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Abstract—A simple laser ablation technique was used to prepare a stable colloidal TiO, suspension in pure water. A
transparent TiO, aqueous solution was obtained within a few minutes and its photoactivity for the degradation of
methylene blue was measured to be higher than that of commercial TiO, nanoparticles. SEM analysis revealed that the
average size of the nanoparticles increased from 20 to 40 nm as the laser power was raised from 0.5 to 2 W. The varia-
tion in size, however, had little influence on the resulting photodegradation rate under the given condition. Instead, the
photodegradation rate is related to the number of colloidal TiO, particles in the aqueous solution, which increases pro-
portionally to the ablation time. As the TiO, particle density increases, however, the photoactivity is measured to be
gradually reduced due to the formation of TiO, aggregates. Thus, the optimum ablation time is 10-30 min under our
ablation condition. Our results show that well-dispersed small TiO, nanoparticles of about a few tens nm can be read-
ily formed by laser ablation within only a few minutes and can be used as highly efficient photocatalysts for photocata-

lytic remediation of water.
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INTRODUCTION

Laser ablation has become a facile tool for synthesizing well-dis-
persed nanoparticles in liquid solution without any chemical pre-
cursors or ligands [1-3]. In addition, the particle size of various shaped
nanoparticles can be adjusted in the range of a few nanometers
[4,5]. Such advantages of laser ablation synthesis in liquid solution
(LASIS) may be also applied to prepare colloidal oxide nanoparti-
cles with high surface area [6,7], which may show high photocata-
lytic activity.

TiO, is not only chemically stable under ambient condition, but
also shows a fascinating photocatalytic activity in photodegrada-
tion of organic dyes and photocatalytic water-splitting activity under
UV illumination [8-10]. This makes TiO, a prototype oxide mate-
rial for studying fundamental physicochemical processes associ-
ated with photocatalytic activity and the relation between photo-
activity and physical properties such as size, bulk phase and mor-
phology [11,12].

Laser ablation techniques have been frequently employed to pre-
pare TiO, in various forms of nanostructured films [13,14], micro-
tubes [15] and TiO, nanoparticles [16-19] for applications such as
photocatalysts [6,19,20] and solar cells [21]. Here, detailed experi-
mental conditions of laser ablation were found to be critical in de-
termining various properties of the TiO, nanoparticles. Laser power
and wavelength were reported to determine the final chemical com-
position and the detailed morphology of the TiO, nanostructures
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[22]. THO, nanoparticles prepared in aqueous solution [16,17] could
be obtained with high concentration of defects such as reduced Ti
species (Ti*", x=2, 3), depending on the laser ablation conditions
[16,18], which might provide a chance to observe enhanced pho-
tocatalytic activity of reduced blue (black) TiO, powders [17]. The
controllability over size in the range of a few nm to a few tens nm
of the technique may provide a chance of tuning the band gap in
addition to its defect density in a favorable way to observe enhanced
photoactivity. Ti-C bonds were introduced into amorphous TiO,
nanostructures by ablation of Ti in CO atmosphere in a vacuum
chamber [14]. Bulk phase of TiO, was also shown to be selected
between anatase and rutile by adjusting the focusing condition
[18].

Motivated by such diverse studies on laser-ablated TiO,, we per-
formed a systematic investigation into the photocatalytic activity of
laser-ablated TiO, nanoparticles. Photoactivity of laser ablated TiO,
has been reported to be enhanced compared to commercial TiO,
nanoparticles for photodegradation of methylene blue (MB) and
antibacterial activity [19]. However, limited number of reports on
the photoactivity of laser ablated TiO, nanoparticles are available and
many details on the relation between the nature of laser-ablated TiO,
and the resulting photoactivity are largely unknown. In this report,
we present our systematic evaluation of photocatalytic activity of
colloidal TiO, nanoparticles prepared in water by laser ablation at
different laser power and ablation time. We found that a very sta-
ble colloidal suspension of TiO, nanoparticles in water can be pre-
pared by properly selecting the laser power and ablation time. In
addition, we show that the synthesized TiO, particles have a higher
photoactivity compared to that of commercial ones measured under
a similar condition.
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EXPERIMENTAL DETAILS

1. Laser-assisted Synthesis of TiO, Nanoparticles (L-TiO,) in
Aqueous Solution

A solid Ti sheet (1 cmx1 cmx1 mm, 99.5%, Nilaco) was placed
at the center of a 50-mL beaker filled with 20 mL of deionized water
maintained at room temperature (RT). Then, Nd: YAG laser (1,064
nm, 10 Hz, 10 ns, Spectra Physics, GCR 16-S) was focused onto the
center of the Ti sheet using a lens with a focal length of 150 mm.
The ablation time was varied in the range of 1-60 min at the laser
power of 0.5-2W. With 1 W and the average beam size of 0.25
mm’, the power density was estimated to be ~400 W/cm” on the
average but the peak power density was 4 GW/cm’. After the laser
irradiation, the resulting aqueous solution was still transparent to
the naked eye without any visible precipitate for several days when
the ablation time was lower than 30 min. Under typical ablation
condition of 1.5 W at RT, the formation rate of TiO, in the aque-
ous solution was estimated to be about 10 pig/min from the weight
loss of Ti. At a given focusing condition, the ablation rate increases
with increasing laser power.
2. Characterization

The aqueous solution was sampled using a pipette, and a drop of
the aqueous solution on a clean Si wafer was dried at room tem-
perature. Aggregates of TiO, nanoparticles left on the Si wafer were
investigated by a scanning electron microscope (FE-SEM, 5.0kV,
JSM 6700f, JEOL). SEM analysis was also performed to character-
ize the bulk phase of the TiO, nanoparticles formed by the laser
ablation. Also, UV-Visible spectra of the aqueous solution were
obtained using a UV-Vis spectrophotometer (S-3150, SCINCO).
3. Photoactivity Measurements

Photocatalytic activity of the TiO, nanoparticles was evaluated
by measuring the initial photodegradation rate of methylene blue
(MB) in aqueous solution under UV illumination (12 W, 365 nm).
14 mL of the aqueous solution with TiO, nanoparticles was mixed
with concentrated MB solution to obtain 100 mL of solution with
the initial MB concentration of 0.01 mM. TiO, concentration in-
creased up to 60 mg/L with increasing ablation time to 1h. The
absorbance of MB at 665 nm was monitored using a UV-Vis spec-
trophotometer at room temperature. Initial reaction rate constant
(min") was obtained from the slope in the plot of natural log of
MB concentration vs. time by assuming that the first-order reac-
tion kinetics. The measured photoactivity was compared with that
of our reference solution with a commercial TiO, (p-25, 60 mg/L)
under the same MB concentration.

RESULTS AND DISCUSSION

TiO, nanoparticles prepared in deionized water by pulses of a
focused laser are not visible by the naked eye since the aqueous
solution remains to be transparent (up to the ablation time of about
30 min) until white precipitates are formed upon prolonged laser
irradiation (e.g., above 40 min). Instead, the formation of nanome-
ter-sized TiO, particles is confirmed from the SEM images shown
in Fig. 1. For the SEM measurement, a few (2-3) drops of the aque-
ous solution on a clean Si(100) wafer were vaporized to obtain pre-
cipitated aggregates of nanoparticles on the Si substrate. The SEM
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Fig. 1. SEM images of TiO, nanoparticles prepared by laser ablation
at various laser powers of 0.5-2 W. Also, shown in the graph
is the plot of the size of the particles vs. the laser power used.

images of the precipitates show spherically shaped nanoparticles of
marginally uniform size. Also, the particle size increases as the laser
power increases from 0.5 W to 2 W. The size of TiO, nanoparticles
remains to be about the same at the given laser power, especially
in the initial stage of ablation (e.g., up to 10 min) at which the TiO,
concentration can be assumed to be low. Thus, the laser power is
the factor in determining the size of TiO, nanoparticles in the solu-
tion. At longer ablation times, the agglomeration of TiO, particles
makes it hard to determine the size of TiO, nanoparticles. The
particle size distribution determined from the SEM images of Fig. 1
is plotted against the laser power in the same figure. We find that
the average diameter of the particles increases from ~20 nm at 0.5 W
to ~40 nm at 2 W.

Earlier studies show that the size of nanoparticles depends on a
number of laser parameters as well as the kind of chemical spe-
cies (e.g., surfactants) in the solution. In our case, the solution was
a pure deionized water without any surfactant. Thus, the observed
particle size can be assumed to be a result of the vaporization of Ti
metal via melting in aqueous solution by absorption of the focused
nanosecond laser [23,24]. The hot Ti vapor reacts with H,O to
form oxide particles as it diffuses away from the laser spot. Higher
laser power under the same experimental conditions (e.g., the size
of the focus and pulse width, etc.) would induce higher tempera-
ture of the focused spot on Ti metal, which can produce Ti vapors
with higher density under a single shot of laser pulse. Larger size of
oxide nanoparticles is expected when the precursor density is higher.

The effect of post irradiation on the size of nanoparticles is neg-
ligible in our case. Particles may undergo fragmentation in the lig-
uid phase via post irradiation, especially for shorter pulse durations
[25]. In our experimental condition, however, the laser beam is
focused onto the metal surface and the TiO, nanoparticles in the
liquid phase do not absorb light at 1,064 nm due to the large band-
gap (>3.0eV) of TiO,. Thus, the post-heating eftect of the nanoparti-
cles can be safely assumed to be negligible.
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Fig. 2. A Kubelka-Munk plot of UV-vis spectra of the aqueous col-

loidal TiO, solutions prepared at the laser powers of 0.5, 1
and 2 W for the ablation time of 30 min.

The transparent colloidal TiO, nanoparticles in aqueous solution
were further analyzed from UV-vis spectra by plotting [F(R)hv]™
vs. hv where F(R) is Kubelka-Munk function in Fig. 2. From this
analysis, the bandgap of our TiO, nanoparticles prepared by laser
ablation was measured in the range of 3.5-3.6 eV. Also, shown in
the graph is the spectrum of our anatase TiO, nanocrystals prepared
by a typical hydrothermal method [26]. Typical anatase TiO, nano-
crystals of ~100 nm in size prepared by a hydrothermal method
and most commercial TiO, particles (e.g., p-25) usually have an indi-
rect bandgap of 3.0-3.2 eV. Thus, the bandgap of our TiO, nanoparti-
cles (~3.5¢eV) is somewhat higher than the typical value of larger
TiO, particles.

Particle size is an important parameter in various physical and
chemical properties of semiconductor nanoparticles [27,28]. Smaller
particles may have larger bandgap, which shifts the absorption band
edge to higher wavelength due to quantum size effect [27,29,30],
as in the case of CdS and ZnS, for example; a larger bandgap is
obtained from the smaller nanoparticles. In our case, the bandgap
of 3.5-3.6 eV for our TiO, nanoparticles was definitely higher than
the typical value of TiO, particles (3.0-3.2 eV). Also, slightly higher
bandgap of 3.6eV for smaller (20-30 nm) TiO, (TiO,-0.5W and
TiO,-1W) was observed than that (3.5 eV) of larger (~40 nm) TiO,
(TiIO,-2W).

The band gap of small TiO, nanoparticles was measured in a
wide range of 2.9-3.6 eV, depending on the detailed preparation
conditions. Studies on anatase TiO, particles with size in the range
of 1-50 nm indicate that the bandgap was blue-shifted by about
0.1-0.2 eV from 3.2 eV as the particle size decreased [29-32]. Even
higher blue-shift of 0.4-0.6eV for smaller TiO, particles (<5 nm)
has been also reported [33]. In other cases, the bandgap has been
observed not to strictly follow the size of TiO, particles in the range
of 2-30 nm and has been attributed to direct transitions in indi-
rect bandgap TiO, nanocrystals [34]. In fact, the bandgap of TiO,
nanoparticles is not only influenced by the size of the particles, but
also by the effective mass of the excitons [35,36], which can vary
significantly depending on the bulk phase, shape and any change
in lattice constant induced by a strain in small clusters. Possibly
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Fig. 3. (a) XRD spectrum of TiO,-1W deposited on FTO is com-
pared with those of the substrate (FTO), standard anatase
TiO, and rutile TiO, powders obtained in our lab. (b) Ti 2p
core level spectrum of TiO,-1W deposited on a clean Si(100)
wafer taken with hv=580 eV.

the reduced effective mass of excitons in small TiO, nanoparticles
may induce a blue-shift in the measured absorption edge, which
may be the case of ours.

The bulk phase of our L-TiO, was evaluated by taking XRD spec-
trum as shown in Fig. 3(a). Since the TiO, suspension is coated on
FTO substrate, the XRD pattern shows an intense peak originates
from the substrate. In addition, we can see a small peak at 20=
25.2, which is assigned to the (101) peak of anatase TiO, [37]. No
rutile phase is detected in our case. From the Ti 2p core level spec-
trum of TiO,-1W shown in Fig. 3(b), the Ti 2p;, peak at 4584 eV
is attributed to the Ti*" of stoichiometric TiO, [38,39]. Thus, we con-
clude that the focused nanosecond laser pulse of 1,064 nm onto Ti
metal in water at RT produces anatase TiO, nanoparticles of a few
tens nm in size well dispersed as a colloid in aqueous phase with-
out any further post-treatments, which is also quite stable for sev-
eral days.

In Fig. 4, we evaluated photoactivity of our TiO, suspension in
water by measuring initial rate constant of the photodegradation
reaction of MB under UV light as described in the experimental
section. The wavelength (365 nm) of the UV light employed corre-
sponds to 3.4 eV, which is close to the nominal bandgap determined
from Fig. 2. Still, we observed a reasonably good photoactivity that
is comparable to that of a commercial TiO, powder (P-25). Here,
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Fig. 4. Photodegradation rates of methylene blue over our TiO, nano-
particles prepared by laser ablation at the laser power of 0.5-
2'W. The initial rate constants are plotted against the abla-
tion time at each laser power.

the photoactivity measurement condition is very similar between
the two cases (laser-ablated TiO, and P-25), except that the laser-
ablated TiO, concentration is estimated to be much lower than
that of P-25 (0.06 g/L); considering the ablation rate, about 60 min
corresponds to the same concentration of TiO, as that (0.06 g/L)
of P-25. Thus, at 5 min, the TiO, concentration is estimated to be
about one order-of-magnitude lower than that of P-25. Despite the
low concentration of TiO,, we observed that the photodegrada-
tion rates of our laser-ablated TiO, (0.5-2 W) are generally higher
than that of P-25 when the ablation time is above 5 min. At lower
ablation time (<5 min), the low photoactivity can be attributed to
low concentration of TiO, particles in the water. At higher ablation
time (>40 min), the photoactivity also decreases regardless of the
laser power employed (0.5-2 W). It is an interesting observation since
the TiO, concentration is expected to increase further (even though
it is not linear) in proportion to the ablation time.

We speculate that the formation of white visible TiO, aggregates
may result in a decrease in the effective surface area of TiO, parti-
cles for photoreaction in the solution. The white TiO, aggregates
start to form when the ablation time increases above 20-30 min.
At higher laser power (2 W), the aggregate formation starts early
(~20 min), while it can be delayed to ~30 min or longer at lower
laser power (0.5 W). This fact suggests that the TiO, aggregates are
formed when the TiO, particle density increases above a certain
critical value in the water; when the laser power is higher, the criti-
cal density is achieved at a shorter ablation time. When the aggre-
gates are formed, the overall surface area exposed to the reactant
molecules for photodegradation may decrease. Also, the murky
water with the aggregates may reduce the UV transmission deep
in the bottom of the solution. Combined together, this is attributed
to the reason for the decrease in photoactivity in this region. Thus,
the shape of the graph in Fig. 4 follows a volcano-like shape; the
increase in photoactivity with increasing density of TiO, is com-
pensated by the decrease due to the formation of aggregates.

Although we found a strong relation between photoactivity and
the ablation time, the laser power is shown to have a little effect on

the photoactivity. The photoactivity measurements are in general
influenced by number of factors, such as a slight change in pH,
unknown TiO, concentration and possibly the presence of unknown
impurities, which are the origin of the high uncertainty in the meas-
ured rate constants. Thus, the data shown are the average value with
error bars of at least 5-10 measurements. Although only a few
measurements were performed for the cases of 0.5 and 2 W, the
measured activity falls into the data set for 1 W, suggesting that the
laser power (or power-dependent variation in size) is weakly cor-
related to the overall photoactivity. The increased ablation rate with
increasing laser power may be compensated by the increased par-
ticle size, which results in a little change in the density of TiO, par-
ticles. This in turn implies that the particle size of TiO, in the range
of 10-40 nm has little influence on the photoactivity. Any further
investigation into the relation between the physical properties of
TiO, particles and photoactivity with higher precision will be a
subject for our future study.

The measured high activity of laser-ablated TiO, compared to
that of P-25 (0.06 g/L) suggests that laser ablation is a simple and
efficient technique for producing small TiO, particles with high
surface area, which shows enhanced photoactivity at low concen-
tration (~mg/L); the TiIO, concentration is estimated to increase up
to about 6 mg/L at the ablation time of 60 min. Considering the
enhanced activity of the laser-ablated TiO,, this technique can be
applied to the production of TiO,-based photocatalysts in water
for environmental remediation. Also, it can be extended to pro-
ducing doped TiO, particles with a narrow bandgap for a visible
response by simply adding other chemical ingredients or surfac-
tants in water too. The TiO, particles may be deposited on a porous
matrix in a form of mesh as a support for the reuse of the cata-
lysts in a flowing reactor. Combined with the fact that inexpensive
laser sources are available these days, such a diverse variation of
the technique makes laser ablation promising in the future devel-
opment of environment-friendly oxide photocatalysts.

CONCLUSIONS

A stable colloidal suspension of TiO, nanoparticles was prepared
in water by a simple laser ablation technique at RT. The nanoparti-
cles produced were found to be a stoichiometric TiO, in anatase
phase and of a few tens of nanometers in size. The laser power
and the ablation time were found to control the size and the den-
sity of TiO, nanoparticles, respectively. The size of the TiO, nano-
particles increased with increasing laser power and the density of
the TiO, particles in the aqueous solution increased with the abla-
tion time. The resulting solution was found to exhibit higher activ-
ity in photodegradation of MB under UV irradiation than P-25 at
lower TiO, concentration. The ablation time for the high activity
was 10-30 min at the laser power of 0.5-2 W with the nanosecond
infrared laser employed in this study. As the particle density in-
creases, the colloidal stability is lifted to induce the formation of
TiO, aggregates, resulting in a decrease in photoactivity due to the
reduced surface area. Thus, we can conclude that the high photo-
activity of the laser-ablated TiO, solution at the low concentration
is due to the high surface area associated with the stable colloidal
suspension of the small TiO, nanoparticles.
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