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Influences of C,—C; Alcohols and Purities of TiO, Powders on Their
Photoluminescence Properties at Room Temperature
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We have investigated the photoluminescence (PL) of rutile and anatase TiO, powders at room temperature in vacu-
um, in air, and in air with one of C,—Cj alcohols (methanol, ethanol, 1-propanol, and 2-propanol). For rutile TiO, pow-
der, we observed that the PL intensities in these atmospheres, except air, increase linearly with the square root of the UV
irradiation time (), and found that the time dependence agrees with that of the integrated amount of photo-desorbed O,
from rutile TiO, powder. By considering the O, photo-desorption and its effect on the surface band bending of the pow-
der, we could explain the time dependence of the PL intensities. This explanation is supported by the experimental re-
sults. For anatase TiO, powder, the PL intensities in air with one of the alcohols, except for methanol, did not increase
linearly with 5, although those in vacuum and in air with methanol did increase. This inconsistency is probably due to
the difference between the photocatalytic activities of anatase TiO, powder for the alcohols. In addition, it was found
that the difference between the slopes of the PL intensities of the TiO, powders in vacuum against 1*° corresponds to that

between the purities of the powders.

Recently, extensive studies have been carried out with TiO,
photocatalysts;'~ however, the relationship between the photo-
catalytic (PC) reaction on TiO, and its photoluminescence
(PL) properties is not fully understood. So far, it has been re-
ported that the PL wavelength of TiO, depends on its particle
size* and its crystal structure,™® and that the PL intensity of
TiO, depends on the dopants,® annealing temperatures,’'? at-
mospheres,'*'7 atmospheres at annealing,’ and the ambient
temperature for the PL measurements.>*!3  Anpo et al. have
qualitatively explained the dependence of the PL intensity of
TiO, on its atmosphere by considering the change in the sur-
face band bending.'6 Moreover, a few studies have been made
on the relationship between the PC reaction on TiO, and its PL
properties.'>'** Anpo and Che have recently reviewed appli-
cations of PL techniques in relation to photocatalysis and so
forth.2! Nevertheless, little is known about the PL properties
of TiO; in air at room temperature, although these conditions
are the most general for a gas-phase PC reaction and, conse-
quently, a comprehensive understanding of the relationship un-
der the conditions is still lacking. If the relationship can be
clarified, the analysis of the PL properties of TiO, will become
useful for monitoring some changes in the surface conditions
associated with the PC reaction, for evaluating the PC activity
of TiO,, and for more thoroughly understanding the mecha-
nisms of TiO, photocatalysis. It is therefore important to in-
vestigate the PL properties of TiO, at room temperature in air
with and without a reactant, such as ethanol, for which the
mechanisms of the gas-phase PC reaction have been pro-
posed.?>Z Along these lines, the PL of rutile and anatase TiO,
powders was measured at room temperature in vacuum, in air,
and in air with one of C;—C; alcohols (methanol, ethanol, 1-
propanol, and 2-propanol). For rutile TiO, powder, we found
that the PL intensities in these atmospheres, except in air, in-

crease linearly with the square root of the UV irradiation time
(*%). For anatase TiO, powder, the PL intensities in air with
one of the alcohols, except for methanol, did not increase lin-
early with 1>, although those in vacuum and in air with metha-
nol did increase. The results for ethanol agreed with those re-
cently reported by us using several rutile and anatase TiO,
powders.”* We have explained these time dependences of the
PL intensities. In addition, the influences of the purities of the
TiO, powders on their PL properties and the PL spectra of the
TiO, powders in air at room temperature are discussed.

Experimental

Anatase and rutile TiO, powders were purchased from Aldrich
(Aldrich-A and Aldrich-R), Kanto Chemical Co. (Kanto-A and
Kanto-R), and Wako Pure Chemical Ind. (Wako-A and Wako-R).
They were used as received. Reagent-grade alcohols (methanol
(Kanto Chemical Co.), ethanol (Amakasu Chemical Ind.), 1-pro-
panol, and 2-propanol (Wako Pure Chemical Ind.)) were used
without further purification. To calculate the crystalline composi-
tion and the primary particle size of the TiO, powder, X-ray dif-
fraction was measured with a Rigaku Rint 2000 X-ray diffracto-
meter. The PL of the TiO, powder was measured at room temper-
ature on a Shimadzu RF5300PC spectrofluorophotometer
equipped with filters (U-340 and UV-39) to eliminate the stray
light from the spectroscope and the scattered light from the pow-
der. The excitation wavelength was 335 nm. The time-courses of
the PL intensities of the TiO, powders were measured at a PL
wavelength of 500 nm. The TiO, powder was set in a holder by
pressing it with a glass plate. The holder was placed in a cylindri-
cal stainless-steel cell with two optical windows. The cell was
connected to a vacuum system, inside of which the pressure, mea-
sured with a Pirani gauge, was 1 Pa. The TiO, powder was out-
gassed under vacuum for 60 min before a PL measurement in vac-
uum, while it was exposed to an alcohol vapor in the dark for 60
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min to attain adsorption equilibrium before a PL measurement in
air with the alcohol. To evaluate the PC activities of the TiO,
powders, PC reactions of methanol and ethanol using the powders
were carried out under UV irradiation with 8 tubes of black lights
(Toshiba FL20S-BLB 20W) in a batch reactor, in which the con-
centrations of methanol and ethanol in the reactions were mea-
sured by Fourier-transform infrared spectroscopy (Nicolet 800).

Results and Discussion

Crystallite Properties. Table 1 shows that the rutile TiO,
powders had a substantially rutile structure (> 95%) and that
the anatase TiO, powders had a substantially anatase structure
(> 96%). Thus, the effects of the crystal structure of TiO,
powder on its PL can be examined by comparing the PL prop-
erties of the rutile TiO, powders and those of the anatase TiO,
powders. The primary particle sizes of the TiO, powders were
very close to one another, as shown in Table 1, and hence we
neglected the difference between the influences of the primary
particle sizes on the PL and on the PC reaction.

PL Spectra in Air. Figure 1 shows the PL spectra of the
TiO, powders in air. The PL spectra of the anatase TiO, pow-
ders and Aldrich-R were broad bands at about 500 nm, which
were the same bands as those in vacuum and in air with etha-
nol. In contrast, the PL spectra of Kanto-R and Wako-R
showed two low broad bands at about 450 nm and about 500
nm, while in air with ethanol vapor and in vacuum the PL
spectra were broad bands at about 500 nm, similar to those of
the other powders. Thus, we measured the PL intensity at 500
nm to observe its change with time. The PL of anatase and
rutile TiO, have been interpreted as emissions from self-
trapped excitons and free excitons, respectively.® This differ-
ence in the exciton type was thought to be a reason for the dif-
ference in PL spectra between the anatase TiO, powders and
the rutile TiO, powders. The spectra of Aldrich-R, however,
contradicts the above idea. Another cause of the difference in
the PL spectra between the two powders (Kanto-R and Wako-
R) and the other powders seems to be the effect of impurities in
the TiO, powders, because the TiO, purity of Aldrich-R
(99.99%) is much higher than that of the two powders (>
99.0%). It was reported that the addition of impurities usually
increases the probability of nonradiative transitions, and there-
by the PL intensity decreases remarkably compared to that of
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Fig. 1. The photoluminescence (PL) spectra of the anatase

(a) and the rutile (b) TiO, powders in air at room tempera-
ture.

pure samples.® This effect of impurities in the two powders on
their PL may be revealed obviously in air.

The PL of the TiO, powders differed from one another in
wavelength and intensity (Fig. 2). The differences in their PL
intensities were large. For example, the PL intensity of Wako-
A was about 100-times those of Kanto-R and Wako-R. These
differences show that the PL of TiO, reflects many of the fac-
tors mentioned in the introduction, and suggest that TiO, pow-

Table 1. The Crystallite Properties of the TiO, Powders

TiO, powder Purity /% Anatase/gucazgcentage Prn:;ezireyh;l);rgcle
Aldrich-R 99.99 4 63
Rutile Kanto-R > 99.09 0 58
Wako-R >99.0 3 51
Aldrich-A >99.9 97 54
Anatase Kanto-A > 98.09 100 54
Wako-A >98.5 99 54

a) Calculated with the equation: anatase percentage (%) = 100/(1 + 1.265 Iz/I,), where
Iy and I, represent the X-ray diffraction intensities of the rutile peak at 2theta = 27.4 deg
and the anatase peak at 2theta = 25.3 deg, respectively.”® b) Calculated from the peak
broadening of the X-ray diffraction using Scherrer’s equation. c) Cl, NO;, PO,, SOy, Fe,
and Pb are included as impurities. d) SOy, Pb, and Fe are included as impurities.
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Fig. 2. The photoluminescence (PL) wavelengths and inten-
sities of the TiO, powders in air at room temperature. The
error bars represent standard deviations. The dotted line at
about 485nm represents the boundary between the PL
wavelengths of the rutile TiO, powders and those of the
anatase ones.

ders have different PL spectra, depending on their preparation.
Other anatase TiO, powders (P25 (Nippon Aerosil), AMT600
(Tayca), UV100 (Sachtleben Chemie), and STO1 (Ishihara
Sangyou)) also had different PL wavelengths and PL intensi-
ties (Fig. 2). We did not study the four powders further be-
cause their primary particle sizes were different from those of
the 6 powders used in this study; those of UV100 and STO1
were 9 nm* and those of P25 and AMT600 were about 20 nm.
We could thus identify 10 commercial TiO, powders by their
PL spectra in air at room temperature. This finding indicates
that PL spectroscopy is useful for identifying TiO, powders.

Time-Courses of the PL Intensities of Rutile TiO, Pow-
der. The PL intensities of rutile TiO, powder Kanto-R were
measured in air with the C,—C; alcohols at room temperature;
we found that the PL intensities in these atmospheres increase
linearly with 3 (Fig. 3). The plots of the PL intensities
against > agree very well with their regression lines; the
squares of the regression coefficients were more than 0.98.
These results correspond to the fact?® that the amount of photo-
desorbed O, from rutile TiO, powder decreases with time, and
that the integrated amount of the desorbed O, increases linear-
ly with (%3, This time dependence is attributed to the recombi-
nation of electrons of chemisorbed O, on the TiO, surface with
the photo-generated holes.”**” The results for ethanol agree
with a recent report concerning the rutile and anatase TiO,
powders.>* We have explained the time dependence of the PL.
intensities of rutile TiO, powder in air with the alcohols by
considering the O, photo-desorption and its effect on the sur-
face band bending of the powder,'® as follows: adsorbed O, on
the rutile TiO, powder is photo-desorbed by the excitation light
for the PL measurement. Instead, the alcohol is adsorbed and
inhibits O, from being re-adsorbed on the powder. This substi-
tution diminishes the surface charge density of the powder (N;)
linearly with 3 (Eq. 1),%

N, =A — B*> (A4, B: Const), (1)
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Fig. 3. The relationships between the photoluminescence
(PL) intensities of rutile TiO, powder Kanto-R in air with
C,—C; alcohols (methanol, ethanol, 1-propanol, and 2-pro-
panol) and the square root of the UV irradiation time from
1 s to 60 s. The squares of the regression coefficients are
more than 0.98.
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Fig. 4. The photoluminescence (PL) intensities of rutile TiO,
powder Kanto-R in vacuum and in air vs the square root of
the UV irradiation time from 1 s to 60 s.

and decreases the thickness of the space-charge layer linearly
with 3. This decrease enhances the electron-hole recombina-
tion at the powder’s surface because of the decrease in thick-
ness of the charge separation region where no electron-hole re-
combination occurs. Thus, the PL intensity increases with the
decrease, i.e., linearly with 3. If the above model is correct,
the PL intensity in vacuum is expected to increase linearly
with *°. Figure 4 shows that the PL intensity in vacuum in-
creased as expected, while that in air remained unchanged.
The PL wavelength in vacuum was 487 nm; those in air with
methanol, ethanol, 1-propanol, and 2-propanol were 491 nm,
491 nm, 491 nm, and 488 nm, respectively. The experimental
uncertainties associated with these PL. wavelength measure-
ments were ca. 0.4%. Within the uncertainties, the PL wave-
length in vacuum agrees with that in air containing one of the
alcohols. Thus, the mechanism of the PL in vacuum seems to
be identical with that in air with one of the alcohols. These re-
sults support our model. Moreover, it is presumed from our
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Fig. 5. The molecular coverages of methanol, ethanol, 1-pro-
panol, and 2-propanol on rutile TiO, powder reported in
Refs. 28 (circle) and 29 (triangle) were plotted against the
photoluminescence (PL) intensities of rutile TiO, Kanto-R
in air with these alcohols at room temperature of this study.

model that the higher adsorption of alcohol on TiO, powder in-
creases the PL intensity of the powder because the larger
amount of alcohol occupies the sites on which O, were ad-
sorbed before UV irradiation. The order of the molecular cov-
erages of the alcohols on rutile TiO, powder was reported to be
methanol > ethanol > I-propanol > 2-propanol®? and, as
presumed, this order agreed with that of the PL intensities in
air with the alcohols (Fig. 5). This result also supports our
model.

Time-Courses of the PL Intensities of Anatase TiO, Pow-
der. Figure 6 shows the time-courses of the PL intensities of
anatase TiO, powder Kanto-A in vacuum, in air, and in air with
methanol. We found that the PL intensities in vacuum and in
air with methanol increase linearly with %3, while in air with-
out methanol they remain unchanged. On the contrary, the PL
intensities in air with ethanol, 1-propanol, and 2-propanol de-
creased quickly for a few seconds at the beginning, and then
increased very slowly (Fig. 7) compared with those in vacuum
and in air with methanol. The result for ethanol agrees with
the results recently reported by us using the anatase TiO, pow-
ders.** The proposed model discussed in the previous section
is inapplicable to the PL intensities of the anatase TiO, powder
in air with the alcohols, except for methanol. This inconsisten-
cy is likely to be due to the difference between the PC activi-
ties of the anatase TiO, powder for the alcohols because of our
result that the half-life of methanol in the PC reaction using the
powder was about three-times larger than that of ethanol. The
difference between the activities for methanol and ethanol
agrees with that reported earlier.®® Thereby, the influence of
the PC oxidation of the alcohols, except for methanol, on the
PL of anatase TiO, powder is thought to be much stronger than
that of rutile TiO, powder, while the influence of the PC oxida-
tion of methanol on the PL of anatase TiO, powder seems not
to be very strong. In general, the PC activity of anatase TiO, is
higher than that of rutile TiO,. Indeed, in an experiment of PC
oxidation of ethanol using the TiO, powders, the half-life of
ethanol with Kanto-A was less than one-fifth of that with Kan-
to-R. Thus, the anatase TiO, powder, which has a much higher
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Fig. 6. The photoluminescence (PL) intensities of anatase
TiO, powder Kanto-A in vacuum, in air with methanol,
and in air vs the square root of the UV irradiation time
from 1 s to 60 s.
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TiO, powder Kanto-A in air with ethanol, 1-propanol, and
2-propanol vs the UV irradiation time.

PC activity than the rutile TiO, powder, would oxidize alcohol
immediately and consume photo-excited electrons and holes in
the powder. Moreover, this rapid oxidation would increase the
possibility of O, adsorption on the powder. These consider-
ations suggest that the PC reaction decreases the PL intensity
of the anatase TiO, powder, and that they are applicable to the
PL intensities in air with the alcohols, except for methanol. In
air with methanol, the PC activity of the anatase TiO, powder
for methanol is probably not high enough to suppress an in-
crease in the PL intensity, and thus the PL intensity increases
linearly with 3, even under the PC reaction. The decrease at
the beginning (Fig. 7) can be explained by considering the
change in the surface band bending of the anatase TiO, powder
as follows: at the beginning of the PL measurement, photo-ex-
cited electrons are accumulated on the TiO, surface because
photo-induced holes are consumed in the PC reactions of etha-
nol, 1-propanol, and 2-propanol. Consequently, the surface
charge density (/) increases. In contrast, Ny under the PC re-
action of methanol would decrease because of the low PC ac-
tivity for methanol and the highest absorption ability of metha-
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Fig. 8. The photoluminescence (PL) intensities of the rutile
(a) and the anatase (b) TiO, powders in vacuum at room
temperature vs the square root of the UV irradiation time
from 1 s to 60 s. The relative intensity is based on the PL
intensity of Kanto-R at 1 s as 1.

nol among the alcohols. The increase of N; enhances the thick-
ness of the space-charge layer, where electron-hole recombina-
tion is forbidden, resulting in a decrease of the PL intensity. A
few seconds later, the consumption rate of the hole decreases,
which diminishes the surface charge density, resulting in an in-
crease of the PL intensity.

It was reported that the higher PC activity of anatase TiO,
powder with respect to that of rutile TiO, powder may be ex-
plained by the fact that anatase TiO, powder has a higher O,
adsorption capacity than rutile TiO, powder.*! This is consis-
tent with our explanation for the time-course of the PL intensi-
ty. Rutile TiO, powder loses adsorbed O, quickly via photo-
desorption because rutile powder has a lower O, adsorption ca-
pacity, resulting in a rapid increase of the PL intensity. In con-
trast, it takes a long time for anatase TiO, powder to lose its ad-
sorbed O, because of the large amount of adsorbed O, and
competition between the O, photo-desorption and the PC reac-
tion of alcohol.

Influence of Purities of the TiO, Powders on the Time-
Courses of the PL Intensities in Vacuum. A comparison of
the slopes of the regression lines in Fig. 8a shows that the
slopes of Kanto-R and Wako-R are nearly the same, while the
slope of Aldrich-R is much larger than those of Kanto-R and
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Wako-R. We found that the difference of the slopes between
the TiO, powders corresponds to that of the purities between
the powders. That is, a comparison of the purities of the rutile
TiO, powders in Table 1 shows that the levels of the purity of
Kanto-R and Wako-R are the same (99%), while the purity of
Aldrich-R is much higher than those of the two powders. Even
in air with ethanol, the same relation among the three powders
was observed as in our previous study.?* Furthermore, a simi-
lar relation between the slopes of the regression lines for the
anatase TiO, powders (Fig. 8b) and the purities of the powders
(Table 1) was observed. These relations suggest that during O,
photo-desorption, the slope of the plot of the PL intensity for
TiO, powder against > depends on its purity. They also indi-
cate that the impurities in the powder prevent O, photo-desorp-
tion by trapping holes or by disturbing the migration of holes
to the powder’s surface. It appears that the nonradiative elec-
tron-hole recombination occurs at the impurities or around
them, and that the recombination rate corresponds to the impu-
rity concentration. In contrast, the linearity of the plots against
1*% in Fig. 8 are independent of the purities of the TiO, pow-
ders. The deviations of the plots for Aldrich-R and Wako-R
from the regression lines are larger than those for the other
powders. The deviations for these two powders in vacuum are
probably due to the saturations of the PL intensities. This ef-
fect may be small for Kanto-R because the increase in the PL
intensity of Kanto-R is much smaller than those of Aldrich-R
and Wako-R. In air with ethanol, as we previously reported,
the deviations for these two powders are small; the squares of
the regression coefficients for Aldrich-R and Wako-R are 0.997
and 0.990.2* The PL intensities of these two powders in vacu-
um are thought to be saturated faster than in air with ethanol.
In conclusion, 1) for rutile TiO, powder, we observed that
the PL intensities in vacuum and in air with the C;—C5 alcohols
increase linearly with >, and found that the time dependence
of the PL intensities agrees with that of the integrated amount
of photo-desorbed O, from rutile TiO, powder. To explain the
time dependence, a model supported by the experimental re-
sults has been proposed. For anatase TiO, powder, we found
that the PL intensities in air and in air with one of the alcohols,
except for methanol, do not increase linearly with 1*°, although
those in vacuum and in air with methanol do increase. This in-
consistency can be explained by considering the difference be-
tween the PC activities for the alcohols. 2) It was found that
the difference between the slopes of the PL intensities of the
TiO, powders in vacuum against 1> corresponds to that be-
tween the purities of the powders. 3) The PL spectra of ten
commercial TiO, powders in air at room temperature differed
from one another in wavelength and in intensity, suggesting
that PL spectroscopy is useful for identifying TiO, powders.
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