Ka irradiation in the condition of 30 kV and 20 mA was
adopted. Diffraction data were recorded in the 26 angular range of 23~60 deg with a step
width of 0.02 deg's'. The morphologies and the microstructures of the samples were
observed by SEM (JSM-6510, JEOL).

2.3 Evaluation of photocatalytic activity

Photocatalytic activity of the samples was evaluated by measuring the degradation rate of
methylene blue (MB) solution at room temperature. The samples were spread uniformly on
the bottom of a cylinder-shaped cell with ®20mmx>50mm after ultrasonic cleaning. To obtain
the same initial conditions of evaluating photocatalytic activity for all the samples, pre-
adsorption of MB solution was carried out using 3 m/ MB solution with a concentration of 20
umol// before evaluating photocatalytic activity. In this step, the cell with the samples and
MB solution were kept in a totally dark place for 12 h. Subsequently, the samples after the
pre-absorption were spread uniformly on the bottom of the cell again and 7 m/ MB solution
with a concentration of 10 umol// was poured into the cell. Then photocatalytic activity was
evaluated under UV light irradiation with an intensity of 1 mW/cm® for 24 h. These
evaluation conditions were referenced to Japanese Industrial Standard (JIS R 1703-2). The
absorbance of MB solution was measured by a colorimeter (Sanshin Industrial Co., Ltd) with
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UV irradiation with a wavelength of 660 nm, which was near the peak of absorption spectrum,
664 nm of MB solution used in the work. The gradient, & (nmol-L™'-h™") of MB solution
concentration-irradiation time curve was calculated by the least-squares method with the data
from 1~12 h and used as the degradation rate constants.

3 Results and discussion

3.1 Microstructure evolution of the films during high-temperature oxidation

Fig. 1 shows the SEM images of the cross sections of the samples fabricated by MCT and the
following high-temperature oxidation at 973 K. The light and dark areas of these films
correspond to Ti and TiO; respectively. From Fig. 1 (a), numerous tiny pores were found in
Ti films and the films had an average thickness of 46.71 um. From Fig.1 (b)-(e), it can be
seen that the inner layer and the surface layer of Ti films were oxidized simultaneously not as
we thought before. It indicates that the films were not dense and therefore air penetrated into
the films. That resulted in the simultaneous oxidation of the inner layer and the surface layer
of the films. With the increase of oxidation time, the thickness of TiO, films on the surface
increased. When it came to 50 h, TiO,/Ti composite films were obtained. Meanwhile, the
SEM images of the cross sections of the samples fabricated by MCT and the following high-
temperature oxidation at 1073 and 1173 K are shown in Fig. 2 and Fig. 3 respectively.
Compared with Fig. 1, it can be summarized that the oxidation rate of Ti films on the surfaces
became greater with the increase of oxidation temperature after the same oxidation time.
When oxidation temperature was 1073 and 1173 K, Ti films were completely oxidized to
form single TiO; films after 40 and 10 h respectively. Fig. 4 shows the cross sections of the

(2) Ti films W4,

Figure 2. SEM images of the cross sections of Ti films after oxidized at 1073 K.
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Figure 4. SEM images of the cross sections of Ti films after oxidized at 1273 K.

samples fabricated by MCT and the following high-temperature oxidation at 1273 K. It can
be seen that single TiO, films were obtained when oxidation time was only 3 h and numerous
tiny pores can also be seen in the films.

3.2 Phase evolution of the films during high-temperature oxidation

The XRD patterns of the samples fabricated by MCT and the following high-temperature
oxidation at 973 and 1073 K are given in Fig. 5. When oxidation temperature was 973 K (Fig.
5 (a)), the peaks of Ti, rutile TiO, and anatase TiO, were detected. With the increase of
oxidation time, the peaks of rutile TiO, became higher while those of Ti and anatase TiO»
became lower. That means rutile TiO, and anatase TiO, were formed on the surfaces of the
films during the oxidation of Ti films. Anatase TiO, as a metastable phase at high temperature
converted to rutile TiO,. When oxidation temperature increased to 1073 K (Fig. 5 (b)), only
the peaks of rutile TiO, were detected which means relatively thick rutile TiO, films were
formed on the surface of the films. From the above results, it can be concluded that anatase
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% | 7 s50n < __z l gOLg_ 40h lu__
\ hi

1 JJ ., 20h

-JL—-:J\MM-JM-J-L- Ao ton JA
W TSN Y Y PRI Y I T

30 40 50 60 30 40 50 60
20 [deg] 26 [deg]
Figure 5. XRD patterns of the samples fabricated by MCT and high-temperature oxidation
at (a) 973 K and (b) 1073 K.
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Ti0; cannot be obtained at high temperature of 1073 K and above. The above analysis is also
good agreement with those from Fig. 1 and Fig. 2.

3.3 Mass and thickness evolution of the films during high-temperature oxidation

The mass gain as a function of oxidation time during high-temperature oxidation is shown in
Fig. 6. When oxidation temperature was 973 K, the mass gain of the samples increased even
oxidation time came to 50 h. It means the oxidation of Ti films did not finish. When oxidation
temperature was 1073, 1173 and 1273 K, the mass gain of the samples increased firstly and
then kept constant values. The constant values indicate that the oxidation of Ti films finished.
The analysis on the mass gain is consistent with the microstructure evolution analysis of the
films from Fig. 1 to Fig. 4.

Thickness of TiO, films on the surfaces of the films formed during the high-temperature
oxidation can be calculated from the mass gain by

H o, = Awg L (1)

24p Prio> #D?

Where Aw is the mass gain of every Al,Osball, 4o and Arjo; are oxygen atomic weight and
molecule weight of TiO,, substituted by 16.00 and 79.88 respectively. prioz 1s the density of
Ti0,, substituted by 4.26 g-cm'3. D is the average diameter of Al,O3 ball, substituted by 1.093
mm. The thicknesses of TiO, films calculated by Eq. 1 and measured from the SEM images
of the cross sections are given in Fig. 7. When oxidation temperature was 973 K or the early
oxidation stage at higher oxidation temperature (no more than 30 h at 1073 K and 3 h at 1173),
the calculated values were greater than the measured ones. It hints that the trapped oxygen
was not only spent to form TiO; films on the surfaces of the films, but also used to oxidize the
inner layer of Ti films. On the other hand, when oxidation temperature was increased to 1273
K or the later oxidation stage at 1073 and 1173 K (more than 30 h at 1073 K and 3 h at 1173),
the calculated values were smaller than the measured ones. It is because numerous tiny pores
were generated in the TiO, films after the complete oxidation of Ti films.
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Figure 6. Mass gain of each Ti film-coated alumina ball Figure 7. Relationship between thicknesses of TiO,

during high-temperature oxidation. films and oxidation time.

3.4 Morphology evolution of the films during high-temperature oxidation

The morphologies of the films fabricated by MCT and the following high-temperature
oxidation at 973 and 1073 K are shown in Fig. 8 and Fig. 9. From Fig. 8 (b) and (c), nano-
sized needles of TiO, were formed on the surfaces of Ti films. With the increase of oxidation
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time, the size of the needles became larger and columnar nanocrystals of TiO, were formed
(Fig.8 (d) and (e)). When oxidation temperature was increased to 1073 K (Fig.9), the nano-
sized needles of TiO, grew up rapidly and micron-sized columnar crystals of TiO, were
formed with the increase of oxidation time.

(a) Ti films

D iy s e (F - o
Figure 9. Morphologies of Ti films after oxidized at 1073 K.

3.5 Photocatalytic activity of the films

During photocatalytic activity evaluation of the films fabricated by MCT and the following
high-temperature oxidation for 10 h, the concentration evolution of MB solution as a function
of UV irradiation time is illustrated in Fig. 10. The concentration of MB solution with the Ti
film-coated samples had a slight increase which means the Ti films had no photocatalytic
activity. However, the concentration of the MB solution with the samples fabricated by MCT
and the following high-temperature oxidation decreased in varying degrees. It means that the
samples showed photocatalytic activity.

The degradation rate constants, & calculated from concentration-irradiation time curves are
represented in Fig. 11. For the samples fabricated by MCT and the high-temperature oxidation
at 973 and 1273 K, the degradation rate constants, k increased firstly and then nearly kept
constant with the increase of oxidation time. On the other hand, k& increased firstly and then
decreased after their peak value for the samples fabricated by MCT and the high-temperature
oxidation at 1073 and 1173 K. The samples fabricated by MCT and the following high-
temperature oxidation at 1073 K for 15 h showed the highest photocatalytic activity for all the
samples.
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Figure 10. Concentration evolution of MB solution as Figure 11. Degradation rate constants, k as a function
a function of UV irradiation time. of oxidation time.

The relationship between the degradation rate constants, the microstructure and the thickness
of the films is shown in Fig. 12. It can be clearly seen that the samples with the TiO,/Ti
composite films showed much higher photocatalytic activity than those with single TiO; films.
The improvement of photocatalytic activity is commonly considered to relate to the charge
separation efficiency [12, 13]. When TiO, contacts with metals with higher work functions,
photo-generated electrons in the conduction band of TiO, may transfer to the metal, which
can decrease the recombination rate of electron-hole pair in TiO,. Therefore, photocatalytic
activity may be improved. When the thickness of TiO, films was 27 pum, the ratio of TiO, and
Ti1 might be optimum at which the charge separation efficiency reached greatest. Therefore,
the pho;[ocelltalytic activity of the TiO,/Ti composite films reached the greatest value (near 300
nmol-/"-h™).
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Figure 12. Relationship between degradation rate constants, £ and thickness of TiO, films.

4 Conclusions

Single TiO, films and TiO,/Ti composite films were fabricated by MCT and the following
high-temperature oxidation. With the increase of oxidation temperature and oxidation
time, the thickness of TiO, films on the surfaces of the samples increased and finally
single Ti0, films were obtained. Meanwhile, the nano-sized needles of TiO, grew up and
micron-sized columnar crystals of TiO, were formed. Relatively higher photocatalytic
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activity of the samples was achieved. TiO,/Ti composite films showed the highest
photocatalytic activity. The formation of TiO,/Ti composite microstructure is considered
to be the main reason why the photocatalytic activity was improved.
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