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Abstract A TiO, photocatalytic film was prepared by the
sol-gel and dip-coating methods. Au-loaded TiO, photo-
catalytic films were produced by the photodeposition
method. The photocatalytic activity of the films under UV
irradiation was evaluated by measuring the degradation of
absorbance for a methylene blue (MB) aqueous solution.
Au particles deposited on the TiO, film improved the
photocatalytic activity under the O, bubbling condition. On
the other hand, under N, or Ar bubbling, the doubly
reduced form of MB, leuco-methylene blue (LMB), was
formed at the beginning of UV irradiation, and then both
MB and LMB were decomposed gradually by the photo-
catalytic reaction. In this process, Au particles on the TiO,
film behave as electron traps.

Introduction

Metal particles such as Ag, Pt, and Au have been reported
to enhance the photocatalytic performance of TiO,,
because the photogenerated electrons are trapped by these
particles leading to high efficiency of charge separation
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[1-6]. The mechanism of the improvement of the photo-
generated electron-hole separation is the shift in the Fermi
level followed by charge distribution in semiconductor—
metal composite under UV irradiation. Wood et al. [7]
suggested that the process of Fermi level equilibration was
monitored using changes to both the surface plasmon band
of the metal island and the sharp exciton band of the ZnO
nanocrystals. Kamat and co-workers showed that the green
and blue colors of UV-irradiated ZnO [8] and TiO, [9]
semiconductors were removed by the deposition of Au
nanoparticles, indicating that the stored electrons in semi-
conductors were transferred to Au nanoparticles, which
caused the negative shift in the Fermi level.

In this study, we measured the photocatalytic degrada-
tion of a methylene blue (MB) aqueous solution by a TiO,
film prepared by the sol—gel and dip-coating methods and
Au nanoparticles-loaded TiO, films prepared by the
photodeposition method, under aerobic (O, bubbling) and
anaerobic (N, and Ar bubbling) conditions, and discussed
the effect of Au particles.

Experimental

Preparation of photocatalytic films of TiO,
and Au-deposited TiO,

A TiO, photocatalytic film was prepared by a sol-gel
method. The mole ratio of the reagents used for preparing a
sol solution was Ti(O-i—CsHy)4:H,O (distilled water):
C,H5OH:NH(C,H40H), = 1:4:40:1. Firstly, NH(C,H,OH),
and a half amount of C;HsOH were mixed for 30 min, fol-
lowed by adding Ti(O—i—-C3H7)4 with stirring for 30 min at
room temperature (solution A). Another solution B, prepared
by mixing the remaining C,HsOH with H,0, was added to
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the solution A with stirring for 30 min at 0 °C, followed by
additional stirring for 60 min. A quartz glass substrate
(9 x 70 x 1 mm®) was dipped into the resulting sol solu-
tion, and then drawn up at the rate of 0.3 mm/s, followed by
drying at 100 °C for 10 min. This process was repeated and
the resulting gel film was heated from 100 to 500 °C within
30 min and kept at 500 °C for 60 min. These coating and
heat-treatment processes were repeated four times to obtain
totally 8-fold coating film (9 x 60 mm?).

Au particles were loaded on the TiO, film surface by
photodeposition. A 6-fold coating film was dip-coated one
time and dried for 30 min at RT, followed by dip-coating
again for one last time (totally 8-fold coating). Immediately
after the last dip-coating, the film was immersed into
13 mL of a 0.25-mM HAuCl, aqueous solution in a quartz
cell (10 x 25 x 60 mm3). This HAuCl,; solution was
irradiated by a Spectronics ENF-260C/J UV lamp (365 nm;
100 uW/cmz) for 15, 45, or 60 min to deposit Au particles
on the surface of the TiO, film in the solution. The
resulting Au-deposited film was heated from 100 to 500 °C
within 30 min and kept at 500 °C for 60 min. The films
obtained by irradiation of 15, 45, and 60 min will be
hereafter abbreviated as 15Au-TiO,, 45Au-TiO,, and
60Au-TiO,, respectively.

Characterization and photocatalytic activity
measurement

UV-Vis absorption spectra of the films were recorded on
a Shimadzu UV-365 UV-Vis spectrophotometer. X-ray
diffraction (XRD, Rigaku RINT/DMAX-2000 X-ray dif-
fractometer with Cu-Ko radiation) measurements were
carried out to characterize the crystalline phase. The
accelerating voltage and the applied current were 40 kV
and 20 mA, respectively. Surface and -cross-sectional
morphologies of the films were observed by using field-
emission scanning electron microscope (FE-SEM, Hitachi
S-4800). Energy dispersive X-ray spectroscopy (EDX,
HORIBA EMAX-7000) was performed to determine the
existence of Au on the TiO, films. Transmission electron
microscopy (TEM) and selected-area electron diffraction
(SED) images, which were all obtained by means of a
JEOL JEM-2100 at the acceleration voltage of 200 kV,
were used to observe or determine the morphology, crys-
tallite size, and to identify nanocrystal particles in the
films. An MB aqueous solution of 8.12 pM was photo-
catalyzed in a quartz cell (10 x 10 x 45 mm®) at 25 °C.
The TiO, or Au-deposited TiO, film immersed in the
solution was irradiated by the 365-nm UV lamp (130
puW/cm?). A Shimadzu UV-1700 UV-Vis spectrophotom-
eter was used to measure absorption spectra of the MB
aqueous solution as a function of the 365-nm UV
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irradiation time. The MB aqueous solution was bubbled
with O,, Nj, or Ar for 20 min prior to UV irradiation and
the bubbling was continued during irradiation.

Results
Characterization

The TiO, film was colorless, while the color of the
Au-deposited TiO, film was changed from blue to dark
blue by increasing the time of UV irradiation for the
HAuCl, solution. These colors are due to the surface
plasmon absorption (about 640 nm, Fig. 1) of Au metal
particles that were produced from the reduction of Au’"
ions in the HAuCl, solution by photocatalyzation of the
TiO, film under 365-nm UV irradiation. Figure 1 also
shows the absorption edge of ca. 380 nm, meaning the
3.2 eV band gap of anatase TiO,. XRD patterns (Fig. 2)
show that the films are composed of anatase TiO, and that
cubic Au exists in the Au-TiO, films. From the Scherrer
equation, the crystallite sizes of anatase TiO, were esti-
mated to be ca. 19 nm, hardly dependent on the type of the
films. The crystallite sizes of Au on the TiO, films are
25 nm (15Au-TiO,), 24 nm (45Au-TiO,), and 23 nm
(60Au-Ti0,), respectively. Figure 3 gives TEM and SED
images of the 45Au-TiO, film. The corresponding SED
patterns reveal that the film is composed of anatase TiO,
nanocrystals with Au particle over it. The crystallite size of
anatase TiO,, ranged from 5 to 15 nm, was in agreement
with the XRD result. This film also possesses Au particles;
the spots of Au also appear in SED image, the size of Au

Absorbance (a. u.)

300 400 500 600 700 800
Wavelength / nm

Fig. 1 UV-Vis absorption spectra of films: (a) TiO,, (b) 15Au-TiO,,
(¢) 45Au-TiO,, and (d) 60Au-TiO,
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Fig. 2 XRD patterns of films: (a) TiO,, (b) 15Au-TiO,, (c) 45Au—
TiO,, and (d) 60Au-TiO,
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Fig. 3 TEM and SED images of the 45Au-TiO, film

being in the range of its particle size distribution as will be
shown below. Figures 4 and 5 show FE-SEM images of the
film surfaces and EDX liner analysis of the 45Au-TiO,
film surface, respectively. From EDX analysis, the bright
spots in the FE-SEM images correspond to Au particles.

The size distributions of the Au particle are also shown in
Fig. 4, the wide distribution of the Au particles being
observed on the TiO, film surface. The results of FE-SEM
and XRD indicate that the Au particles obtained were
highly aggregated. From the FE-SEM images of the cross
sections, the film thickness is evaluated as follows: 157 nm
(TiOy), 149 nm (15Au-Ti0O,), 188 nm (45Au-TiO,), and
170 nm (60Au-TiO,). The cross-sectional image of the
45Au-TiO, film is shown in Fig. 6 as an example.

Photocatalytic activity

Figure 7 shows absorption spectral changes of the MB
aqueous solutions when the solutions were photocatalyti-
cally degraded by the TiO, and Au-deposited TiO, films
under bubbling O,, N,, or Ar. Figure 8 gives the UV
irradiation time dependence of the relative absorbance
(A/Ap) at the absorption maximum wavelength of 665 nm
for MB under O, and Ar bubbling, whereas the value of
AJAqy was obtained from Fig. 7. Under O, bubbling, it is
found that compared with the TiO, film, the Au-deposited
films improve the photocatalytic activity with less depen-
dence on the amount of the deposition of Au. The
maximum peak positions around 600-650 nm in Fig. 7A
show blue shifts with increasing irradiation time. On the
other hand, under Ar bubbling, the decrease in absorbance
is steep at the beginning of 20 min of irradiation, and then
becomes gentle, regardless of the films. The decrease tends
to be low for the TiO, film, and high for the 45Au-TiO,
film throughout the irradiation of 120 min.

Discussion

When TiO, absorbs light of energy greater than its band-
gap energy (3.2 eV) in an aerobic (O, bubbling) aqueous
solution, the following reactions associated with holes and
electrons are reported to occur [10-15]:

TiO, + hv(UV light) — TiOj} (ecy + hiy), (1)
H,0 + h{;; — OH® + H*, (2)
OH_, + hyz — OH}, (3)
ecg + 02 — 077, (4)
MB + (OH,,OH®, 05", h{) — degraded products, (5)

where TiO5 is TiO, in the excited state, OH,q an adsorbed
OH", ecp a photoexcited electron in the conduction band,
and hi a photogenerated hole in the valence band. OH®
and O~ produced in reactions (2) and (4) are highly active
oxidizing species, so that they are considered to contribute
greatly to photocatalysis of decomposing various types of
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Fig. 4 FE-SEM images of film
surfaces and size distributions
of Au particles: (a) TiO,,

(b) 15Au-TiO,, (¢) 45Au-TiO,,
and (d) 60Au-TiO,
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Fig. 5 EDX liner analysis of the 45Au-TiO, films surface
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Fig. 6 Cross-sectional images of the 45Au-TiO, film

organic compounds. It is thought that in the Au-deposited
TiO, film, ecg accumulates in the Au particles to yield
Au(e™) (reaction (6)), which leads to depress the electron—
hole recombination. Then Au(e™) is trapped by oxygen to
produce the active O3~ by reaction (7). This is the reason
why the Au-deposited films give high photocatalytic
activity in this study, as shown in Fig. 8a. The maximum
peak positions around 600-650 nm in Fig. 5a show blue
shifts with increasing UV irradiation time, which is due to
the demethylation reaction of MB. Therefore, the
photodegradation and demethylation reactions occur
simultaneously [12, 16].
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Fig. 7 Absorption spectral changes of MB aqueous solution
degraded by photocatalytic films under bubbling of O, (A), N, (B),
and Ar (C) for 120 min: (a) TiO,, (b) 15Au-TiO,, (c) 45Au-TiO,,
and (d) 60Au-TiO,
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Au+ecp — Au(e ), (6)
Au(e™) +0, — O5". (7)

On the other hand, in an anaerobic condition (N, and Ar
bubbling), the following reactions associated with electrons
are considered to occur [17]:

MB + ecy — MB* or MB + Au(e”) — MB*~, (8)
2MB*~ — MB + LMB, (9)
MB*~ + 2ecy + HY — LMB. (10)

MB serves as an acceptor for ecg to produce semi-
reduced MB, MB®", in reaction (8). This MB°*~
disproportionates to form MB and the doubly reduced
form of MB, leuco-methylene blue (LMB), in reaction (9),
or it reacts with ecg and H' to yield LMB in reaction (10).
The above reaction (2) associated with holes occurs in this
aqueous solution too, therefore H' in reaction (10) may be
supplied by reaction (2). The formation of LMB is

@ Springer

base lines of the spectra were considerably shifted with the
UV irradiation time as seen in Fig. 7C. Figure 9 reveals
that the concentration of LMB shows a maximum at about
20 min, and then decreases gradually in the case of the
Au-TiO, films. A similar tendency was observed under N,
bubbling in Fig. 7B. Comparing Fig. 8b with Fig. 7, it is
clear that the step-like decrease in absorbance at the
beginning of 20 min of irradiation shown in Fig. 8b is
mainly due to the formation of LMB by reactions (9) and
(10). Even under N, and Ar bubbling, the photodegradation
and demethylation reactions may occur simultaneously due
to the active species of OH;; and OH® produced from
reactions (2) and (3). However, the demethylation reaction
is considered to hardly occur during the formation of LMB
[16] because the maximum peak positions around 600—
650 nm in Fig. 7B and C are found to be scarcely blue-
shifted. The gradual decrease after the irradiation time of
20 min is due to the photodegradation of both MB and
LMB. Compared to the Au-TiO, film, the absorbance at
256 nm does not increase for the TiO, film; the increase in
absorbance in the initial 5 min is due to an increase in the
base line. In other words, the Au-TiO, film generated
much more LMB than the TiO, film under N, or Ar
bubbling condition, which is reinforced by the reactions
(8-10). Therefore, it is suggested that Au particles behave
as electron traps. Under the O, bubbling condition, the
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reactions (8-10) as well as reaction (4) probably occur
concomitantly; however, the former reactions may be
inferior to the latter one, resulting in no observation of
LMB in Fig. 7A.

Conclusion

Au-loaded TiO, photocatalytic films were prepared by the
photodeposition method. The photocatalytic activity of the
films under UV irradiation was evaluated by using the MB
aqueous solution. Au particles promote the charge sepa-
ration of electrons and holes generated in TiO,, and
improve the photocatalytic activity under the O, bubbling
condition. Under N, or Ar bubbling, the absorbance of MB
is reduced steeply due to the formation of LMB at the
beginning of UV irradiation, and Au particles on the TiO,
film behave as electron traps, which facilitates the gener-
ation of LMB.
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