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We propose an approach, by utilizing the propagation of femtosecond laser pulses in the filamentation region in
air, to achieve black titanium dioxide (TiO,), a promising material for efficient photocatalysis. It is found that the
black TiO, engineered by femtosecond laser filament in both solution and air environments shows significantly
improved absorption in a broad spectral range from 400 to 2500 nm. In addition, the engineered black TiO,
shows a certain degree of enhanced absorption in the microwave range. The structural and elemental analyses of
the processed TiO, suggest that the absorption enhancement is mainly ascribed to the filament-induced disorder

and dopant impurity in the surface layer of crystalline TiO,. Our technique provides an alternative way to
engineer black TiO, with the capability of absorbing the solar energy across a broad spectrum that can be useful
for various applications in optoelectronics and photochemistry.

1. Introduction

Titanium dioxide (TiO,), a promising photocatalyst for sustainable
environment applications, has been extensively studied, e.g., for solar
hydrogen generation [1,2], water splitting [3-5], and environmental
pollutant removal [6]. The efficiency of TiO, for harvesting solar en-
ergy, however, is limited by its energy bandgap of more than 3.0 eV [7],
which only allows TiO, to absorb sunlight in the ultraviolet (UV) region
that accounts for about 5% of the available solar energy on Earth [8]. A
variety of approaches have thus been developed for extending the TiO,
absorption from UV to visible and IR spectral ranges that cover most of
energy of natural sunlight radiation. For example, it was demonstrated
that the optical properties of TiO, can be effectively modified by in-
troducing the electron and hole traps in the band gap with metal and
non-metal elements doping [9-11], by forming a composite materials
with narrowband semiconductors or molecules [12,13], by engineering
the lattice structures through hydrogenation [14,15], as well as by
forming Ti** species and surface disorder using a high energy nano-
second laser ablation of TiO,-suspended solution [16,17].

On the other hand, among various material processing techniques,
femtosecond laser pulses that possess the unique features of high-peak
power and ultrashort duration have been shown to enable
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modifications of optical, mechanical as well as wetting properties of a
variety of soft and hard materials such as polymer, semiconductor, glass
and crystal [18-21]. However, the reports on the modification of op-
tical properties of TiO, by femtosecond laser processing are very rare
till now. The difficulty may result from the involvement of tight fo-
cusing in near-field femtosecond laser processing that makes it time
consuming and not easily applicable to nano-sized particles as well as
irregularly shaped surfaces.

Recently, it was demonstrated that a femtosecond laser filament-
based far-field technique can remotely and rapidly fabricate nano/mi-
crostructures on crystalline silicon as well as on irregularly shaped or-
ganic and metals surfaces for improved light absorption [22-26]. This
technique is based on the unique nonlinear phenomenon resulting from
the propagation of powerful laser pulses in transparent media, which
can confine the light in a thin channel called filament [27]. The typical
diameter of a filament in air is ~100 pm with a length far beyond the
Rayleigh range of the input laser beam which ranges from a few cen-
timeters to meters, depending on the external focusing and input laser
energy. The laser intensity inside the filament core is clamped at the
range of 10'*-10* W/cm? in air.

In the present study, we investigate the feasibility of modifying the
absorption properties of TiO, by irradiating TiO, nanoparticles with
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Fig. 1. (a) Schematic diagram of the experimental setup for femtosecond laser filament processing of TiO, suspended in water as well as TiO, powder in air. S:
shutter; HWP: half wave plate; P: polarizer; L: fused silica lens; HR: 800-nm high reflective lens. (b) The unprocessed TiO- (i) and the processed samples obtained by
irradiating the filament on the interfere of TiO, suspended solution with air (ii). (c) The unprocessed TiO- (i) and the processed samples obtained by irradiating the

filament on the surface of dye TiO, powder in air (ii).

femtosecond laser filament in both an ambient air and a solution en-
vironment. We demonstrate that the absorption properties of micro-
sized TiO, particles can be efficiently modified over a broad spectral
range from visible to infrared, and even microwave range. After per-
forming the reflection, Raman, energy dispersive spectroscopy (EDS)
and X-ray diffraction (XRD) spectroscopic analyses of the engineered
black TiO,, we find that the improved optical absorption of the black
TiO, particles may result mainly from filament-induced disorder and
nitrogen dopant in the surface layer.

2. Experimental setup

The schematic diagram of the experimental setup was shown in
Fig. 1(a). A commercial Ti: Sapphire laser system (Spectra-Physics,
Spitfire ACE) was used to produce linearly polarized femtosecond laser
pulses with a central wavelength of 800 nm, a repetition rate of 500 Hz,
and a pulse width of 35 fs. An electrical shutter enables simple and fast
control of the pulse train. A rotatable half wave plate and a polarizer
were inserted in the laser propagation path to control the laser pulse
energy. Before the pulses passing through the focusing lens, the height
of the beam was adjusted by using two 800-nm high reflective lens to
facilitate vertical downward scanning of the sample.

The powder sample of anatase TiO, with the size of 70-100 nm was
first placed in a rectangular container and flattened with a glass slide to
facilitate filament ablation. The rectangular container with TiO, was
mounted on a platform equipped on a two-dimensional motorized
stage, which enabled rapid scanning of the sample by continuously
moving the stage in a raster way. The flattened surface of the TiO,
powder samples was perpendicular to the laser beam propagation di-
rection, and placed in the middle position of the filament to ensure the
interaction of the TiO, powder with the laser pulses inside the filament.
The scanning speed was set at 10 mm/s and the distance between ad-
jacent scanning lines was set at 100 um. As shown in Fig. 1a, we per-
formed the experiments in two environments: one is to irradiate the

filament generated with a 25-cm focal lens and 1.8-mJ laser energy on
the surface of TiO, suspended water solution (see the dashed square
area), and the other is to irradiate the filament generated with a 1-m
focal lens and 1-mJ laser energy on the surface of dye TiO, powder in
air. As a result, Fig. 1(b, c) shows the photos of the untreated titanium
dioxide and the processed samples under the two experimental condi-
tions. It can be seen for both cases that the color of the samples turns
from the original white to the grayish black after the filament ablation.

The optical properties of the processed samples from the visible to
the near-infrared region were characterized by using a spectro-
photometer (UV-3600, Shimadzu Company) equipped with an in-
tegrating sphere (LISR-UV). The complex permittivity and permeability
were measured at the frequency range of 1-18 GHz using a HP8722ES
network analyzer. In order to analyze the crystal structures of the
processed TiO,, the XRD patterns of the processed samples were ob-
tained by a Rigaku D/MAX 2550 diffractometer. A Raman spectrometer
(model LabRAM HR Evolution by Horriba Scientific) with a 532 nm
laser as the excitation source was used to examine the structural change
on the surface of the processed samples. The elemental composition
analysis was performed using an energy dispersive spectrometer (EDS,
EDAX AMETEK).

3. Results and discussions

To understand the color changes of the processed TiO, samples
shown in Fig. 1(b) and (c), we first investigate the morphologies of the
TiO, samples before and after the filament treatment. Fig. 2 shows the
SEM images of (a) the pristine and (b, c) the processed TiO, in the
solution (b) and air (c) conditions with a 10 mm/s scanning speed. It
can be seen from Fig. 2 that the SEM images do not reveal significant
differences in the morphologies of the pristine TiO, and the processed
TiO, by the filament in solution and air conditions. The averaged sizes
of the unprocessed and processed TiO, particles are almost the same
with a typical diameter of 70-90 nm, indicating that the high-intensity

Fig. 2. SEM images of (a) the pristine TiO, and (b, c) the filament-processed TiO, particles in the (b) solution and (c) air conditions.
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Fig. 3. UV-visible-NIR reflection (a), GHz RL (b), Raman (c) and XRD (d) spectra of the unprocessed TiO, and the processed samples in the solution condition.

femtosecond filament processing does not induce significant change in
the geometrical structure of TiO, nanoparticles. This may result from
the fact that the initial gas peak temperature inside the air filament is
about 1000 K [28], which is much lower than the melting point of TiO,
(~2100 K [29]). This result is different from those TiO, nanoparticles
processed with high-energy nanosecond laser pulses, in which the sizes
of TiO, nanoparticles vary significantly due to the much higher nano-
second laser ablation temperature [17]. In addition, from the SEM
images we cannot observe any nano structured patterns on the TiO,
particles. Therefore, it is evident from the SEM images that the color
change of the processed TiO, samples is not due to the morphologies of
TiO, samples.

We then investigated the optical property and crystalline structure
of TiO, nanoparticles by measuring reflection, Raman, XRD spectra of
the unprocessed and processed TiO, nanoparticles in the solution en-
vironment. In Fig. 3(a), the UV-visible-NIR reflection spectra of the
unprocessed TiO, and the processed samples are shown, from which it
can be seen that the pristine TiO, has an almost 100% reflectivity in the
visible and near-infrared spectral range, and only absorbs ultraviolet
light with wavelengths below 400 nm. After the filament processing,
the reflectivity decreases by about 40-50% over the broad range of
400-2500 nm, indicating that the absorption of the processed TiO,
nanoparticles is extended from ultraviolet up to near-infrared spectral
region. Clearly, the filament processing effectively enhances the ab-
sorption of TiOs in the visible and near-infrared light region, giving rise
to the color change in Fig. 1(b). With more efficient light absorption in
such a broad spectral range, it makes these nanoparticles valuable in
many applications, such as photoelectric detectors [30-32], photo-
voltaic devices [33,34], and photocatalyst reactions [2,14].

Furthermore, we examined the absorption property of the pristine
TiO, and the filament-processed TiO, nanoparticles in the microwave
range. The microwave absorption of TiO, was evaluated with the
complex permittivity e, (=¢’-je”) and permeability values y, (=p’-ju”),
where the real parts ¢’ and p’ are the electric and magnetic field energy
stored in the medium, and the imaginary part ¢” and p” are the

dissipated electric and magnetic field energy. By measuring the fre-
quency profiles of the dielectric (¢’ and ¢”) and magnetic (¢’ and y”)
constants of the pristine and processed TiO, samples in the microwave
region of 1-18 GHz, the microwave reflection loss (RL) curve can be
calculated according to the following equations [35]

RL(dB) = 201g 1(Zin, — Zo)/(Zin + Zy)l, o
Zin = Zo\|M,/& tahh [](@) E],
¢ e @

where f, d, ¢, Zo, Z;, and RL(dB) are the frequency of the electro-
magnetic wave, the thickness of the absorber, the velocity of light, the
impedance of the free space, the input impedance of the absorber, and
RL(dB) the reflection loss in dB, respectively. As a result, the calculated
RL values are shown in Fig. 3(b), from which it can be seen that the
filament-processed TiO, can absorb microwaves more efficiently than
the pristine TiO, in the range of 10-18 GHz, and the extreme RL values
can approximately reach —4.0 dB. Therefore, the above results clearly
indicate that the TiO, samples have a certain degree of absorption
enhancement in the microwave region induced by the filament pro-
cessing.

To reveal the mechanism behind the improved absorption of the
engineered TiO, by filament. We measured the Raman spectra of the
unprocessed and processed TiO, nanoparticles, as shown in Fig. 3(c).
For anatase TiO,, the six Raman active modes are usually observed,
namely Ti—O bond stretching vibration modes Eg(639 em™Y), Big
(519 cm ™), and A4 (515 em ™) and O—Ti—O bending-type vibration
modes B14(399 cm ™Y, E; (197 cm ™Y, and Eg (144 cm ™ 1) [36]. As can
be shown in Fig. 3(c), the pristine white TiO, displays strong and sharp
typical anatase Raman bands, while for the processed black TiO,
samples the anatase peaks become broader. By fitting the experimental
data (solid line) to a Gaussian function (dash line), we determined the
full width at half-maximum (FWHM) of the Raman modes, and found
that for the processed sample, the FWHMs of the Raman modes at
143 ecm™!, 396 em™!, 517 em™?, and 639 cm™! are respectively
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Fig. 4. UV-visible-NIR reflection (a), GHz RL (b), Raman (c) and XRD (d) spectra of the unprocessed TiO, and the processed samples in the air condition.

increased by about 85%, 93%, 159% and 17%, which indicates that the
filament processing may change the surface layer of the TiO, structure
from crystalline to amorphous.

We also conducted the crystal structures analysis of the unprocessed
TiO, and the processed samples with XRD spectra, as shown in
Fig. 3(d). For the sample before the filament processing, the sample
exhibits the typical anatase XRD features, and the strong diffraction
peaks can be identified as the (1 01),(103),(004),(112),(200),
(105),(211),(213),(204),(116),(220),(215)and (301) lattice
planes of anatase. While for the filament-processed sample, several new
diffraction peaks located at 21.5°, 24.0°, 29.9°, 31.0°, and 35.8° appear,
which can be assigned to TigO;;, indicating that reduction reactions
may occur resulting in the appearance of low-priced titanium ions.
Since the XRD can penetrate the samples, the new appeared XRD peaks
under the solution condition may show that part of the crystalline TiO,
in the inner core changes from crystalline to amorphous.

In the air condition, the optical properties of the processed TiO,
samples were also characterized. Fig. 4(a) and (b) show the UV-visible-
NIR reflectance spectra and the GHz reflection loss values of the un-
processed and the processed TiO, samples, respectively. As shown in
Fig. 4(a), the reflectivity of the processed samples gradually decreases
as the wavelength increases, which becomes less than 60% at the wa-
velength of 2500 nm. In addition, according to the calculated RL values
shown in Fig. 4(b), the filament-ablated TiO, samples have a certain
degree of absorption enhancement in the microwave region, and the
extreme RL values can approximately reach —4.0 dB at about 14 GHz.
Clearly, the above results indicate that, similar to those shown in Fig. 3,
the optical properties of processed samples can be efficiently modified
by irradiating TiO, nanoparticles in air with femtosecond laser fila-
ment.

As a consequence, by processing TiO, nanoparticles by femtosecond
laser filament in both solution and air environments, the optical prop-
erties of TiO, nanoparticles can be efficiently modified over a broad
spectral range from visible to infrared, and even microwave range.
However, when compared with those obtained in solution (Fig. 3), it

can also be seen from Fig. 4 that the reflectivity of the processed TiO, in
air gradually decreases from visible to IR, and the improved absorption
range in the GHz range is also narrower than that in Fig. 3(b).

To understand the difference between the reflectivity of the pro-
cessed TiO in Fig. 3 and Fig. 4, we also measured their Raman and XRD
spectra before and after the filament processing in air. Similar to that
shown in Fig. 3(c), the Raman spectra of the samples, shown in
Fig. 4(c), indicates that the Raman peaks become broader. By curve
fitting, we find that the FWHMs of the processed samples are increased
by about 130%, 244%, 301% and 68%, for the Raman modes at E,
(143 em™"), By (395 em™"), A;; + Byg (517 ecm™ '), and E,
(638 cm ™ 1), respectively. This reveals clearly that the lattice disorder
happens to the surface of the samples. The more broadened Raman lines
in the air condition than those in the solution condition may indicate
that the filament-induced disorder effect is more significant in the air
condition. However, it can be seen from Fig. 4(d) that the XRD spec-
trum of the processed TiO, samples in air shows almost the same dif-
fraction feature as that shown in Fig. 3(d), that is, no observable extra
diffraction peaks appear in the air condition. Such differences between
the XRD spectra presented in Fig. 3(d) and Fig. 4(d) may indicate that in
the solution environment water molecules activate the reduction reac-
tion during the filament processing. Therefore, based on the above
analysis on Raman and XRD, the filament-processed TiO, nanoparticles
under the air condition may only induce the phase transition on the
surface layer from crystalline to amorphous.

To further reveal the absorption enhancement of the filament-pro-
cessed TiO, samples, we also examined the chemical compositions of
the processed TiO, under the two processing conditions by measuring
their EDS spectra. Fig. 5 shows the actual distribution of elements of (a)
the pristine and (b, c¢) the processed TiO, in the solution (b) and air (c)
conditions. It can be clearly seen from Fig. 5 that when compared with
the unprocessed samples, the processed TiO, sample in both solution
and air conditions introduced nitrogen and generated oxygen vacancy,
as shown in Fig. 5(b-c). The appearance of nitrogen element and oxygen
vacancy may cause the formation of the disordered surface layer and
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Fig. 5. The actual distribution of elements of (a) the pristine TiO, and (b, c) the filament-processed TiO, particles in the (b) solution and (c) air conditions.

the modification of the energy-band structure, resulting in an enhanced
absorption for photon energy below the direct band gap in the visible
and near-IR range shown in Figs. 3(a) and 4(a).

On the other hand, the improvement of microwave absorption may
also be resulted from the generation of amorphous shell on the sample
surface. Since the corresponding electronic structures and the dielectric
constant of the amorphous-shell region are different from those of the
crystalline TiO, inner core region, there exists charge accumulation
between the phase boundaries, resulting in collective interface dipoles
along the interfaces [6]. Furthermore, in comparison with the con-
ventional hydrogenated black TiO, [6], it is found that the ¢’ value of
the filament-processed TiO, sample is changed slightly. This in fact
demonstrates the role of the disorder-disorder interface, which will
greatly enhances the microwave absorption performance of TiO, na-
noparticles.

4. Summary

In summary, we have demonstrated the feasibility of engineering
black TiO, by irradiating anatase TiO, nanoparticles with femtosecond
laser pulses in the filamentation regime. Under both the solution and air
conditions, the engineered black TiO, shows significantly enhanced
absorption in the visible and near-IR spectral range. Absorption en-
hancement in microwave range has also been observed. By analyzing
structural and elemental information of the processed TiO, samples, we
have found that the improvement in absorption is mainly attributed to
the filament-induced disorder and dopant impurity in the surface layer.
Our study suggests that femtosecond laser filament has the potential to
engineer black TiO, for applications in optoelectronics and photo-
chemistry.
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