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1. Introduction

Photocatalytic events on a semiconductor initiate with the generation of electron-hole pairs by the
absorption of light the energy of which is equal to or greater than the band gap (E,) of the
semiconductor.  Accordingly, the E, value is a fundamental property of semiconductor
photocatalysts; also important are the band edge positions to determine the charge transfer between
the semiconductor and adsorbed reactants. In this paper, E, values of powder TiO, samples,
supplied from Catalysis Society of Japan as reference catalysts, were determined from optical
absorption spectra measured by diffuse reflectance (DR) technique. The DR method was
successfully applied to determine E,, values of various semiconductors in a powder form [1,2].

2. Determination of optical band gap

Near the threshold of the absorption spectrum associated with the band-to-band (fundamental)
transition, the adsorption coefficient (o) increases with increasing photon energy (hv) and the
following expression, which was originally derived by Tauc et al. [3] and Davis and Mott {4], has
been frequently used and has satisfactorily described the absorption behavior in the high absorption
region: '

o =B(hv—E,)"hv, , (D
where B is a constant and E,, the optical band gap. Exponent m is a number characteristic to the
optical absorption mechanism; m=1/2 for a direct-allowed transition, m=3/2 for a direct-forbidden
transition, m=2 for an indirect-allowed transition and m=3 for an indirect-forbidden transition.

In the diffuse reflectance spectroscopy, the Kubelka-Munk function, F(R..), is proportional to the
adsorption coefficient if the scattering coefficient s is considered to be constant within the photon
energy range discussed:

F(Roo)=(1-Roo’)/2R oo 05 OU/s o< ey
where R, is the relative diffuse reflectance. Combining equations (1) and (2) gives
[F(Roo)iv]"" o< v —E,, (3)

According to this relation, the value of E,, can be obtained by extrapolating the linear portion of the
[F(Ro)AV]'™ vs. Ay plot to the Av axis.

3. Experimental

DR spectra were recorded at room temperature on a Shimadzu UV-190 spectrometer equipped
with an integrating sphere attachment. Powder samples were sieved to 42-60 mesh, and pretreated
usually by the following manner; evacuation at 500 °C for 30 min, exposure to O, (100 torr) for 30
min at 500 °C, and then cooling down to room temperature in an O, atmosphere. The pretreated
samples were transferred into a 4-mm thick quartz cell without the contact with an ambient air, and
the relative diffuse reflectance, R, of samples were measured by using BaSQ, as a reference.
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The 4-mm thick powder layer is considered to be sufficient for the infinite thickness criterion
required for the DR measurement [2].

4. Results and Discussion
4.1 Optical absorption spectra

The E, value of TiO, most frequently used is 3.0 €V (~413 nm) for rutile or 3.2-3.3 &V (~380 nm)
for anatase [5]. As can be seen from Fig. 1, the adsorption edge of the pure rutile sample (TIO-3)
was red-shifted from those of pure anatase samples (TIO-1 and 2), being qualitatively consistent
with the E, values mentioned above. Both the mixture samples (TIO-4 and 5) had adsorption
edges close to that of rutile. This shows that even for the anatase-rich TIO-4 the optical absorption
at longer wavelength (lower energy) side is dominated by the minor rutile phase.

4.2 Optical band gap

Due to the anisotropic crystal structure of TiO,, the electron transition process depends on the
polarization of incident light relative to the crystal ¢ axis [6-9]. For polycrystalline powder
samples, however, the anisotropic effect can be ignored.

The knowledge of the type of the excitation process is indispensable to determine the E,. value
from equation (3). It was reported for rutile TiO, that both the direct-forbidden and indirect-
allowed transition processes participated in the fundamental adsorption mechanism [6-9] and that
the first direct-allowed transition fell around 3.5 6V [8]. Thus, in this study, the optical spectra of

powder TiO, samples were attempted to analyze on the basis of the direct-allowed (m=1/2), direct-
forbidden (#=3/2) and indirect-allowed (m=2) transitions.
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Fig. 1 Diffuse reflectance optical Fig. 2[F(Reo)nv]"™ vs. hv_plots for TIO-1 to
absorption spectra of TIO-n samples. estimate the optical band gap.




Figure 2 shows the [F(Reo)av]'" vs. hv plots of TIO-1 as examples. The linear portion was
observed in each [F(Reo)2v]" vs. Av plot, and the each extrapolating line gave a different intercept
on the Av axis, indicating that the evaluation of the E,, value for each transition mechanism is
possible. It should be noted that this does not necessarily guarantee all the transition mechanisms

discussed to be really involved in the fundamental absorption.

Table 1  Evaluation of optical band gap of TIO-n samples

Sample Onptical band gap / &V
direct-allowed direct-forbidden indirect-allowed
TIO-1 3.54 3.27 3.20
TIO-2 3.48 3.25 3.19
TIO-3 3.40 296 2.70
TIO-4 3.48 3.02 2.84
TIO-5 3.10 : 2.98 2.95

Table 1 lists E,, values of five TiO, samples thus evaluated. The E,, values of pure anatase
samples (TIO-1 and -2) estimated on the basis of the direct-forbidden and indirect-allowed
transitions agree quite well with the E, value usually used for anatase TiO, (3.2-3.3 éV). For other
three samples (TIO-3, -4 and -5) of which the optical absorption near the edge is dominated by the
rutile phase (cf. Fig; 1), the direct-forbidden gaps are consistent with and the indirect-allowed gaps
are smalier than the common value of the rutile (3.0 éV). It can thus be said that the analysis by
the direct-forbidden transition mechanism is the most favorable to evaluate the E,. value from DR
spectra of powder samples.  Excepting the TIO-5 sample, the direct-allowed gaps are between 3.40
and 3.54 eV. These values are reasonably close to the first direct-allowed gap evaluated from the
band structure calculation, 3.45 eV (ic) and 3.59 eV (//c) [8].

The influence of the pretreatment condition on the E,, value was studied on TIO-1 sample. The
direct-forbidden gap was 3.26 &V after evacuation for 30 min between 100 and 500 °C and 3.27 &V
after the evacuation at 500 °C and the subsequent oxidation from 500 °C to RT in O, atmosphere
(100 torr). Accordingly, the estimated E,, value is regarded to be constant after the evacuation
and the subsequent oxidation at least below 500 °C.
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Fig.3 Dependence of the molar amount of Ti™ (a) and k/k, factor (b)
of HyCOM ‘TiQ, on the calcination (Tc).
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amount of Ti™ of HyCOM samples.
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