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Abstract

We report the optical absorption characteristics of highly porous, polycrystalline TiO2 electrodes and

the influence of hydrolysis period for the preparation processes by photoacoustic (PA) spectroscopy

together with photoelectrochemical (PEC) current ones. The PA spectra show peaks which are at-

tributed to the lowest transition energy due to the quantum confinement effect. The peak intensity

decreases with the increase of hydrolysis periods, indicating the possibilities of the changes in the

thermal properties and the densities due to hydrolysis processes. The PEC spectra indicate that the

photocurrent intensity also show peak and that of the longer hydrolysis periods is somewhat smaller

than others, indicating the increase of interface states due to the formation of grain boundaries with

the increase of hydrolysis processes.
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Introduction

Titanium dioxide, TiO2, is a promising candidate for photoanode material because of

its high chemical and photoelectrochemical durability [1]. However, TiO2 has a low

solar energy conversion efficiency of less than 4% because of its wide band-gap

(~3.0 eV). Dye sensitization is one of the methods used to extend the photoresponse

of TiO2 electrodes to the visible region, where the photoexcited electrons of the dye

molecules are transferred to the conduction band of TiO2. Another method to increase

solar energy conversion efficiency of TiO2 was developed by Graetzel’s group. They

prepared highly porous, polycrystalline anatase TiO2 electrodes to increase the sur-

face area by chemical synthesis. The electrodes exhibited high yields for the collec-

tion of photoexcited electrons from the absorbed dyes owing to their large surface
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area [2–5]. To realize a more efficient solar energy conversion method than that by

organic dye sensitization, Vogel et al. used quantum-sized semiconductors (termed

nanocrystals of quantum dots) [6] as sensitizers which were adsorbed on highly po-

rous, polycrystalline anatase TiO2 electrodes [7, 8]. Due to the spatial confinement of

the photogenerated charge carriers, they showed that the size quantization effect is

useful for band-gap adjustment. In addition to this effect, semiconductor nanocrystals

are more stable against photodegradation than laser-grade dyes.

It is necessary to obtain information on the optical absorption properties to in-

vestigate the electronic states of the highly porous, polycrystalline TiO2 matrix. How-

ever, few investigations have been carried out on the optical absorption of this mate-

rial because of the difficulty in using conventional transmission methods caused by

the strong scattering in the highly porous structure of TiO2 electrodes and the pres-

ence of a substrate. However, scattering effects can be minimized by employing a

photothermal (PT) method. It relies on the existence of a thermal de-excitation

branch (Fig. 1), which occurs for most materials. In the PT method, one detects a sig-

nal directly proportional to the thermal energy (heat production by non-radiative pro-

cesses) induced by the absorbed photons. Heat production has been detected by sev-

eral methods [9]. The PT signal is less sensitive to light scattering effects than con-

ventional spectroscopy signals, and the ability of the PT methods to produce absorp-

tion spectra from strongly scattering media has been demonstrated [9–12]. Thus, the

PT method is useful for obtaining the absorption spectra of the highly porous,

polycrystalline TiO2 electrodes. The PA method is a PT technique which detects

acoustic energy produced by non-radiative processes in materials [13]. PA spectros-

copy is useful for obtaining the absorption characteristics of TiO2 films without re-

moving the substrate [14]. The application of PA spectroscopy for the characteriza-

tion of semiconductors (including ceramics and nanocrystals) is important because it

yields direct information on non-radiative de-excitation energy channels [15–21].

We have reported the photoacoustic (PA) and photoelectrochemical current

(PEC) spectra of highly porous, polycrystalline TiO2 electrodes fabricated by chemi-

cal synthesis on which CdS nanocrystals were adsorbed [22]. The PA spectrum shifts
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Fig. 1 Schematics of optical absorption and de-excitation channels



to the lower energy region and the PA intensities below the band-gap of TiO2 increase

rapidly with the increase of in the number of CdS coating layers and becomes almost

constant. The increase in PEC intensity and a clear shift to lower energy region are

also observed with increasing number of CdS coating layers, indicating the possibil-

ity of the transfer of photoexcited electrons of CdS nanocrystals to the conduction

band of TiO2 [22]. Also, we have already reported the PA and PEC spectra of highly

porous, polycrystalline TiO2 electrodes to show the effect of the applied voltage treat-

ments [23, 24].

In the present paper, we report for the first time the influence of the hydrolysis

period for the preparation processes of TiO2 electrodes [7] on PA and PEC spectra to

clarify the changes of the electronic and thermal conditions of the TiO2 electrodes.

Vogel et al. carried out the hydrolysis only at a period of 30 min for the preparation

processes of highly porous, polycrystalline TiO2 electrodes fabricated by chemical

synthesis [7].

Experimental

The preparation of TiO2 films is carried out according to the reference [7]. Ti foil

(thickness: 0.2 mm) was washed with chloroform, boiled in 18% HCl for 30 min and

then washed with water. Ti sheets were transferred to a hydrolysis box after drying at

60°C. Methanol mixture with TiCl4 was prepared: 10 mL TiCl4+90 mL CH3OH. First,

two drops of solution were dropped onto the horizontally adjusted Ti foil and care

was taken to spread the solution uniformly. After a certain hydrolysis time (15, 30

and 60 min), the sheet was heated to 125°C, maintained at this temperature for 5 min,

then heated to 450°C for 25 min in air. This procedure was carried out five times for

each hydrolysis periods.

The PA cell was composed of an aluminum cylinder with a small channel at its

periphery in which a microphone was inserted. The inside volume of the cell was ap-

proximately 0.5 cm3. The cell was suspended by four rubber bands to prevent outside

vibration. The light source was a 300 W xenon arc lamp. Light was focused on the

sample at an impinging area of 0.20 cm2. The cell window was highly transparent

throughout the observed wavelength range, and the sample holder could be easily re-
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Fig. 2 Block diagram of photoacoustic spectroscopy system



moved from the cell to maintain the optical configuration. Figure 2 shows the block

diagram of the PA apparatus. The modulation frequency for the spectroscopic mea-

surements was 333 Hz obtained using a mechanical chopper to get the optical absorp-

tion information for TiO2 films. Measurements of the PA spectra were carried out at

room temperature in the wavelength range of 250–1200 nm. The PA signal intensities

were monitored by first passing the microphone signal through a preamplifier and

then into a two-phase lock-in amplifier. The data were averaged to improve the sig-

nal-to-noise ratio (S/N). The spectra were normalized using PA signals from a carbon

black sheet. The conditions for each of the PA measurements were fixed as far as pos-

sible to compare the PA signal directly.

The photoelectrochemical setup consisted of a quartz illumination cell equipped

with a working-electrode (TiO2) and a Pt counterelectrode in 1 M KCl+0.1 M Na2S elec-

trolyte [7]. PEC measurements were carried out under short current conditions using the

same apparatus and conditions as those used for the PA measurements. Measurements of

the PEC current spectra were carried out at room temperature in the wavelength range of

250–800 nm with a modulation frequency of 33 Hz. The spectra were normalized using

PA signals from a carbon black sheet. The conditions for each of the PEC measurements

were fixed as far as possible to compare the PEC signal directly.

Results and discussion

Figures 3 and 4 show the scanning electron microscopy (SEM) observations of the

TiO2 electrodes prepared with hydrolysis periods of 15 and 30 min, respectively.

They showed high surface roughness and crevices in the films. A rugged structure

was recognized similar to the observations reported previously [7]. The average sur-

face area was obtained by averaging the grain sizes in Figs 3 and 4 (both Figures have

the same scale in photographs). The average surface area of the single grain in Fig. 4

(hydrolysis time of 30 min) is smaller than that in Fig. 3 (hydrolysis time of 15 min),

indicating that the average area decreases with the increase of hydrolysis period.

Also, the surface area of the single grain with the hydrolysis time of 60 min is some-

what smaller than that of 30 min with much smaller boundaries in crevices.
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Fig. 3 Scanning electron microscopy observation of the TiO2 electrode with hydrolysis
period of 15 min



Figure 5 shows the PA spectra of highly porous, polycrystalline TiO2 films with

different hydrolysis period from 15 to 60 min. The PA spectra in Fig. 5 show a clear

increase of the signal intensity above the band-gap (~3.0 eV) region which is inde-

pendent of the hydrolysis period. Figure 5 shows a broad band at approximately

around a photon energy of 3.5 eV, indicating a possibility of quantum confinement

effects. The peaks at 3.5 eV might be attributed to the lowest transition energy due to

the quantum confinement effects. The peak intensity decreases with the increase of

hydrolysis periods, indicating the possibilities of changes in the optical absorption,

the thermal properties and the density due to the hydrolysis processes. According to

the RG theory [13], our situation in the PA spectrum below a photon energy of 3.5 eV

might be the case of optically transparent and thermally thick samples. In that case,

the PA signal intensity is proportional to the optical absorption coefficient � and the

inverse of the (�sCs), where �s and Cs are density and specific heat of the materials, re-

spectively. The optical absorption coefficient � is not much influenced by the hydro-

lysis processes because of the results of PEC current data shown later. Hence, the de-

crease of PA signal intensity with the increase of hydrolysis periods might be attrib-

uted to the changes of the densities and the specific heats of the TiO2 films.
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Fig. 4 Scanning electron microscopy observation of the TiO2 electrode with hydrolysis
period of 30 min

Fig. 5 Photoacoustic spectra of the TiO2 electrode with different hydrolysis periods



Figure 6 shows the PEC spectra of highly porous, polycrystalline TiO2 films

with different hydrolysis periods ((a) 15 min, (b) 30 min, (c) 60 min). The PEC spec-

tra in Fig. 6 show a clear increase of the signal intensity above the band-gap (~3.0 eV)

region which is independent of the hydrolysis period. Figure 6 shows a broad band at

approximately around 3.5 eV similar to that of the PA spectra, also indicating a possi-

bility of a quantum confinement effects. Figure 6 shows that the PEC current peak in-
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Fig. 6 Photoelectrochemical current spectra of the TiO2 electrode with different hydro-
lysis periods of a – 15 min, b – 30 min and c – 60 min



tensities of the sample with hydrolysis periods of 15 and 30 min agree with each other

within the experimental accuracy and that of the sample with the hydrolysis period of

60 min is somewhat smaller than others, indicating the small increase of interface

states due to the formation of smaller grain boundaries with the longer hydrolysis pe-

riod. The peak intensity is not much modified by the hydrolysis periods, indicating

that the optical absorption coefficient � still remains unchanged.

Conclusions

The PA spectra of highly porous, polycrystalline TiO2 films with the different hydro-

lysis periods show broad peaks at approximately around a photon energy of 3.5 eV,

indicating a possibility of quantum confinement effects. The peak intensity decreases

with the increase of hydrolysis periods, indicating the possibilities of changes in ther-

mal properties and the densities due to the hydrolysis processes. The PEC spectra also

show broad peaks at approximately around a photon energy of 3.5 eV and the peak in-

tensity is independent of the hydrolysis processes, indicating that the optical absorp-

tion coefficient remains unchanged during the hydrolysis processes.

* * *

Part of this work was supported by a Grant-in-Aid for Scientific Research (No. 09650887) from the

Ministry of Education, Science, Sports and Culture in Japan.

References

1 A. Fujishima, K. Kohayakawa and K. Honda, Bull. Chem. Soc. Jpn., 48 (1975) 1041.

2 N. Vlachopoulos, P. Liska, J. Augustynska and M. Graetzel, J. Am. Chem. Soc.,

110 (1988) 1216.

3 O. Enea, J. Moser and M. Graetzel, J. Electroanal. Chem., 259 (1989) 59.

4 B. O’Regan and M. Graetzel, Nature, 353 (1991) 737.

5 N.-G. Park, G. Schlichthoerl, J. van de Lagemaat, M. C. Cheong, A. Mascarenhas and

A. J. Frank, J. Phys. Chem. B, 103 (1999) 3308.

6 L. Brus, J. Phys. Chem. Solids, 59 (1998) 459.

7 R. Vogel, K. Pohl and H. Weller, Chem. Phys. Lett., 174 (1990) 241.

8 R. Vogel, P. Hoyer and H. Weller, J. Phys. Chem., 98 (1994) 3183.

9 A. C. Tam, Rev. Mod. Phys., 58 (1986) 381.

10 A. Rosencwaig, Phys. Today, 28 (1975, September) 23.

11 P. Helander, J. Appl. Phys., 54 (1983) 3410.

12 A. C. Tam, Photoacoustic and Photothermal Phenomena III, Ed. D. Bicanic, Springer-Verlag

Berlin, 1992, p. 447.

13 A. Rosencwaig and A. Gersho, J. Appl. Phys., 47 (1977) 64.

14 M. Ohmukai and Y. Tsutsumi, Jpn. J. Appl. Phys., 39 (2000) 448.

15 A. Zagadi, I. S. Al-Saffer, M. V. Yakushev and R. D. Tomlinson, Rev. Sci. Instrum.,

66 (1995) 4095.

16 T. Toyoda and K. Kato, Jpn. J. Appl. Phys., 35 (1996) 2912.

17 T. Toyoda and S. Shimamoto, Jpn. J. Appl. Phys., 37 (1998) 2827.

J. Therm. Anal. Cal., 69, 2002

TOYODA et al.: CHEMICALLY SYNTHESIZED TiO2 FILMS 1043



18 T. Toyoda, R. Taira, Q. Shen and M. Ohmori, Jpn. J. Appl. Phys., 40 (2001) 3587.

19 A. M. Mansanares, A. C. Bento, H. Vargas, N. F. Leite and L. C. M. Miranda, Phys. Rev. B,

42 (1990) 4477.

20 J. A. Balderas-Lopez and A. Mandelis, J. Appl. Phys., 90 (2001) 2273.

21 N. A. George, C. P. G. Vallabhan, V. P. N. Nampoori, A. K. George and P. Radhakrishnan,

Appl. Phys. B, 73 (2001) 145.

22 T. Toyoda, K. Saikusa and Q. Shen, Jpn. J. Appl. Phys., 38 (1999) 3185.

23 T. Toyoda, T. Hayakawa and Q. Shen, Mater. Sci. Eng. B, 78 (2000) 84.

24 T. Toyoda, J. Sato and Q. Shen, Jpn. J. Appl. Phys., 40 (2001) 3583.

J. Therm. Anal. Cal., 69, 2002

1044 TOYODA et al.: CHEMICALLY SYNTHESIZED TiO2 FILMS


