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The decomposition of an organic compound by irradiation with visible light and ultrasound was
successfully improved by laser irradiation to TiO, particles. Micron-size TiO, powders as raw mate-
rial in water were irradiated with a laser beam (Nd:YAG, SHG) to obtain nanoparticles. Nanoparti-
cles were examined by scanning electron microscopy (SEM), dynamic light scattering (DLS), X-ray
diffraction (XRD), and spectrophotometry. The primary particle size was reduced at high laser flu-
ence. The secondary particle size was reduced to approximately 107 nm from micron size by laser
irradiation. The irradiation of laser to anatase TiO; did not change the crystal structure. Although la-
ser irradiation to TiO, reduced the photocatalytic properties for UV light, it realized photocatalytic
properties for visible light. Laser irradiation to TiO, reduced the bandgap. Laser irradiation to TiO;
enhanced ultrasound-induced decomposition of an organic compound.
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1. Introduction

TiO, is widely used in a variety of applications because
of its chemical stability, biosafety, and superhydrophilici-
ty.!"> The most widely known application is photocataly-
sis.” This is the decomposition of water into oxygen and
hydrogen by irradiating anatase TiO (band gap: 3.2 eV)
with ultraviolet light below 388 nm. TiO; has three crystal
polymorphisms.!> One is the rutile type, which is stable at
high temperatures from 600 °C to 1885 °C. It is used as
white pigment and UV-protective material in cosmetics.
Another stable one is anatase type which is stable at low
temperatures up to 600 °C. It is used in photocatalysts and
dye-sensitized solar cells. The brookite type is stable at
intermediate temperatures between 816 °C and 1040 °C.
The ability of photocatalysis to decompose organic com-
pounds and other materials is also used to solve environ-
mental problems such as water treatment.>® An effect
similar to this photocatalytic effect is the enhancement of
reactive oxygen species generation by ultrasound using
TiO,, which can decompose organic matter.>!" Because of
its high biocompatibility, this effect of TiO; is investigated
for cancer treatment. This method is known as sonodynam-
ic therapy (SDT),*') in which TiO, nanoparticles adminis-
tered to cancer cells are irradiated with an ultrasound wave
to generate reactive oxygen species, which kill the cancer
cells. In addition, it is also used as a sunscreen, taking ad-

vantage of its optical property of absorbing ultraviolet light.

Recently, TiO is also used as an electrode material for dye-
sensitized solar cells and so on.!%!

Laser processes utilize the interaction of light and mat-
ter by irradiating various materials with lasers. There are
thermal processes resulting from the optical absorption of
matter and optical processes resulting from photochemical
reactions. Applications include those related to the removal
of materials, such as laser cutting,'? laser etching,'> and
laser ablation;'® those related to the addition of materials,
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such as laser deposition;!” and those related to the modifi-
cation of materials, such as laser doping'® and laser peen-
ing.!” The treatment methods include treatment in a vacu-
um or a gas as well as in a liquid, such as laser ablation in
liquid®®*?! or laser melting in liquid,”® where the laser is
irradiated uniformly on granular material. Laser ablation in
liquid is an attractive method for fabricating nanoparticles.
The method has been used to fabricate noble metal nano-
particles,?-?!2330) nanoparticles of organic materials,?!'=3
ceramics,’%**37 and semiconductors.?*>® This method is a
simple procedure that yields high-purity nanoparticle solu-
tions which are suitable for biomedical applications. For
ceramic nanoparticles, the advantages of the method are
high crystallinity and the formation of multi-element nano-
particles, which are difficult to obtain by solution methods.
TiO; nanoparticles were also prepared by this method and
their photocatalytic effect was demonstrated.***” C Liang
et al. prepared TiO, nanoparticles and investigated.> H. Ito
et al. investigated differences in the crystal structure of the
products as a function of substrate temperature.*” The pho-
tocatalytic activity has been investigated, but the causes of
the enhancement effect are not well understood, except for
the decrease in particle size and the increase in the number
of particles.**¥ S. Emanoel et al. indicated that the reduc-
tion by laser ablation in organic solvent increased the opti-
cal absorption of visible light.*> A. Iwabuchi et al. in-
creased the bandgap of TiO; by reduction of particle size.*®
Q. Guo et al. prepared the nanocomposites of TiO, and
polymer.*”

In this study, TiO, powders were irradiated with a laser
and the prepared nanoparticles were investigated, although
many previous studies had used Ti metal as a target. In ad-
dition, from the viewpoint of application, the decomposi-
tion of organic matter by light irradiation and ultrasonic
irradiation of TiO, nanoparticles was also investigated.
Laser irradiation of TiO, nanoparticles improved both the
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photocatalytic activity in visible light and the ultrasonic
irradiation effect. The photocatalytic effect of visible light

irradiation would be related to the reduction in the bandgap.

Furthermore, the enhancement of the decomposition of
organic matter under ultrasound irradiation, which is also
used in sonodynamic therapy, has been investigated.

2. Experimental

25 mL of pure water and 2.5 mg of titanium dioxide
powder (anatase type, micron-sized powders) were placed
in a container and stirred with a vortex mixer for 1 minute
to obtain a suspension. The primary particle size is the size
of the particle itself and can be measured by SEM, whereas
the secondary particle size is the whole size of the aggre-
gated particles and is usually measured by DLS. The sus-
pension was then stirred with a magnetic stirrer and irradi-
ated with laser light (Spectron Laser system, SL8585G,
SHG, wavelength 532 nm, pulse duration 13 ns, repetition
frequency 10 Hz) at fluences of 2.8, 1.4, and 0.75 J/cm? for
30 minutes. The schematic of laser ablation in liquid was
indicated in the previous paper.*®

The supernatant of the nanoparticle-dispersed solution
was dropped on elastic carbon film on a copper grid and
dried to observe them by scanning electron microscope
(SEM, Hitachi High-Tech, S-4200, acceleration voltage 2-5
kV, working distance 8 mm). The secondary particle size,
which was the size of aggregation, was measured by dy-
namic light scattering (DLS, HORIBA, nano Partica SZ-

100V2, laser wavelength 633 nm, detection angle 173 deg.).

The absorbance of the nanoparticle-dispersed solution in a
quartz cell was measured by a spectrophotometer. X-ray
Diffraction (XRD, Rigaku, Ultima I'V) was used to identify
the composition of the sample powder. The powder of the
laser-irradiated sample was prepared by freeze-drying the
supernatant of the nanoparticle-dispersed solution to re-
move DI water. The diffuse Reflectance Spectrum was
measured by spectrophotometer. The band gap was calcu-
lated from a Tauc plot based on previous studies.**=%

The following procedure was used to measure photo-
catalytic activity: Methylene blue (CisHisN3SCI-3H,0,
concentration: 0.1 mg/ml, volume: 1 ml) was added to a
TiO, suspension. Then, light irradiation was performed on
it while stirring with a magnetic stirrer and varying the
irradiation time. A solar simulator was used as the light
source. For visible light irradiation, it and a UV-cut filter
(400 nm) were used. After the TiO, was removed, the ab-
sorbance at 664 nm, the absorption peak of methylene blue,
was measured, and the decomposition amount of methylene
blue was measured using an absorption spectrum normal-
ized by the initial value.

The following procedure was used for the degradation
of an organic compound by ultrasound: Methylene blue
(concentration: 0.1 mg/ml, volume: 1 ml) was added to a
TiO; suspension, which was then irradiated with ultrasound
under stirring with a magnetic stirrer for varying durations.
After the removal of TiO,, the decomposition amount of
methylene blue was measured by normalized absorbance at
664 nm.

3. Results and Discussion
SEM images of raw material and prepared nanoparti-
cles at each laser fluence are shown in Figure 1. The raw

materials were micron-sized powders formed by nanoparti-
cles with a primary particle size of several hundred nm that
were strongly agglomerated by sintering. Although these
particles of the raw material had a small primary particle
size, it was difficult to apply the characteristics of nanopar-
ticles because the specific surface area was reduced by ag-
glomeration. Therefore, the effect of increasing catalytic
activity was not achieved. Optical loss due to Rayleigh
scattered light, which is proportional to the sixth power of
the particle size, was not reduced. Because particle sizes of
several tens to several hundred nanometers are considered
optimal for biological applications,’** it was difficult to
get aggregated raw material into blood vessels. The prima-
ry particle size did not change much at 0.75 J/cm? and 1.4
J/em? but decreased at 2.8 J/cm? than that of the raw mate-
rial. Fine nanoparticles with a primary particle size of sev-
eral ten nm were generated by laser ablation at 2.8 J/cm?.

Fig. 1 SEM images of (a) raw material and nanoparticles
at each fluence ((b) 0.75 J/cm?, (c) 1.4 J/cm? and

(d) 2.8 J/cm?).
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Fig. 2 Histogram of the primary particle size of (a) raw
material and (b) nanoparticles at the fluence of 2.8
J/em?,
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Fig. 3 The secondary particle size of nanoparticles as a
function of irradiation-laser fluence.

Figure 2 shows the histogram of the primary grain size of
the raw material and nanoparticles at 2.8 J/cm?. The reduc-
tion of primary particle size by laser irradiation was con-
firmed. The raw material had a wide particle size distribu-
tion with an average value of 134 nm. In contrast, the na-
noparticles produced at a fluence of 2.8 J/cm? had a rela-
tively narrow particle size distribution with an average val-
ue of 62 nm. In this experiment, nanoparticles of TiO, were
successfully formed by laser ablation in liquid at 2.8 J/cm?,
although raw material existed slightly. The shape of the
primary particles, both raw material and nanoparticles,
were polygonal, while a few spherical nanoparticles of sev-
eral hundred nanometers were observed at 1.4 J/cm?. These
would be produced by the liquid melting method.?” The
mechanism of this formation would be that aggregates of
nanoparticles were melted by laser light and solidified into
a spherical shape by solvent cooling and surface tension.
Therefore, the size of some aggregates in this experiment
was estimated to be several hundred nm.

Figure 3 shows the secondary particle size of the sus-
pension of raw materials and produced nanoparticles versus
laser fluence. The secondary particle size of the micron-
sized raw material was reduced to a few hundred nanome-
ters by laser irradiation. Furthermore, with increasing laser
fluence, it decreased to about 107 nm at 2.8 J/cm?. In this
case, when considered together with the primary particle
size, several nanoparticles would be agglomerated.

From the above, the morphological change during laser
irradiation was estimated. The raw material was an ag-
glomerate with a primary particle size of about 134 nm and
a secondary particle size of microns. When irradiated with
a laser beam, the secondary particle size decreased while
the primary particle size did not change up to 1.4 J/em?
The secondary particle size was approximately 250 nm at
0.75 J/cm? and 178 nm at 1.4 J/cm?, decreasing with in-
creasing laser fluence. The primary particle size decreased
to about 107 nm by laser ablation in liquid at 2.8 J/cm?,
indicating that finer nanoparticles were generated. In the
case of low fluence such as 0.7 or 1.4 J/cm?, aggregated
nanoparticles which were the raw material were dispersed
without changing the primary particle size by just only
fragmentation. However, in the case of high fluence such as
2.8 J/cm?, fine nanoparticles with a primary particle size of
several ten nm were generated by laser ablation. Parallelly
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spherical nanoparticles were formed by laser melting in
liquid at 1.4 J/cm? These are consistent with the fact that
the macroscopic appearance of the dispersed solution
changed, as shown in Fig. 4. In the case of the raw material,
due to precipitation by its large particle size, the cloudiness
caused by Mie scattering was quickly turned to transparent.
In the case of fluence of 0.75 J/em? and 1.4 J/cm?, due to
fragmentation of the raw material, precipitation occurred
slowly and it gradually became transparent. In the case of
fluence of 2.8 J/cm?, where ablation and nanosizing oc-
curred, it was originally less cloudy due to smaller particle
size and did not change significantly after standing.

Fig. 4 Macroscopic appearance of the dispersed solu-
tion. Left: raw material, center left: 0.75 J/cm?,
center right: 1.4 J/cm?, right: 2.8 J/cm?. Stand-
ing time: (a) 0 day, (b) 1 day, (c) 2 days, (d) 3
days, (e) 4 days, (f) 7 days, (g) 8 days, (h) 9
days and (i) 10 days.
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Fig. 5 XRD spectra of (a) raw material and (b) nano-
particles (Laser fluence: 2.8 J/cm?).

Figure 5 shows the XRD patterns of the raw materials
and nanoparticles. The raw material in this experiment was
anatase type, and nanoparticles in anatase type were ob-
tained without phase change by laser irradiation.

Figure 6 shows the photocatalytic activity of raw materials
and nanoparticles. Because the vertical axis is normalized
absorbance at the initial value, the decrease in this value
indicates the decomposition of methylene blue as photo-
catalytic activity. Despite the increase in specific surface
area due to nanosizing, the decrease in normalized absorb-
ance of nanoparticles versus irradiation time indicated the
reduction of photocatalytic  activity by laser
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Fig. 6 Time course of normalized absorbance of meth-
ylene blue solution decomposed by raw material
(open triangle) and nanoparticles (open circle) un-
der irradiation with UV and visible light.

irradiation compared with that of the raw material. One
possible reason would be the formation of oxygen-
vacancy>*> levels due to laser irradiation. Since the oxy-
gen-vacancy level was formed at an energy level approxi-
mately 1 eV below the conductor.®® This would promote
exciton recombination and reduce photocatalytic activi-
ty%7) Laser irradiation of TiO, nanoparticles improved
photocatalytic activity in visible light, as shown in the de-
composition of the organic compound under visible light.

Figure 7 shows the photocatalytic activity of raw mate-
rials and nanoparticles when UV light was cut off and only
visible light was irradiated. Since the raw material original-
ly shows little photocatalytic activity for visible light, the
values for the raw material hardly changed even after light
irradiation. This was very different from the results in Fig-
ure 6. In contrast, the value of the nanoparticles decreased
significantly, which seemed to indicate that laser irradiation
imparted photocatalytic activity in visible light. This result
supports the formation of oxygen-vacancy levels described
in Fig. 6. If oxygen-vacancy levels would be formed about
1 eV below the conductor, electrons would be excited by
visible light with a wavelength of approximately 500 nm to
600 nm. Although nanosizing anatase TiO, reduced its pho-
tocatalytic activity under UV light, its photocatalytic activi-
ty under visible light opened the possibility of various ap-
plications, such as solving environmental problems, sterili-
zation, and disinfection. Another major advantage of this
method was that the generation of visible light photocata-
lysts by laser irradiation would also promote the photocata-
lytic effect by increasing the specific surface area since the
nanoparticles were also prepared simultaneously.

Figure 8 shows a Tauc plot of the raw material and na-
noparticles. The band gaps of the raw material and nano-
particles were 3.2 eV and 2.7 eV, respectively. Although the
band gap of raw material was close to the values of anatase
TiO,, that of the nanoparticles was considerably smaller
than that of bulk TiO,. The band gap becomes larger when
the nanoparticle size is smaller than the Bohr radius due to
quantum confinement effects.’®°) The reason for the
smaller value in this experiment would be the formation of
oxygen-vacancy levels as described in Fig. 6. This laser
irradiation-induced decrease in the band gap would extend
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Fig. 7 Time course of normalized absorbance of meth-
ylene blue solution decomposed by raw material
(open triangle) and nanoparticles (open circle) un-
der the irradiation with only visible light.
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Fig. 8 Tauc plots of (a) raw material and (b) nanoparti-
cles at the fluence of 2.8 J/cm?.
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Fig. 9 Time course of normalized absorbance of meth-
ylene blue solution decomposed by raw material
(open triangle), nanoparticles (open circle) and
nothing (open rectangle) under the irradiation
with ultrasound.

the wavelength of the absorption edge from 388 nm to 459
nm, which supported the occurrence of photocatalytic ac-
tivity in visible light.
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Figure 9 shows the time course of the decomposition of
methylene blue by ultrasonic irradiation for the raw materi-
als, nanoparticles, and no addition case. Ultrasound has the
effect of decomposing organic compounds, which is en-
hanced by the existence of TiO2.>!" It would be due to the
enhanced formation of cavitation and reactive oxygen spe-
cies (ROS) generation on the TiO, surface.”!$? In this
experiment, it was also confirmed that the decomposition
of methylene blue was accelerated in the existence of TiO»
compared to the absence of any TiO,. Furthermore, the
decomposition was significantly accelerated when the TiO»
nanoparticles prepared by laser irradiation were used.
There would be two reasons for the phenomenon. One
would be the increase in cavitation due to oxygen vacancy;
it had been reported that oxygen vacancy on the TiO; sur-
face would be the core of ultrasonic cavitation.®? This

would have further increased cavitation in this study, re-
sulting in a significant increase in the decomposition of the
organic compound. The effect is very useful for sono-
dynamic therapy and a variety of applications. The other
reason would be the increase in specific surface area due to
the nanosizing and the increase in cavitation generated.
Laser irradiation of TiO, nanoparticles improved ultrasonic
irradiation effect, as shown by the decomposition of the
organic compound under ultrasound to TiO; nanoparticles.

4. Conclusions

Photocatalysts responsive to visible light were prepared
by SHG laser irradiation of TiO, powder suspensions, and
it also enhanced the decomposition of organic compound
by ultrasonic irradiation. The band gap of TiO, was de-
creased by this laser irradiation, suggesting the formation
of oxygen vacancies. Although the raw material was mi-
cron-sized aggregates, the primary particle size of the pre-
pared nanoparticles was about 62 nm and the secondary
particle size was about 107 nm, indicating fragmentation
progressed. At the same time, spherical nanoparticles were
also produced, probably due to the laser melting method in
liquid. The raw material quickly precipitated due to the

large particle size, and the suspension became transparent.

On the other hand, the nanoparticles did not change signifi-
cantly after standing. Laser irradiation produced anatase-
type nanoparticles without phase change from the anatase-
type raw material. The decomposition of an organic com-
pound by irradiation with visible light and ultrasound to
TiO; nanoparticles would be significantly proceeded by
laser-irradiation. The phenomena are useful for sono-
dynamic therapy and other applications.
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