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 For comparison, 

X-ray diffraction (XRD, Rigaku, Tokyo, Japan, miniflex 600) analysis was 

performed with Cu K  radiation (40 kV, 15 mA) at 2 angles from 10° to 90° with a scan 

speed of 10° min-1. The crystallite sizes of the Pt-TiO2 samples were estimated using the 

Scherrer formula:  

where D is the approximate crystallite size,  is the wavelength of the X-ray radiation (Cu: 

1.54056 ), K is the Scherrer constant (0.9), and  is the peak width at half-maximum height. 

The values of  and  of anatase and rutile were taken from anatase (101) and rutile (110) 

diffraction peaks, respectively.13, 14) The BET specific surface area was measured with nitrogen 

as the adsorptive gas at -195.8oC by automatic surface area analyzer (Micromeritics, USA, 

Trister II 3020).15, 16) Diffuse reflectance UV-vis absorption spectra of the powder samples 
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were obtained by using a spectrophotometer (JASCO Corporation, Tokyo, Japan, V-670). The 

band gap energy of the Pt-TiO2 sample was estimated from Tauc plot using the following 

formula:  

where h is Planck constant,  is frequency,  is absorption coefficient, A is proportionality 

constant, and Eg is the band gap energy. Since TiO2 is an indirect allowed transition, n = 2. The 

obtained diffuse reflection spectra are Kubelka - Munk converted and the vertical axis is 

proportional to the absorption coefficient to obtain the following formula: 

Where is the K-M function. The valence state of Pt ion near the TiO2 surface was 

analyzed by X-ray photoelectron spectroscopy (XPS, Thermo SCIENTIFIC, USA, K-Alpha). 

The Pt-TiO2 powder was placed in a Clear Disk (JASCO, CD-05) and pressed into pellet of 5 

mm in diameter using a hand press. The binding energies were calibrated with reference to the 

C 1s peak (284.8 eV) originating from the surface impurity carbons. The valence state of Pt 

ion in the TiO2 bulk was analyzed by X-ray absorption near edge spectroscopy (XANES). The 

XANES spectra for Pt LIII edge were recorded on a beamline 11 at 
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 The synthesized Pt-TiO2 (0.2 g) was suspended to 100 ml of 1.0 × 10-4 mol dm-3 4-CP 

solution in a transparent Pyrex bottle which was immersed in water bath at 30°C. Under air 

purging (GEX Co., Ltd., Osaka, Japan, LUNG GX100), the suspension was kept in the dark 

for 30 min to reach the adsorption-desorption equilibrium and then irradiated by 150 W halogen 
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lamp (ASANUMA & Co., Ltd. Tokyo, Japan, CABIN CS-15) for 150 min. The light intensity 

through a long pass filter (Edmund, USA, cut-on wavelength: 400 nm) was measured by solar 

power meter (SATO SHOUJI INC., Japan, SPM-SD) at the center of the Pyrex bottle to be 26 

mW cm-2. For comparison, photocatalytic experiments were performed by using four 4 W 

black-lights (TOSHIBA CORPORATION, Tokyo, Japan, FL4BLB) as UV light source or 

solar simulator (ASAHI SPECTRA, Tokyo, Japan, HAL-320). The UV light and solar 

simulator light intensity was measured to be 3.5 mW cm-2 by a radiometer (Iuchi, Osaka, Japan, 

UVR-400, S-365) and 0.1  1.0 sun by light intensity meter (ASAHI SPECTRA, Tokyo, Japan, 

CS-20), respectively. An aliquot sample (7 ml) was withdrawn from the suspension at 

appropriate times and centrifuged at 2000 rpm for 15 min (

). The supernatant liquid was filtrated through a 0.20 m filter (Pall Corporation, NY, 

USA, E134) and then 4-CP concentration was analyzed by a high performance liquid 

chromatograph (HPLC, Shimadzu Corporation, Kyoto Japan) equipped with a UV detector 

(SPD-10AVP, detection wavelength: 280 nm) and a C18 column (Shim-pack, VP-ODS 4.6 

mm × 25 cm, column oven CTO-10ASVP, at 40oC). The eluent was a mixture of water with 

methanol (1 : 1 by volume, flow rate: 1.0 ml min-1 : LC-10ADVP). The conversion of 4-CP 

associated with light irradiation was calculated by the following formula. 
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Where Co and Ct represented the initial concentration of 4-CP (mol dm-3) and the concentration 

of 4-CP (mol dm-3) at the light irradiation time respectively. The photodegradation experiment 

of 4-CP by using the synthesized photocatalysts were shown in Figure 2-1. Figure 2-2 shows 

the spectra of the irradiation light measured with a UV-Vis spectrophotometer using a fiber 

probe. 

Figure 2-1 Schematic representation of the experimental apparatus. 

Figure 2-2 Spectra of the light emitted from (a) 150 W halogen lamp and (b) 4 W-black light. 
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2. 3. Results and Discussion
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0.01 g of PtCl2 (Purity: 98%, 3.68 x 10-5 mol) was mixed with 0.09 g of TiO2 sintered 

at 200oC using an agate mortar and pestle for 10 minutes. 0.01 g of the obtained powder was 

further mixed with 0.09 g of TiO2 (Pt(II): 3.68 x 10-6 mol) to prepare sample (a). Next, 0.075 

g of sample (a) was mixed with 0.025 g of TiO2 for sample (b). Similarly, 0.05 g of (a) was 

mixed with 0.05 g of TiO2 and 0.025 g of (a) was mixed with 0.075 g of TiO2 to prepare samples 

(c) and (d), respectively. Sample (e) was TiO2 powder. Only 0.07 g of each samples ((a)  (e)) 
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was placed in a Clear Disk and formed into pellet of 5 mm in diameter by using a hand press. 

These pellets were placed in an XPS chamber for 1 day under vacuum before the measurements. 

Figure 2-9 (a)  (e) shows XPS spectra of the mixture of PtCl2 and TiO2. Table 2-2 lists the 

moles of Pt(II) in samples (a)  (e) used for making a calibration curve where the moles of 

Pt(II) was multiplied by a factor of 0.7 since only 0.07 g of each samples (total: 0.1 g) was 

employed for the XPS measurements. Figure 2-9 shows that Pt(0) was detected in sample (a) 

 (c) although no Pt(0) was observed in Pt-TiO2 prepared by the sol-gel method. This finding 

indicates that reduction of Pt(II) to Pt(0) occurs mechanochemically by mixing with TiO2

powder. Therefore, the following procedures were used to obtain a calibration curve for 

quantitative Pt(II) near the surface of TiO2. First, a linear relationship between moles of PtCl2

used for these samples and the peak area of Pt(II) in the XPS spectra was obtained with a slope 

of 3.28 x 109 mol-1 (slope A in Figure 2-10). 

Next, a linear relationship between moles of PtCl2 used for these samples and the sum of the 

peak areas of Pt(0), Pt(II) and Pt(IV) was obtained with a slope of 5.02 x 109 mol-1 (slope B in 

Figure 2-11).
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calibration curve for quantitative Pt(II) near the surface of TiO2
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and the peak area of Pt(II) in XPS spectra. 

a)  (e) 

and the sum of the peak areas of Pt(0), Pt(II) and Pt(IV) in the XPS spectra

slope A = 3.28 x 109
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Table 2-2 Moles of Pt(II) and their corrected values for making a calibration curve. 
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- 63 - 

-

-

 XRD, BET, diffuse reflectance UV-vis absorption spectra, XPS and 

were carried out in the same way as described in Chapter 2. The XANES 

spectra for Cr K-edge were recorded on a beamline 11 at 
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Photocatalytic performance of Cr-TiO2 was examined in the same way as described 

in Chapter 2 except that only the halogen lamp (  > 400 nm: 26 mW cm-2) was used. 

Results and discussion
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This mixture was stirred for 1 h in a water bath at 90°C, then filtered with a 

membrane filter (Merck Millipore Ltd., USA, VSWP02500 0.025 ) and washed with 
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water. The concentration of Cr(III) ion in the filtrate was determined by ICP-AES to estimate 

the Cr content adsorbed on TiO2 powder. The obtained powder was dried at 110°C for 24 h 

and ground into fine powder by using agate mortar and pestle. 

-

 XRD, BET, diffuse reflectance UV-vis absorption spectra, XPS measurements and 

XANES measurements were carried out as described in Chapter 2 and 3. The photocatalytic 

performance on Cr-grafted TiO2 was examined as described in the Chapter 3. 

Results and discussion

- -

- - -

-

-

- - -

- -

-

-



- 97 - 

- -

- -

- -

- -

-

-

-

- -

-

-

- -

-

-



- 98 - 

- - -

-

0

20

40

60

80

100

0 50 100 150

C
on

ve
rs

io
n

of
4-

C
P

(%
)

Visible light irradiation time (min)

0.82 atom% Cr-
0.78 atom% Cr-



- 99 - 

-

- -

- -

- - -

-

-

- -

0

5

10

15

20

25

Unsintering 0.78 Cr-graftted

C
on

ve
rs

io
n 

of
 4

-C
P 

(%
)

-



- 100 - 

- -

-

-

-

-

- -

- -

-

- - -



- 101 - 

- -

-

-

- -

- -

-

-



- 102 - 

-

-

-

-

-

-

0

10

20

30

0 200 400 600

C
on

ve
rs

io
n

of
4-

C
P

(%
)

Sintering temperature ( )



- 103 - 

-

-

0

10

20

30

0 1 2 3 4

C
on

ve
rs

io
n

of
4-

C
P

(%
)

Calculated density of Cr or Cu ion (10-6 mol m-2)

Cr-



- 104 - 

-

- -

- -

-



- 105 - 

- -

- -

- -

- -

-

-

- - -

-

- -

-

- -

-



- 106 - 

-

- -

-

- - -

0

20

40

60

80

100

0 200 400 600

C
on

ve
rs

io
n

of
4-

C
P

(%
)

Sintering temperature ( )



- 107 - 

- -

- -



- 108 - 

- - -

-

-

-

0.0

1.0

2.0

350 450 550 650 750

K/
M

Wavelength (nm)

Unsintered



- 109 - 

- - -

- -

-

- -

-

- -



- 110 - 

1) H. Irie, S. Miura, R. Nakamura, K. Hashimoto, Chem. Lett., 2008, 37, 252-253. 

2) H. Irie, S. Miura, R. Nakamura, K. Hashimoto, Chem. Phys. Lett., 2008, 457, 202-205. 

3) H. Yu, H. Irie, Y. Shimodaira, Y. Hosogi, Y. Kuroda, M. Miyauchi, K. Hashimoto, J. 

Phys. Chem. C, 2010, 114, 16481-16487. 

4) H. Irie, K. Kamiya, T. Shibanuma, S. Miura, D. A. Tryk, T. Yokoyama, K. Hashimoto, J. 

Phys. Chem. C, 2009, 113, 10761-10766. 

5) H. Irie, T. Shibanuma, K. Kamiya, S. Miura, T. Yokoyama, K. Hashimoto, Appl. Catal. 

B: Environ., 2010, 96, 142-147. 

6) M. Liu, R. Inde, M. Nishikawa, X. Qiu, D. Atarashi, E. Sakai, Y. Nosaka, K. Hashimoto, 

M. Miyauchi, ACS Nano, 2014, 8, 7229-7238. 

7) M. Liu, X. Qiu, K. Hashimoto, M. Miyauchi, J. Am. Chem. Soc., 2013, 135, 

10064-10072. 

8) M. Liu, X. Qiu, M. Miyauchi, K. Hashimoto, Chem. Mater., 2011, 23, 5282-5286. 

9) H. Yu, H. Irie, K. Hashimoto, J. Am. Chem. Soc., 2010, 132, 6898-6899. 

10) N. Nishiyama, K. Kozasa, S. Yamazaki, Appl. Catal. A: Gen., 2016, 527, 109-115. 

11) J. Zhu, Z. Deng, F. Chen, J. Zhang, H. Chen, M. Anpo, J. Huand, L Zhang. Appl. Catal. 

B: Environ., 2006, 62, 329-335. 



- 111 - 

- -

-

 In the literature reported so far, t

-

- -

-

- -

our Pt-TiO2

had much higher photocatalytic activity than commercially available TiO2 under solar 

simulator light irradiation. O

By using the findings obtained in this thesis, inorganic semiconductor materials that 

cannot absorb visible light because of a wide band gap energy value (SnO2, ZnO, ZrO2, etc.), 

might be activated as photocatalysts by doping with metal ions and by controlling their mixed 
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