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Phase transformation of TiO, nanoparticles by
femtosecond laser ablation in aqueous solutions

and deposition on conductive substrates+
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Titanium dioxide (TiO,) is a wide bandgap semiconductor that is chemically stable, non-toxic, and econo-

mical compared to other semiconductors and has been implemented in a wide range of applications

such as photocatalysis, photovoltaics, and memristors. In this work we studied the femtosecond laser

ablation of titanium dioxide powders (P25) dispersed either in water or deposited onto a fluoride-doped
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1. Introduction

Pulsed laser ablation in liquids (PLAL) is a powerful technique
for the synthesis of different nanostructures in the colloidal state
depending on the target employed.'™ This technique has been
widely employed in the ablation of titanium targets for the syn-
thesis of TiO, nanomaterials with different shapes, sizes and
phases®'! depending on the laser parameters employed such
as the laser wavelength,®'>"? laser pulse energy”'"'*'> and
the type of liquid medium employed.**'®'” Titanium dioxide
has been extensively researched for its photocatalytic
properties and applications. In 1972, Fujishima reported the
splitting of water under illumination using a rutile TiO,
photoanode and a Pt counter electrode.'® Since then, due to
its chemical stability, low cost, and non-toxicity, TiO, has been
used in a wide range of applications such as removing conven-
tional and emerging organic contaminants in water,'®*°
photocatalytic*'° processes, sensor devices,”””® and solar
cells.”®*° In nature, TiO, occurs in three crystalline poly-
morphs: rutile, anatase and brookite. TiO, is an n-type semi-
conductor and the three polymorphs possess different
bandgap energies due to the differences in lattice structures.”"
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tin oxide (FTO) substrate. The process was used as a route to induce the phase-transformation of TiO,
nanoparticles which was governed by laser parameters such as ablation time and power. It was observed
that upon increase of the ablation time of TiO, dispersion in water a bandgap widening occurred, leading
to the possibility of bandgap engineering of TiO, using controlled laser parameter profiles.

Specifically, rutile has a bandgap of 3.0 eV, while anatase and
brookite have bandgaps of 3.2 eV and 2.96 eV, respectively.*>
Anatase is often used as a photocatalyst, rather than rutile, due
to its greater photocatalytic activity.”® However, several studies
have shown that a mixture of anatase and rutile has greater
photocatalytic activity than pure anatase.*** Generally, the
most employed formulation of TiO, is P25 Aeroxide™ made of
70-75% of anatase and 30-25% of rutile, where the enhanced
activity arises from the increased efficiency of electron-hole
separation due to the heterojunctions formed between anatase
and rutile particles.>' The interfacial charge carrier transport in
TiO, anatase-rutile heterojunctions occurs in two pathways.
One pathway is that the anatase phase will donate an electron
to rutile due to its lower conduction band (CB) minimum.
Another pathway is that the electrons will move from rutile to
anatase via lower energy trapping sites in the anatase phase.

Under ambient conditions, rutile is the most stable crystal
phase in bulk, while the other two polymorphs are considered
as metastable phases, and upon heating an irreversible phase
transformation into rutile occurs.>® Several studies demon-
strated that the particle sizes play a key role in the determi-
nation of phase stability.>"*” For particle sizes less than
11 nm, anatase will be the most thermodynamically stable
phase, while for dimensions between 11 and 35 nm, brookite
is the most stable phase. When the sizes are greater than
35 nm, rutile is the most stable phase.*' Anatase nanoparticles
may be obtained using several processes, which include sol-
gel,*® hydrothermal® and solvothermal®® methods. Heat treat-
ment of these nanoparticles will produce rutile nanoparticles
at a specific phase transformation temperature.
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The possibility to control the conditions that affect the
phase transformation is important. The phase stability of
titania has a key role in the design of electronic devices
because the properties and the performance of these materials
may be affected®®*' by the alteration of the ecrystalline
phase.”™*? 1t is commonly believed that the reason for the
phase transformation from anatase to rutile should be attribu-
ted to the increase in the particle size induced by the sintering
process that takes place at elevated temparatures.>” However,
more studies should be performed in order to better under-
stand the physical and chemical processes involved in the
phase transformation, as well as the mechanisms to promote
or inhibit it.*>™*°

In this work we studied the phase-transformation of a dis-
persion of TiO, (P25, Aeroxide™) induced by femtosecond
laser ablation under two conditions: (i) in aqueous solution
and (ii) when deposited on a fluoride-doped tin oxide (FTO)
substrate. To the best of our knowledge, few studies have been
performed on the effects of the femtosecond laser ablation of
a dispersion of TiO, in water. For instance, in a recent report,
the ablation of rutile powder in water with a femtosecond
laser’ was studied, which led to the formation of rutile,
anatase and brookite nanoparticles.”” The laser ablation of
TiO, powders with a YAG:Nd®" solid state laser has also been
reported,*® where the powders were deposited onto a glass sub-
strate and then laser ablated in air. In the work presented
here, we report on the phase-transformation of TiO, nano-
particles by femtosecond ablation of TiO, (P25) either as a sus-
pension or by electrophoretic deposition on FTO glass. The
results of the experiments showed that the laser ablation
process of the P25 suspension in water induces phase trans-
formation from anatase to rutile and back again to anatase
increasing the ablation time. Moreover, the bandgap of the
material can be controlled, leading to the possibility of
employing PLA of TiO, for bandgap engineering. Ablation of
the deposited P25 on FTO resulted in transformation from the
anatase to the rutile phase of the patterned area, making this
technique suitable for laser patterning. Rutile, a higher refrac-
tive crystal phase, can scatter light more efficiently than
anatase, and this opens the possibility of using these pat-
terned substrates in various applications such as silicon solar
cells, energy-harvesting devices, and dye-sensitized solar cells
(DSSC).**°

2. Experimental
2.1. Laser ablation of TiO, in water

A schematic of the setup employed for the laser ablation
experiments is shown in Fig. 1. In our experiments 10 mg of
P25 powder (Aeroxide™) was suspended in 10 ml of water and
stirred with a magnetic stirrer for the entire duration of the
experiments. Femtosecond laser ablation experiments were
conducted using a Ti-sapphire laser (Coherent, Inc.) with a
wavelength of 800 nm, repetition rate of 1 kHz, and pulse dur-
ation of 35 fs with the Gaussian beam distribution. The laser
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Fig. 1 Schematic of the femtosecond laser ablation experiment setup
consisting of the (A) optical table, (B) Ti—sapphire laser, (C) mirror
system, (D) focusing lens, (E) container containing a stir bar and TiO,
solution, and (F) stirring plate.

ablation experiments were performed from the top in order to
avoid laser reflections through the glass walls. The laser beam
(80 pm in diameter) was focused inside the TiO, dispersion at
5 mm from the dispersion-air interface. The experiments were
carried out at a power of 1.3 W (25.8 J ecm™?) and at different
laser ablation times, in order to study the laser effects on the
TiO, crystal structure as a function of ablation time. The P25
dispersions were ablated for 5, 15, 30, 60, 90 and 120 minutes
and then the resulting ablated suspensions were characterized.
Scanning electron microscopy (SEM) images of the dispersion
deposited onto the silicon substrate were taken using a Zeiss
Leo 1550 FE-SEM at an accelerating voltage of 10 kV. The
crystal phase and structure of the ablated material were investi-
gated by Raman spectroscopy and transmission electron
microscopy (TEM). Raman spectra were measured using a
Renishaw micro-Raman spectrometer with a He/Ne laser at an
excitation wavelength of 632.8 nm. HRTEM observation was
made using a JEOL 2010F at the Canadian Centre for Electron
Microscopy (Hamilton, Ontario, Canada). The TEM samples
were prepared by drop casting the dispersions onto lacey
carbon grids. Ultraviolet-visible (UV-VIS) analysis of the laser
ablated dispersions was carried out with a Shimadzu UV-2100
PC spectrophotometer over a spectral range of 190-600 nm.

2.2. Deposition of TiO, onto FTO substrates (P25/FTO)

TiO, films were fabricated by electrophoretic deposition of P25
on fluoride-doped tin oxide (FTO) glass, followed by annealing.
The TiO, dispersion was made by dispersing 1 g of P25 nano-
particles in 250 mL ethanol, 15 mL acetylacetone, 4 mL
acetone, 2 mL water, and 27 mg iodine.”" The dispersion was
sonicated for 30 min and stirred for 1 hour. FTO glass (MTI
Corp, 1" x 3" x 2.2 mm, TEC 7, R: 12-14 ohm sq ') was used as
a support and cathode for TiO, deposition, while a titanium
sheet was used as the anode. The cathode and anode were con-
nected to a DC voltage supply and immersed in the afore-
mentioned TiO, dispersion. The electrophoretic deposition
onto 1” x 1” FTO glass was conducted at a constant voltage of
30 V for 60 seconds. The P25 deposited FTO substrate was dried
in air and then heat-treated at 450 °C to improve adhesion.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Schematic of the femtosecond laser ablation setup for laser pat-
terning consisting of the (A) optical table, (B) Ti—sapphire laser, (C)
mechanical shutter, (D) neutral density filter, (E) focusing lens, (F) pat-
terned substrate, (G) motorized stage, and (H) computer.

2.3. Laser patterning of TiO, on the FTO substrate

The patterning of P25 deposited on the FTO substrate was per-
formed using the Ti-sapphire laser system described in
section 2.1 and the setup was configured to pattern the sub-
strate on a motorized stage controlled via a computer; the
experimental setup schematic used is shown in Fig. 2. The
sample was placed on a 2 axis stepper motor stage and a 5 cm
line was patterned focusing the laser (80 pm in diameter) on
the substrate at a speed of 1.5 mm s™". In total, 8 lines were
patterned at increasing laser powers.

3. Results and discussion
3.1. TiO, phase transformation upon laser ablation in water

The laser ablation study of the TiO, nanoparticles was con-
ducted by increasing the ablation time. After 15 minutes of
irradiation the colour of the dispersions changed from white
(as-purchased P25 Aeroxide™) to blue. The colour change can
be attributed to the formation of Ti** species that will lead to
the formation of rutile TiO, nanoparticles.>*” The mecha-
nisms underlying the formation of TiO, nanoparticles upon
laser ablation of a Ti target have been widely discussed. The
mechanism may be summarized in three steps, in which (1)
the high temperature and pressure generated by the laser—
matter interaction will produce a plasma plume; (2) the
plasma plume undergoes ultrasonic adiabatic expansion,
which causes rapid cooling of the plume and formation of tita-
nium clusters; and (3) the titanium ions and clusters react
with water molecules at the interfacial region between plasma
and liquid, leading to the formation of rutile nanoparticles.®*>>

Increasing the ablation time to 120 min led to dispersions
that were less blue in intensity. In order to investigate whether
a structural modification of the P25 nanoparticles was occur-
ring during the laser ablation, the ablated dispersions were
investigated using Raman spectroscopy, which is widely used
for the characterization of TiO, polymorphs since it allows one
to distinguish between the different phases of Ti0,.>*> The
most prominent Raman features of anatase are the peaks cen-
tered at 144 cm™" (Ey), 197 cm ™" (Ey), 399 ecm™ (Byy), 513 em™"

This journal is © The Royal Society of Chemistry 2017
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(Asg), 519 cm™ (Byy), and 639 ecm™' (E,), while the Raman
active modes of the rutile phase are at 143 cm™' (By),
447 ecm™' (Eg), 612 cm™' (Ay) and 826 cm ™' (Byy).”® The
Raman spectrum of P25 possesses peaks containing the
anatase and rutile phases, since it is made of 70-75% of
anatase and 30-25% of rutile phases. The main peaks are cen-
tered at 636 cm™! (E,), 515 cm™! (Byg), 443.17 em™' (Ey), and
394.52 cm™" (By,). In this work, Raman analysis was performed
after depositing the laser treated dispersions onto glass slides
and allowing them to dry in air under ambient conditions.
The acquired spectra are shown in Fig. 3 and are compared to
commercial anatase, rutile and P25 powders.

The laser-treated samples are compared to the as-received
P25 in aqueous solution. After 5 minutes of laser treatment of
dispersed P25, the peak centered at 636.4 cm™" blue-shifted by
1.59 cm™'. From the comparison of the Raman spectra, struc-
tural modification of P25 started to take place after 15 minutes
of laser ablation, as depicted from the spectrum (purple line),
which depicts peak shifting as shown in Fig. 3. In particular, a
blue-shift of 11.11 ecm™" of the Raman mode at 636.4 cm™" was
detected along with the peak broadening. Additionally, the
intensity of the peak at 515.06 cm™' decreased, while the
intensity of the peak at 443.17 cm™' increased and blue-
shifted by 2.65 cm™. The peak at 394.52 cm™" red-shifted by
8.73 cm™' and the intensity of the peak decreased. The two
peaks at 394.52 cm™' and 443.17 cm™' are relative to the
Raman active modes (B;,) and (E,) of anatase and rutile
phases, respectively, and are noteworthy. After 15 minutes of
laser treatment, these two peaks give rise to a unique peak and
the spectrum results are found to be similar to the Raman
spectrum of rutile, suggesting a phase transformation from
mainly anatase to mainly rutile nanoparticles. This evidence is
further supported if we take into consideration the earlier
observation of the color change of the dispersion to blue,
which is attributed to the formation of rutile nanoparticles.®*”
This result is in agreement with the mechanisms occurring
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1

1 P2
P25 5 min M
P25 15 min /\N/\
| P25 30 min //\_/\_/\
P25 60 min /\,\/\/\
P25 90 min M
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Fig. 3 Raman spectra of P25 dispersions after 5, 15, 30, 60, and
120 minutes of laser ablation. For comparison, Raman spectra of
anatase, rutile and P25 as purchased powders have been included.
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during the laser ablation of titanium dioxide discussed earlier,
which cause the formation of a plume containing titanium
ions which upon expansion and successive cooling will form
titanium clusters leading to the formation of rutile nano-
particles. The phase transformation to rutile is more apparent
after 30 minutes of laser ablation, in which a peak shift to
614.98 cm™ " occurs, which is within the reported value for
rutile (611 cm™"). Furthermore, the intensity of the peak at
511 cm™" decreases and the separation between the two peaks
at 394.52 ecm ™' and 443.17 em™" is reduced compared to P25
treated for 15 minutes. When the laser ablation was performed
for 60 minutes, a redshift of 11.9 em™ occurred and the peak
center was found at 626.88 cm™', the intensity of the peak at
511.89 em™ " increased, and the separation between the two
peaks at 397.7 cm™"' and 441.31 cm™" was more evident. This
suggests that the TiO, nanoparticles are of mixed phase com-
position containing rutile and anatase. It should be noted that
the existence of a mixed phase upon laser ablation of the Ti
target has been already reported by Tian et al. and it is a conse-
quence of the rapid change of temperature and pressure
during ablation.”” The increasing of the laser ablation time up
to 90 minutes causes either a decrease of the intensity of the
band of the rutile phase at 437 cm™, or an increase of the
band intensity relative to the anatase phase at 394.52 cm™ .
This indicates that the predominant phase of the nano-
particles is the anatase one. After 120 minutes of laser ablation
there occurred a clear phase transformation into anatase. In
the literature, the ratio of the integrated Raman peak intensity
of the peak of rutile at 447 cm™" to that of anatase at 399 cm ™"
is used for the measurement of the weight ratio of rutile to
anatase.’®> Fig. 4 depicts the integrated Raman peak intensity

Rutile

0.8+

1446/1396

0.6

0.4 4

0.2+ Anatase
0.0

-0.2 T T T T T T T T T T T T T
0 20 40 60 80 100 120

Laser ablation time (min)

Fig. 4 Integrated Raman peak intensity ratio as a function of laser abla-
tion time for P25 dispersion. After 5 minutes of laser ablation the nano-
particles are in the anatase form (red circle), while after 20 minutes the
transformation to rutile starts to occur (green circle). After 60 minutes
of laser ablation the particles transformed to rutile (blue circle),
however, upon increasing the ablation time (90 min), the particles start
to transform to anatase (green circle) and after 120 minutes the particles
possess the anatase phase (red circle).
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ratio as a function of laser ablation time in order to visualize
the anatase-to-rutile and rutile-to-anatase conversion as a func-
tion of laser ablation time. The commercial P25 and the nano-
particles ablated for 5 minutes showed a I,46/I30¢ ratio of 0.2
indicating the presence of mostly crystalline anatase, which is
in agreement with the recorded Raman spectra and with the
I146/I306 value reported in the literature.>® Increasing the abla-
tion time causes an increase of the I,46/I39¢ ratio to 1.1 which
can be related to the formation of rutile nanoparticles. After
60 minutes of laser ablation the I,4¢/I59¢ ratio reaches 1.8 indi-
cating that the nanoparticles produced were predominantly
rutile, which has already been demonstrated by the Raman
spectrum analysis. The increase of the ablation time up to two
hours introduced a phase transformation from rutile to
anatase and this can be seen as a decrease in the I,46/I396 ratio
to 0.8 after 90 minutes and to 0.2 after 120 min, which is the
value recorded for the un-treated P25, where anatase is the pre-
dominant phase. The trend shown in Fig. 4 is in agreement
with the information obtained from the Raman spectrum ana-
lysis, in which one hour of laser ablation of P25 nanoparticles
induces the formation of rutile nanoparticles; however, for pro-
longed ablation times a phase transformation to anatase takes
place.

As previously described, the laser ablation in water causes
the melting of the material and the generation of a plasma
plume, which contains atoms, molecules, electrons, ions,
and expands into the surrounding liquid, cools down and
finally leads to the formation of the nanoparticles. It was
reported from Koshizaki et al. that spherical nanoparticles
are obtained when laser ablation is performed in a liquid
environment.®® The phase transformation from rutile to
anatase is thermodynamically irreversible, however when the
sizes of the particles decrease the phase stability reverses.*!
This is corroborated by studies that have reported about the
size reduction of nanoparticles upon laser irradiation of
nanoparticles using an unfocused laser beam.®”®" On the
basis of the current literature and the experimental results,
we hypothesize that upon laser ablation of P25 aqueous sus-
pension with a focused laser, two events might occur which
lead to the phase transformation from rutile to anatase nano-
particles. The first process involves the generation of spheri-
cal particles from a localized volume that is ablated from the
as-received P25 nanoparticles that appear square-like. Only
the TiO, nanoparticles that cross the focus will melt and
upon cooling spherical particles start to form. The formation
of spherical particles is shown in Fig. 5(a-g), which
represents the nanoparticles obtained at different ablation
times. The second process that occurs is a decrease in the
size of spherical nanoparticles with laser ablation time. As
previously stated, a decrease in size of the nanoparticles
could reverse the phase stability and this could be the reason
for the transformation of rutile nanoparticles to anatase
nanoparticles. The mechanism underlying the decrease in
size could be explained if we consider that during the laser
ablation not all the particles dispersed in the solution will
cross the laser focus, consequently most of them will be

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 TEM images of P25 powders before (a) and after 5 (b), 15 (c), 30 (d), 60 (e), 90 (f) and 120 (g) minutes of laser ablation.

irradiated by the laser causing size reduction.®®®* The
decrease of the nanoparticle size can be attributed to frag-
mentation®” that occurs during the laser treatment. Alnassar
et al. reported about the decrease of size as a function of the
pulse energy,’® but it is also time-dependent.®’

We observed that, after 15 and 30 minutes of PLA, there are
more particles that have a size above 30 nm and it has been
reported that when TiO, particles are bigger than 35 nm, the
rutile phase is thermodynamically more stable than the
anatase phase. In Fig. 6, HRTEM images of the samples at
different ablation times are shown and from the analysis of
the d-spacing (see Fig. S2A and S2B in the ESIf), it was con-
firmed that after 15 and 30 minutes of laser ablation, the par-
ticles were mainly rutile with a d-spacing of 0.32 nm along the
(110) plane, as shown in Fig. 6(c and d) respectively. This
result is in accordance with the Raman analysis which showed
an increase of the rutile phase after 30 minutes of laser proces-
sing. Increasing the ablation time to 60 minutes led to the for-
mation of particles with diameters over 35 nm, however
smaller particles with diameters in the range of 9-20 nm are
abundant.

These particles are in the anatase form with a d spacing of
0.35 nm along the (101) plane, as observed from the HRTEM
image shown in Fig. 6(f), however rutile nanoparticles are also
present (Fig. 6(e)). The coexistence of the small anatase par-
ticles and the bigger rutile ones can be explained on the basis
of the two events that we hypothesized as occurring during the
laser ablation process. The first event leads to the formation of
the rutile nanoparticles with diameters of 35 nm, while the

This journal is © The Royal Society of Chemistry 2017

irradiation causes the size decreasing and reversing of the
phase stability, leading to a broadening of the size distri-
bution. After 90 and 120 minutes of laser ablation the nano-
particles formed have similar dimensions to the nanoparticles
obtained after one hour of laser ablation, but there is evidence
that anatase nanoparticles have been produced, as seen from
the HRTEM image shown in Fig. 6(h) and confirmed by
Raman spectroscopy. From these results, it is evident that the
laser ablation of P25 induced the formation of rutile particles
mixed with smaller anatase nanoparticles. The size distri-
bution analysis was conducted on the HRTEM images for laser
ablated samples from 0 min to 120 min (Fig. S1f). One-way
ANOVA statistics were conducted on P25 samples (Table S17).
All laser ablated P25 samples showed a significant increase in
diameter (p < 0.01) compared to the untreated P25 sample.
In general, increasing the irradiation time did not increase
the diameter significantly. However, when the irradiation time
was increased to 120 min, the diameter was higher than
P25 samples irradiated at 5 min (p = 0.003) and 90 min
(p =0.0121).

In order to confirm the polymorphism and crystallinity of
the laser treated P25 dispersions, we performed the XRD ana-
lysis of the samples before and after 5 and 60 minutes of laser
ablation. The results are displayed in Fig. 7.

After laser treatment the dispersions showed the presence
of both phases (anatase and rutile), as demonstrated by
Raman spectroscopy and HRTEM analysis. The degree of crys-
tallinity was calculated using the ratio of the intensity (Iy/Iz) of
the strongest anatase reflection to the strongest rutile reflec-
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Fig. 6 HRTEM images of TiO, powder before (a) laser ablation and after (b) 5, (c) 15, (d) 30 (e, f) 60, (g) 90, and (h) 120 minutes of laser ablation.
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Fig. 7 XRD analysis of the as prepared P25 dispersion and after laser
treatment.

tions, (101) and (110) respectively.®® The equation employed is

given below:®
1
1
141265 (—R)
Ip

The as prepared dispersion and the ones laser treated for
5 and 60 minutes, have degree of crystallinity equal to 85.98%,
89.14% and 82.31%, respectively. It can be observed that the
laser treatment did not change the level of crystallinity of the
materials and the polymorphism is still present.

Xc = x 100 %] (1)
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The energy bandgaps of the ablated dispersions were inves-
tigated. The optical bandgap of TiO, nanoparticles was calcu-
lated using Tauc’s law in which the direct bandgap and indirect
bandgap follow eqn (2) and (3), respectively:>®

(ahv) oc (hv — Egep)'’? (2)
(ahv) oc (hl/—Egap)2 (3)

where o is the absorption coefficient, / is the Planck’s con-
stant, v is the frequency and E,, is the energy bandgap. As
reported in the literature, anatase is an indirect bandgap semi-
conductor and the energy bandgap value of 3.2 eV is attributed
to the I's — Xy, transition.”® In Fig. 8(a), the normalized
UV-Vis spectra of the TiO, suspensions ablated at different
ablation times are shown. Based on our absorption results the
plots of (ahv)"? versus photon energy, for indirect transitions,
displayed no linear relationships. However, when the spectral
data were plotted as (ahv)® versus photon energy, a linear
relationship was obtained, suggesting the occurrence of a
direct band transition in an indirect bandgap semi-
conductor.®® In Fig. 8(b), the Tauc plot is shown. The energy
bandgap (Eg.p) values of the solutions ablated at different
times have been obtained by extrapolation to @ = 0, and the
inset plot of the energy bandgap as a function of the laser abla-
tion time is shown. The Eg,, values are reported in Table 1.

It was found that by increasing the ablation time, an
increase in the direct energy bandgap occurred. Based on the
study carried out by Nath,’® the energy bandgap value of 3.8
eV for TiO, nanoparticles after 60 minutes of laser ablation
may be attributed to either the direct interband transition of
the rutile phase or to a decrease in size of the TiO, nano-
particles.®” This result is in accordance with both the Raman
and TEM results, which showed the phase transformation

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 (a) UV-Vis of TiO, suspension ablated at different ablation times; (b) plot of (ahv)? versus photon energy for direct transition and (inset) plot

of energy bandgap values as a function of ablation time.

Table 1 Energy gap values as a function of laser ablation time

Laser ablation time (min) Direct energy bandgap (ahv)>

0 3.2eV

5 3.35eV
15 3.7eV
30 3.85 eV
60 3.9eVv

from anatase to rutile and particle size decrease occurred after
60 minutes of laser ablation.

With proper control of the ablation time, it is possible to
synthesize TiO, nanoparticles with different sizes or induce
phase transformations, which lead to TiO, nanoparticles with
different energy bandgap values. This opens the possibility of
using PLA as a technique for bandgap engineering of TiO,,
such as its use in future electronic devices.®®*’

3.2. Laser ablation of P25/FTO substrates

Femtosecond laser ablation was performed on P25/FTO sub-
strates in order to compare the results from the ablation of

P25 carried out in an aqueous dispersion with the ablation of
P25 deposited on a substrate. The experiments were performed
by varying the laser power in order to study the phase trans-
formation as a function of the laser power and in total 8 lines
were patterned, as shown in Fig. 9. The eight lines, 1.5 cm
long, were ablated at powers of 2.0, 7.0, 10, 19, 26, 38, 82, and
122 mW (Fig. 9b). The estimated fluence was calculated using
the following eqn (4):

P
F=— -
1000 Hz x mr?

(4)

where P is the power (W) and r is the radius of the beam spot
(cm). The beam diameter is 80 pm and the estimated fluences
tested were 39.8, 139.3, 204.9, 378.0, 517.3, 756.0, 1600, and
2700 mJ] em~>. In Fig. 9(a), lines from 3 to 8 (L3-L8) depict
TiO, that is completely removed due to spallation from the
femtosecond laser ablation process and only FTO glass
remains on the surface, as can be seen from the surface profile
(Fig. 9b). The lines patterned at powers of 2.0 and 7.0 mW
(L1 and L2) showed no removal of TiO,, suggesting that lower
powers are preferable in order to achieve the laser patterning
of the P25 on FTO/glass. The line 2 (L2) was then characterized

@) (b)

Y (m)

Fig. 9 (a) Top—bottom view and (b) surface profile of P25/FTO contained
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by SEM and Raman in order to determine the morphological
and crystal phase changes of TiO, after the laser interaction.
In Fig. 10, SEM images of the non-laser patterned (a, b, and c)
and laser patterned (d, e, and f) regions of P25 onto FTO are
shown. The electrophoretic deposition of P25 onto FTO did
not form a uniform layer of P25; instead some cracks are
clearly visible, as shown in Fig. 10(a). This occurs when the
deposition layer is thick. A closer look at the untreated P25
film shown in Fig. 10(b) reveals the presence of a porous-like
structure. Upon laser irradiation of the P25 film, a structural
change occurs. Pseudo-spherical nanoparticles with sizes of
100-300 nm are formed (Fig. 10(f)), which are much larger
particles than the non-treated regions (Fig. 10(c)) in which
average particle size is 21 + 5 nm. The formation of larger par-
ticles can be understood considering the underlying ablation
mechanisms discussed earlier. In particular, due to the laser-

Fig.

(a)
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matter interaction, the local increase of temperature and
pressure will take place leading to the melting and coalescence
of the material and production of larger nanoparticles.”'>" In
order to study the effects of the laser patterning on the crystal
phase of P25, Raman line mapping was performed perpendi-
cularly from the ablated line.

The Raman line mapping is shown in Fig. 11(a), while in
Fig. 11(b) the Raman spectra of the region outside the laser
patterned (black spectrum) and in the middle of the laser pat-
terned area (red spectrum) are shown. The phase transform-
ation tends towards rutile upon laser patterning of P25 on
FTO. In particular, the non-patterned P25 Raman spectrum
(Fig. 11(b), black spectrum) shows the characteristic anatase
peaks at 143 ecm™, 395 em™*, 511 cm™", and 630 cm ™.

From the Raman scan line analysis, Fig. 11(a), it can be
seen that approaching the ablated center of the laser patterned

(b)

300004 144
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Fig. 11 (a) Raman mapping line of laser patterned P25 on FTO; (b) Raman spectra of the area outside (black spectrum) and inside (red spectrum)

the laser patterned area.

6174 | Nanoscale, 2017, 9, 6167-6177

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/C7NR00201G

Published on 07 April 2017. Downloaded by University of Waterloo on 19/03/2018 16:01:30.

Nanoscale

line, a redshift in the 143 cm™" peak occurs, and the overall
spectrum shifts towards rutile-like spectrum (red). At the
ablated center of the laser patterned line, broadened peaks
start to appear at 421 cm™' and 616 cm™', and anatase peaks
at 421 em™*, 395 em™" and 630 cm™" are supressed, confirm-
ing that phase transformation of P25 to a rutile-like phase
occurs along with increasing particle size in the laser affected
area. It has been reported that phase transformation of TiO,
crystal rutile to anatase can occur upon femtosecond laser
irradiation,”'" however in order to achieve the transformation
high temperatures and pressures are required. In our case,
when the P25 substrate is irradiated in air the power employed
during the laser pattering is not high enough to trigger the
phase transformation to anatase. Therefore, the laser pattern-
ing induces a local increase of temperature and pressure that
leads to the melting and coalescence of the material and pro-
duction of larger rutile nanoparticles.”*"*?

The rutile phase has a higher index of refraction (n = 2.9)
and can scatter light more efficiently than the anatase phase
(n = 2.4).7°7% This phase transformation obtained by laser
patterning of TiO, films on FTO with a femtosecond laser, can
open the possibility of using femtosecond laser patterned sub-
strates in various applications such as light trapping layers in
silicon solar cells, energy-harvesting devices, and dye-sensi-
tized solar cells (DSSC).***° From these results, it is clear that
a femtosecond laser can be used to pattern TiO, films and by
thermodynamic phase transformation, changing the crystal
phase from anatase to rutile. The cross sectional profile and
depth of these ablated zones can be controlled by varying the
power, ablation time, scanning speed, and focus spot size.

4. Conclusions

In this paper we studied the effects of femtosecond laser abla-
tion of P25 powders dispersed in water and electrophoretic de-
posited onto a FTO conductive substrate.

(1) The experiments indicated that when laser ablation is
performed in water, depending on the laser ablation time, it is
possible to induce a phase transformation of the P25 nano-
particles from anatase to rutile and then back to anatase.
Although, the phase transformation from rutile to anatase is
thermodynamically impossible, when the sizes of the nano-
particles decrease, a change in the phase stability occurs. In
particular, for particle sizes less than 11 nm, anatase will be
the most thermodynamically stable phase. When the sizes are
greater than 35 nm, rutile will result in the most stable phase.
At short ablation times, the particle sizes increased to slightly
larger sizes. After prolonged laser exposure up to 2 hours, the
particle sizes started to decrease and consequently anatase
particles were formed.

(2) Together with phase transformation of the TiO, nano-
particles, an increase of the energy bandgap upon increase of
the laser ablation time was found, which could be attributed
to the nanoparticles size decrease induced by the fs laser
ablation.

This journal is © The Royal Society of Chemistry 2017
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(3) Phase transformation also occurs upon laser ablation of
P25 powder deposited onto FTO glass. Preliminary results
show that P25 powder can be patterned and due to phase
transformation to rutile, the patterned areas possess a higher
refractive index leading to the possibility of using these pat-
terned substrates for the fabrication of light trapping layers.
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