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Abstract Effect of aging on the properties of titanium
dioxide nanoparticles produced by laser ablation process in
water is investigated experimentally. The fundamental
wavelength of a Q-switched Nd:YAG laser was employed
to irradiate a high-purity Ti plate in distilled water at
temperatures of 20, 35, 50 and 65 °C. Produced nanopar-
ticles were diagnosed by UV-Vis—-NIR spectroscopy,
X-ray diffraction method, and dynamic light scattering
device immediately after production and 1 week after.
Bandgap energy of samples was extracted using Tauc
method. Size of nanoparticles was increased after a week
and their bandgap energy was decreased. Results show that
the phase of TiO, nanoparticles was transited from brookite
to rutile after 1 week.
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Introduction

Optical properties of materials such as thin films and
nanostructures have been at the focus of many researchers
in the last decade. Among them diamond like carbon, zinc
oxide and titanium oxide thin films were more applicable
than others [1-5].
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Recently, utilization of TiO, nanocrystals in optical,
electrical, photocatalytic and pigment has received con-
siderable attention. Superior physicochemical behavior,
relatively low cost and easy handling are some of their
advantages. TiO, properties are strongly related to phase
structure, morphology and particle size distribution. TiO,
photocatalytic performance is especially critically affected
by its particle size. The monodisperse TiO, nanoparticles
also exhibit photocatalytic effect. Titanium dioxide has
three principal crystallographic structures called anatase
(tetragonal), rutile (tetragonal) and brookite (orthorhombic)
[6-10]. The most stable phase is rutile, whereas anatase is a
metastable phase at ambient temperature. The photo-ac-
tivity of the latter is at the same time generally superior to
that of the former. High-temperature photocatalysis appli-
cations of TiO, nanoparticles demand, therefore, anatase
thermal stability not to convert into the rutile phase. Aging
sometimes leads to phase change of TiO, nanoparticles
spontaneously. To control the process we have to study
several features of aging on the structure of TiO,
nanoparticles.

Aging is the operation often uses in the synthesis of
nanoparticles. It sometimes causes macroscopic or micro-
scopic changes in the solid phase, especially modification
of crystal type and size, specific surface changes or
changing in chemical composition of solid phase, and it is
commonly a slow process. Aging temperature is an
important parameter in the phase transition of TiO, NPs
due to aging. So that aging for 6 h at temperature below of
70 °C leads to the formation of rutile crystalline phase and
at temperature higher than 70 °C leads to the formation of
anatase crystalline phase. Increasing of aging time at a
specific temperature leads to increasing conversion phase
and crystal size [11, 12]. Mahoney et al. reported on the
effect of aging time on the evolution of TiO, NPs using
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TEM micrographs, XRD pattern, and Raman spectra of
samples [13]. In their experiments it took about 6 days for
anatase nanoparticles to change to rutile type.

Effects of 1 week aging at room temperature on the
nature of TiO, nanoparticles produced by laser ablation in
water at different temperatures have been studied experi-
mentally in this manuscript. Results confirm the phase
transition of NPs from brookite phase to rutile first.

Experimental setup

TiO, NPs were produced by pulsed laser ablation of a high-
purity Ti plate in deionized water. A titanium plate was
placed on the bottom of an open glass cylindrical vessel
filled with 35 ml deionized water. Height of water on the
target was 2 cm. The Ti plate and containers were cleaned
ultrasonically in alcohol, acetone and deionized water
before the experiments. Ti plate was irradiated with 5000
pulses of a Nd:YAG laser operated at 10 Hz repetition rate
with 6 ns pulse width. TiO, NPs were produced using the
1064 nm wavelength of laser at 2 J/cm® fluence. The
diameter of the output pulse of laser was 6 mm which was
focused with 80 mm focal length lens on the surface of the
target in water. The spot size of laser pulse on the target
surface was calculated to be about 30 um. Temperature of
water in the ablation experiment was 20, 35, 50, and 65 °C
for samples 1-4, respectively. Details of the effect of water
temperature on the properties of nanoparticles were
reported elsewhere [14]. Absorption and transmission
spectrum of samples, their size distribution, and lattice
structure were recorded after production of nanoparticles,
and 1 week after production.

The optical properties of the nanoparticle solution were
examined at room temperature by a UV-Vis—NIR
absorption spectrophotometer PG instruments (T80) and
Dynamic light scattering (DLS) measurement was done
using the Nano ZS (red badge) ZEN 3600 device from
Malvern Co, for studying the size distribution of the
nanoparticles in water. Normally, 500 or more particles
were counted to determine the size distribution of each
sample. The crystalline structure of the samples was ana-
lyzed by X-ray diffraction (XRD) of dried suspensions on
Si substrate, with Cu-Ko radiation (4 = 1.54060 A), using
an X’Pert MPD diffractometer from Phillips company.

Results and discussion
Pictures of nanoparticle suspension in water are shown in
Fig. 1. After ablation the color of samples was light blue

(Fig. 1a), but after a week they were almost colorless
(Fig. 1b). The same result was observed by Singh et al.
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Fig. 1 Pictures of colloidal nanoparticles prepared by nanosecond
laser ablation of titanium in a after ablation, b 1 week after ablation

[15]. The color of nanoparticles depends on their size.
According to literature with increasing size of TiO,
nanoparticles their color gradually changes from light blue
to colorless [15].

UV-Vis—NIR spectrum of samples are shown in Fig. 2a
and b. Figure 2a shows the spectrum of samples exactly
after ablation. The exitonic peak of TiO, NPs occurs at
A <200 nm at that time. While after 1 week the exitonic
absorption peak of NPs was shifted to about 300 nm. This
large red shift of exitonic absorption peak of samples may be
due to their size enlargement of more than 50 nm. It also can
be due to increase in the oxidation of Ti nanoparticles.
Another reason for red shifting of the exitonic peak of NPs is
their phase transition. A < 200 nm is the wavelength that
corresponds to the exitonic absorption peak of
metastable TiO, nanoparticles, while after a week these
peaks were shifted to around 300 nm which is the wave-
length corresponding to exitonic absorption of rutile TiO,
nanoparticles [16]. According to the results, the phase of
TiO, nanoparticles was changed from metastable phase to
rutile stable phase in a week. Absorption spectra of NPs
were checked after 2 weeks. Peaks were fixed at 300 nm,
showing that the rutile phase of TiO, NPs is the stable phase.

The absorption coefficient spectra of particles versus
photon energy are plotted in Fig. 3a after ablation and
Fig. 3b 1 week after ablation. They are extracted from
transmission spectra of samples employing Beer—Lambert
law:



J Theor Appl Phys (2016) 10:157-161

159

(a) I ‘ ‘ ‘ —Sample 1
™ ---Sample 2
_ 08k,
S ) Sample 3
S N\ ---Sample 4
o 06 |
o
C
8
5 04r 1
2
< 0.2 .
S0 300 400 500 600 700
Wavelength (nm)
‘ —Sample 1
0.6F (b) ---Sample 2
T Al Sample 3
E 05 -~-Sample 4
g 04r .
g
£ 0.3f .
o
0.1 ) ~~—“:“:'"553'3::-:::—;::.:::,:::__,:_~_::v::”__‘____'
900 300 400 500 600 700

Wavelength (nm)

Fig. 2 The UV-Vis-NIR absorption spectrum of samples a immedi-
ately after ablation, b 1 week after ablation
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Fig. 3 The absorption coefficient of TiO, NPs a after ablation,
b 1 week after ablation

a=—In(T)/d (1)

in which « is the absorption coefficient, T is transmission
with distilled water as the reference, and d is the thickness
of sample. The thickness of samples was taken equal to

covets thickness which was 10 mm. There is no noticeable
difference between them. They show the typical behavior
of a semiconductor absorption coefficient. Before aging,
there is an exitonic absorption peak at 4 eV. The absorption
edge is very sharp due to large bandgap energy of samples.
After a week the absorption peak was shifted to >5 eV.
Decreasing the slope of absorption edge confirms that the
energy gap was decreased after a week. Results show large
differences of optical behavior of TiO, nanoparticles due to
aging.

The optical bandgap energy of samples is also deter-
mined from their absorption spectrum using Tauc method
[17, 18]. In this method the absorption spectrum of semi-
conductors and insulators at the absorption edge obey the
equation

(ohv) = B(hv — E,)" (2)

where B is a constant magnitude, # is the Planck constant, v
is the probe radiation frequency, and E, is the optical
bandgap energy. Depending on direct or indirect allowed
transition m is 1/2 or 2, respectively. According to Tauc
method the absorption edge in (hv)""” — hv plot is a line
which intersects the hv axis at E,. Taking m = 2, for the
indirect allowed transition, the optical bandgap energy of
samples are extracted and presented in Table 1. Increasing
the water temperature led to decrease the bandgap energy
of nanoparticles from sample 1-4. It showed that the size
of nanoparticles was increased with increasing temperature
the water. From another side of view aging also decreased
the bandgap energy of nanoparticles. It may be due to two
phenomena: one is size enlargement and another is phase
transition. After a week size of nanoparticles was increased
because the rutile TiO, NPs are larger than brookite and
rutile ones [19].

The X-ray diffraction patterns of samples are shown in
Fig. 4a and b. X-ray diffraction measurement was per-
formed for the dried film of samples from the concentrated
suspension on a Si substrate. A peak of X-ray photons
diffracted from Si substrate can be seen at 20 = 69.41°.
The XRD spectrum clearly shows the mono crystalline
structure of the nanoparticles. As shown in Fig. 5a, the
existence of brookite in the XRD patterns is clearly evi-
denced from the presence of the (121) peak at the
20 = 33.05° [20]. With increasing the temperature of
water, (110) planes of rutile phase of TiO, are also formed

Table 1 The bandgap of energy for samples produced by PLA
obtained after ablation and 1 week after ablation

Bandgap (eV) Sample 1 Sample 2 Sample 3 Sample 4
After ablation 4.8 4.7 4.6 4.4
1 week after ablation 3.3 34 3.5 3.7
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Fig. 4 X-ray diffraction pattern of TiO, nanoparticles prepared by
pulsed laser ablation in deionized water a after ablation b 1 week
after ablation
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Fig. 5 Plots of size distribution TiO, NPs after ablation measured by
the DLS method

at 20 = 29.48°. The peaks of the XRD pattern of samples
were changed completely after a week. As is shown in
Fig. 5b, all peaks are due to the formation of rutile struc-
ture of TiO, in samples. Increasing the temperature of
ablation environment was led to formation of rutile phase
of TiO, exactly after ablation but after a week we have
only rutile phase of TiO, in the structure of samples. Rutile
is the common structure of stable form of TiO,. In other
words, 1 week is enough for TiO, nanoparticle to reach to
stable form. Shahini et al. reported on the phase change of
TiO, nanopowder to anatase after 12 h [12].
Hydrodynamic size distribution of samples has been
measured using the DLS method. That is one of the most
reliable methods to measure the size distribution of
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the hydrodynamic diameter of the nanoparticles was
increased. Increasing the size of nanoparticles may be
another reason for their phase transition from brookite to
rutile phase. It is interesting to mention that rutile is the
most stable phase for TiO, NPs. Anatase is the most
stable phase for NPs below 11 nm and brookite has been
found to be the most stable for NPs in the 11-35 nm range
[19]. The results of DLS confirms that one of the mecha-
nisms, responsible for decreasing the bandgap energy of
nanoparticles is their size enlargement.

Conclusion

TiO, nanoparticles were prepared by pulsed laser ablation
method in water as a the liquid environment. In this work,
the effect of aging on the structure and optical properties of
TiO, NPs have been investigated. XRD data reveals that
these nanoparticles possessed the orthorhombic brookite
structure but with aging the rutile phase (the stable phase)
TiO, nanoparticles appear in the medium. The exitonic
absorption peak of samples immediately after ablation was
occurred in wavelength <200 nm and shifted to about
300 nm after a week. Size of nanoparticles increased and
their bandgap energy decreased. Result show that aging is a
strong effect which may change TiO, nanoparticles to
rutile stable phase in a week.
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