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Pulsed laser ablation of a titanium target in water was performed by an ultra-short laser source
(Ti-sapphire, A=800nm, 1kHz, 100fs). The obtained structures were characterized by atomic force
microscopy, scanning electron microscopy, X-ray photoelectron spectroscopy, micro-Raman spec-
troscopy and X-ray diffraction, revealing the presence of non-stoichiometric titanium oxide nanoparticles
with a certain amount of crystalline rutile phase. Upon remaining in water the ablated species, the for-
mation of a lamellar phase has been observed. This lamellar phase rolls up to microtubes by remaining in
water for a month, through a self-assembling process. The formed microtubes, with an inner diameter of
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Mi};rotubes about 2 wm and an outer diameter of 4 um are characterized by a smooth interior surface and aggregation
Rutile of nanoparticles on the outer surface.
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1. Introduction

Titanium dioxide is a material of large scientific and tech-
nological interest due to the wide range of its possible
applications ranging from photovoltaic and photocatalyst to photo-
electrochromic, sensing, electronics, energy and biotechnology
[1-6]. Crystalline TiO, exists in three forms: rutile, anatase and
brookite. Rutile is the most thermodynamically stable crystalline
form, whereas anatase and brookite phases are metastable and
transform to rutile when heated. Only anatase and rutile are of
practical interest: TiO, nanoparticles in the anatase phase are used
as photosensitizer and as annihilator for cancerous cells [7]. On
the other hand, rutile TiO, phase presents some advantages such
as higher refractive index, higher dielectric constant and higher
chemical stability [8]. The possibility to obtain crystalline TiO, in
the form of nanoparticles and nanotubes is of particular impor-
tance since the higher surface area allows to enhance the titania
properties. Moreover, fabrication of nanoscopic and microscopic
hollow tubular structures has attracted significant interest owing
to their functions in the development of advanced devices [9-12].
Among them, hollow metal oxide microtubes exhibit a range of
peculiar properties including a better monodispersity, chemical
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stability, operability and less obstruction of hollow interior than
their nanosized counterparts [13-15]. Due to the lower specific
surface area, however, the microtubes usually suffer as compared
with the nanotubes in some important special fields, such as catal-
ysis, drug delivery and sensors. Investigations on removing this
disadvantage are very important but challenging. In this contest
hierarchically structured tubular hollow microtubes have been pro-
posed [16,17]. In fact, such kind of stacking or parallel growth of the
building blocks increases further the specific surface area of these
microtubes, and hence improves their potential applications in the
fields of catalysis, sensors, and drug delivery.

Titanium oxide nanostructures have been grown using various
chemical [5] and physical [18] methods such as microemul-
sion, chemical reduction, hydrothermal chemical process, reverse
micelle and pulsed laser ablation (PLA). Otherwise, in the strategies
to prepare the microtubes, template-assisted technique is the more
feasible and effective way [16]. To date, various templates, includ-
ing artificial and natural species, have been explored. Liu’s group
synthesized TiO, microtubes by using rod-shaped calcite as tem-
plate [19]. Additionally, the fabrication of titania microtubes with
the porous walls by the replication of human hair has been reported
[20]. Motojima et al. described the novel TiO, hollow microcoils
obtained via carbon microcoils as templates [21,22]. Very recently,
the microtubes with the core/shell structures have been prepared
via electrospun fibers as soft templates by Chen et al. [23]. Liu et al.
[24] obtained TiO, microtubes with high length-diameter ratio by
using low-cost glass fibers as templates. Although these tubular
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structures are successfully obtained, these templates are either
unusual or difficult to be prepared.

With respect to chemical methods, PLA performed in vacuum or
in presence of a buffer gas, is a clean and one step method widely
used to obtain thin nanostructured films of borides, carbides and
oxides of metals [25-27]. When a pulsed laser source irradiates
a target, a local plasma will be produced with electron density,
temperature, pressure, composition and species dynamics that are
strictly related to the laser pulse duration [28]. Although the ultra-
short PLA mechanism is still a matter of debate, nevertheless, it is
widely accepted that a femtosecond laser pulse duration is shorter
than the full ablation process. This involves, first, the excitation of
material thin layer electrons by laser photon absorption, then mate-
rial lattice relaxation by electron-phonon coupling, and finally the
plasma formation. Thus, unlike the nanosecond pulse induced pro-
cess, the ablated species formed by femtosecond laser pulses do not
interact with the laser pulse itself [28,29].

In the last decade, PLA performed in a liquid medium (LAL)
has attracted the attention of the scientific community due to the
possibility of easily producing extreme synthesis conditions and
so obtain novel nanostructures. In LAL process, the laser induced
plasma is generated at the liquid-solid interface when the pulsed
laser ablate the target. After that, the generated plasma plume

will form a dense region in the vicinity of the solid-liquid inter-
face. Since the expansion of the plasma confined in the liquid layer
will be delayed, the induced pressure of plasma inside would be
greater than that in gaseous or vacuum regimes at the same laser
power conditions. The plasma plume formed by laser ablation in
liquid media can reach high temperature (4000-6000K) and high
pressure (in the range of 10GPa) [30]. The species present in a
supersaturated plasma interact with each other in a process of
nucleation and growth of the nuclei. During this process of growth
where the free atoms condense on nuclei, the same nuclei can
coalesce together originating the typical polycrystalline structure.
Throughout the expansion of the plasma in the liquid buffer, sev-
eral target and liquid excited or ionized species can participate in
chemical reactions at high temperature and pressure conditions.
Finally, the rapid quenching of the plasma plume even in an out-
of-equilibrium process allows the formation of metastable phases.
Indeed, some metastable structures can be frozen due to the rapid
cooling down of the laser induced plasma by the confining liquid
[31,32]. The experimental differences occurring when PLAs are per-
formed by nanosecond or femtosecond pulses, in both vacuum or
gas environments, suggest that, even when a PLA process is carried
out in a liquid, the use of femtosecond laser pulses might offer dif-
ferent results than the ones obtainable by longer pulse durations.

Radius (nm)

Fig. 1. (a and b)AFM images of the colloidal solution deposited onto a (1 00) silicon substrate 5 h after the ablation. (c) Size distribution of the titanium oxide nanoparticles

obtained by several AFM images.
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Indeed, T and P evaluated during femtosecond laser ablations can
be 2-4-fold higher than those due to nanosecond laser pulses, so
new opportunities can be offered by PLA performed in liquid when
an ultra-short laser pulse is employed [32-34]. Although the use of
laser with a pulse duration in the order of few ps seems to be the
optimal condition in terms of efficiency for the production of gold
nanoparticles by LAL experiments [35], some evidences have been
reported showing that laser ablation in liquid with ultrashort laser
sources enable the formation of nanocrystalline metastable phases
of different systems [31,36].

There are several reports on synthesis of titanium oxide
nanoparticles by PLA in liquid media, carried out by a nanosec-
ond laser source and varying fluence, liquid medium and focusing
conditions [7,8,37-40]. In any case the obtained titanium oxide
nanoparticles are non-stoichiometric showing different amount
of Ti2*, Ti3* and Ti** due to the non-equilibrium growth condi-
tions. The reported nanoparticles can present different amount of
two of the crystalline phases of titanium oxide, in particular Nath
et al., showed that using different focusing conditions is possi-
ble to enhance the formation of rutile with respect to the anatase
phase [7]. Moreover, the dimensions and the aggregation of the
nanoparticles can be controlled varying the laser fluence [38]. Tita-
nium monoxide in the disordered cubic phase has been obtained
by Semaltianos et al. during the ablation of a metallic titanium tar-
get submerged in water by a laser source with a pulse duration
of 10.4ps [39]. The low temperature synthesis employed by this
approach is particularly attractive for preparing nanocrystalline
TiO, having high surface area with no need for a subsequent high
temperature treatment. In this work we present the outcomes fol-
lowing the ablation of a titanium target in water performed with a
femtosecond laser source. In this case it has been observed the pres-
ence in the colloidal solution of non-stoichiometric titanium oxide
nanoparticles and nanostructures such as nanowires. The nanopar-
ticles exhibit a certain amount of crystalline rutile phase, whereas
no other crystalline phases have been recognized. The evidence
of nanostructured titanium oxide microtubes formation driven by
ultra-short pulsed laser ablation of a titanium target submerged in
water is presented.

2. Experimental methods

Laser ablation was performed by an ultra-short Ti:Sapphire
pulsed laser source (Spectra Physics Spitfire Pro XP, 800 nm, 2.7 m],
100 fs) with arepetition rates of 1 kHz. The ablation time was 5 min,
corresponding to 300,000 laser shots. The laser beam was focused
perpendicularly to the surface of a metal plate of titanium by a 5 cm
plano-convex focal length lens. The laser spot area on the solid
target was 1 x 1073 cm? and the laser energy reaching the target
surface was 2 m]J for a fluence of 2 J/cm?2. The solid sample, covered
by a1 cm bidistilled deionized milli-Q water column, was contained
in a standard spectroscopic UV quartz cuvette (3.5 ml). A microm-
eter translation stage was employed in order to minimize crater
formation on the solid sample surface due to successive laser beam
pulses. The obtained solution was maintained at room temperature
for 1 month, without any other treatment. After this period of time
a bundle of fibers was observed in the solution.

The nanoparticles and bundles recovered from such samples
were deposited onto a monocrystalline polished silicon (100)
surface to perform the AFM, SEM, micro-Raman, XPS and XRD mea-
surements. A Park XE-120 Atomic Force Microscope fully equipped
for surface analysis was used for imaging the samples topography.
Surface images were acquired in tapping mode using commercial,
unmodified diamond tips. All AFM measurements were performed
in air on duplicate samples. To limit the risk of the probed surface
morphology being affected by possible random local effects and to
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Fig. 2. (a) AFM image of the colloidal solution deposited onto a (100) silicon sub-
strate few hours after the ablation. The lamellar phase is evidenced; (b) height profile
of line 1; (c) height profile of line 2.

increase the representativeness of the whole surface, three regions
of the surface were scanned for each sample using different scan
size areas.

The SEM images were obtained by a Philips-Fei ESEM XL30-LaB6
after coating each sample by a sputtered Au thin layer (ca. 10 nm).
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Fig. 3. (a and b) AFM image of the colloidal solution deposited onto a (1 00) silicon substrate two days after the ablation. (c) AFM image of the colloidal solution deposited

onto a (100) silicon substrate eight days after the ablation.

XPS spectra were acquired by a LH Leybold X1 spectrometer
using non-monochromatized MgKa radiation operating at a con-
stant power of 260 W. Wide and detailed spectra were collected
in Fixed Analyzer Transmission (FAT) mode with a pass energy
of 50eV and channel widths of 1.0 and 0.1 eV, respectively. The
acquired XPS spectra were analyzed using a curve-fitting program,
Googly, described by Castle and Salvi [41], which allows the simul-
taneous fitting of photo-peaks in the form of a Voigt function and
their associated background in a wide energy range.

Raman spectra were acquired by a micro-Raman Jobin Yvon
(LABRAM HR800) in backscattered configuration equipped with
two gratings (600 and 1800 grooves/mm) and an optical Olympus
microscope having 10x, 50x, and 100x objectives. The spectrom-
eter was connected to a Peltier cooled CCD detector. The excitation
was obtained by using a HeNe laser source (A=632.8nm). The
laser power was maintained at 10 mW, whereas the spectra were
acquired using the 1800 grooves/mm grating and the 100x objec-
tive. In this condition, the estimated spectrum resolution was about
1cm™ 1.

XRD analysis were performed by a D-max-Rapid Rigaku
microdiffractometer with a CuK, radiation, equipped with a
curved-image-plate detector, a flat graphite monochromator, a
variety of beam collimators, a motorized stage and a microscope
for accurate positioning of the sample. The data were collected in
reflection mode using 0.3 mm collimator and a collection time of
10 min.

3. Results and discussion
3.1. Morphological and structural characterization

AFM analysis for the representative deposits retrieved from
titanium colloidal solution 5 h after the laser ablation and the cor-
responding nanoparticles size distribution are reported in Fig. 1a, b

and ¢, respectively. AFM images were taken in several regions of the
deposit. The nanoparticles size distribution shows that the deposit
consists of nanoparticles with radius from 5 to about 200 nm with
the 50% of the nanoparticles having radius up to 50 nm. The average
particle size is 57 nm and the shape of the particles, assembled in a
closely packed manner or as nano-chain aggregate, as reported in
Fig. 1b, is almost perfectly spherical, indicating that the growth pro-
cess does not occur along a preferred direction. Moreover, in Fig. 2a
is reported an AFM image, obtained onto a different region of the
same deposit, where, it is shown, together with nanoparticles, the
presence of a lamellar phase with a thickness ranging from 1.5 to
3 nm. Maintaining the colloidal titanium solution in water for two
days, both the lamellar phase and the close packed nanoparticles
giverise to nanowiskers asis reported Fig. 3a. These nanostructures,
with a diameter and thickness of tens and few nanometers, respec-
tively, seem to be originated from the coalescence of nanoparticles
or rolling up of the lamellar phase. These nanostructures develop
directly in water. In fact, eight days after laser ablation, it is possi-
ble to observe the presence of bigger structures, characterized by
a flat outer surface and with a diameter and thickness of hundreds
and tens of nanometer, respectively (Fig. 3¢). After remaining four
weeks in water, additional tubular materials were observed in the
colloidal solution. SEM images of this material, repetitively rinsed
with distilled water and soaked in an ultrasonic bath for 30’, are
presented in Fig. 4a-b. Fig. 4a gives an overview of the microtubes
at low magnification. These tubular material, that could be assem-
bled from highly activated nanocondensates, has a mean diameter
as large as 4 wm and were entangled and bifurcated at triple junc-
tion. In Fig. 4b the inner flat surface of a truncated microtube, with
an internal diameter of 2 wm, is reported. Moreover, on the exter-
nal microtubes surface the coalescence of nanoparticles gives rise
to the development of rigid walls about 1 wm thick. The resulting
external diameter of microtubes is about 4 pm (Fig. 5).
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Fig. 4. SEM image of titanium oxide microtubes at low (a) and higher (b) magnifi-
cation.

Nanoparticles and microtubes deposited onto monocrystalline
silicon substrate were characterized by XRD and micro-Raman
analysis. In Fig. 6 micro-XRD spectra of nanoparticles and micro-
tubes are reported. In both samples, Si (100) Bragg peaks are
dominant and thin films contribute with weaker signals. Beside
Si (100) signals three peaks at 36.1°, 41.3° and 54.4° are present.
These peaks are indexed as (101), (111) and (211) planes of
TiO, crystal in the form of tetragonal rutile structure, respectively,

Fig. 5. AFM image of the outer surface of a titanium oxide microtube.

(b)

S
> —_
= o =
g S T S
- hat hat
£
(a)
30 40 50 60 70
20 (degree)

Fig. 6. XRD spectra of (a) nanoparticles and (b) microtubes deposited onto a silicon
(100) substrate.

in agreement with standard diffraction data of rutile TiO, (JCPDS
file no. 87-0710). The broad feature of the rutile peaks observed
in the spectra may arise from the presence of crystallite of very
small diameter. From the Debye-Scherrer formula, the peak at
36.1° provides with crystallites size of 12 nm. The findings of XRD
analysis are confirmed by micro-Raman measurements. In Fig. 7
the Raman scattering spectra of nanoparticles and microtubes are
presented. Both structures display a characteristic TiO; rutile spec-
trum, with signals at 260, 426 and 608 cm~1, assigned to a second
order phonon, and to Eg and A;g modes of TiOg octrahedra in the
rutile arrangement, respectively [42]. The broad band centered at
710cm™1, assigned to a TiOH vibrational mode, suggests the pres-
ence of hydroxyl groups [43]. The observed shift and broadening
of peaks reported in these spectra with respect to Raman signa-
ture of crystalline rutile can be ascribed to phonon confinement
and to a certain distortion of the TiOg octahedra [37], which can
be due to the presence of some amorphous phase. Although the
size and morphology occurring differences, there are no significant
changes in Raman shifts between microtubes and nanoparticles. It
should be pointed out that the observed Raman spectra of micro-
tubes are significantly different from those of hydrogen titanate
H,Tiz07 [42], that represents the main component of TiO, nano-
tubes produced by hydrothermal treatment of titania with NaOH.
This finding suggests that a strongly different process occurs by

(b)
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300 600 900
Raman shift (cm'1)

Fig. 7. Raman spectra of (a) nanoparticles and (b) microtubes deposited onto a
silicon (1 00) substrate.
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Fig. 8. XPS spectra of titanium oxide nanoparticles deposited onto a silicon (100)
substrate. (a) Ti 2p region. Solid line (-) Ti2ps, and Ti2p;j, of Ti, 03, dash-dot line
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of TiOH.

water driven growth of microtubes obtained in this work from the
other titanate nanotubes reported in literature.

3.2. XPS analysis

In Fig. 8a-b are reported the XPS spectra of the titanium oxide
nanoparticles: the sub-bands analysis of the Ti 2p and O 1s core
level spectra of the sample are also shown. The Ti 2p signal, char-
acterized by spin orbit (1/2, 3/2) Ti doublet components, can be
decomposed into three contributions corresponding to three differ-
ent titanium species. Voigt shape functions, with the same FWHM
for each peak were used for the deconvolution. The ratio area of
the doublets is equal to 0.5 and the binding energy difference is
5.7eV, in agreement with literature data [8]. The three Ti 2p3),
peaks, located at BE 456.7, 457.8 and 458.8eV are assigned to
in Ti, O3, Ti—OH and TiO,, respectively. The O 1s region can be
decomposed with three contributions at about 529.7, 531.5 and
532.4eV, assigned at O—Ti**, 0—Ti3* and HO—Ti, respectively [44].
The contribution of organic contaminants such as C—0 and 0—C=0,
always present, cannot be distinguished from the hydroxyl groups
and Ti, O3 signals since they have similar binding energies [41].
From XPS analysis is evident that suboxide phases are signifi-
cantly present in the rutile nanoparticles. Moreover, the partially
oxidized Ti surface shows a high reactivity toward OH groups.
In fact, the hydroxyl groups were likely associated with surface
sites of nonstoichiometric titania nanoparticles. It is noteworthy to
stress that not any significant difference has been evidenced in XPS
spectra between microtubes and nanoparticles. The aggregation of
nanoparticles on the external surface of microtubes justify it.

4. Discussion

Immediately after an ultra-short laser pulse hits a titanium tar-
get submerged in water manifold process are going to be involved.
First of all, the laser induces a high temperature and a high pressure
Ti plasma, which interact with the surrounding liquid medium. At
the plasma-liquid interface an ultrafast quenching of the Ti plasma
is caused. The consequent dense cloud of titanium species so gen-
erated leads to the formation of embryonic Ti clusters. At the same
time the laser-water interactions may cause photodissociation of
the water due to one-photon or multiple-photon excitation and the
formation of bubbles at the laser spot [45]. It should be also consid-
ered that during the interaction at Ti plasma-liquid interface, the
surrounding solvent can be excited, ionized and dissociated. The
layer of vapor produced around the laser induced plasma could
grow into a cavitation bubble which expand and then collapse,
on a time scale on the order of hundreds of microseconds. Water
vapor, ionized and excited atomic and molecular hydrogen and oxy-
gen so formed give rise to a high reactive “water plasma” inside
the cavitation bubble. The interactions among the water plasma
and the formed active metallic clusters provide, through chemi-
cal reactions, the oxidation of metallic Ti and final formation of
TixOy nanostructures. Soluble oxygen in water or products of pho-
todissociation may aid the nanoparticles oxidation [8,33,37]. It has
been reported that the ablation of active metals such as titanium
in water, gives as primary products its hydroxides. These hydrox-
ide seeds can either become dehydrated into oxide by water loss,
or become clustered to form hydroxide nanoparticles [46]. As a
consequence of the process complexity different kinds of titanium
oxide and hydroxide nanostructures can be grown. The nanopar-
ticles growth process takes place inside the cavitation bubble. So,
when the bubble reaches its maximum radius and the gas inside
the bubble is in equilibrium with the surrounding liquid, the newly
formed nanoparticles undergo a rapid cooling from plume tem-
perature to the temperature of the solvent. In this experimental
conditions the formation of high temperature stable phase (rutile)
is possible together with the presence of titanate amorphous phase
due to the shock-wave loading induced by the pulsed laser ablation
in liquid process itself [32]. Moreover, the preferential condensa-
tion and nucleation of vaporized plume species on the interfaces
between water and gas bubble, in order to minimize the inter-
facial surface free energy, can be argued [39]. The AFM images
(Fig. 1a and b) and structural characterizations here reported have
shown that during ultra-short laser ablation of titanium in water
about 50 nm radius nanoparticles have been formed. These can be
indeed caused by the presence of very small rutile crystallite in
the amorphous matrix. Considering the XPS and Raman data, it
can be stated that these colloids are hydroxylated via adsorbed
hydroxyl moieties. This reaction could be favored on the Ti3" sites
[44]. The co-presence of Ti;03, TiO, and TiOH, detected by XPS,
denotes the occurrence of nonstoichiometric titania phases and
hence titanium and/or oxygen vacancies. The hydroxyl groups can
be related to different nonstoichiometric sites of the titania surface
inducing interactions, such as hydrogen bonds, with the surround-
ing water molecules [37]. Huang et al. [37] have also shown that
a high amount of hydroxyl groups were present in titania micro-
tubes formed during laser ablation in water by using a nanosecond
laser source and that their protonated structure was different from
that of titanium hydrate such as H,Ti3O; [47,48]. Stress strain
of amorphous titania has been considered, by scrolling up of its
lamellae forms, as the leading factor for the amorphous micro-
tubes formation observed by Huang et al. [37]. The presence of
Ti3* and Ti** oxidation state justifies that interstitial protons H*
can act as charge compensating of cation vacancies. The presence
of H* into the amorphous titania plate interlayer space can be rel-
evant for inducing a strain field between the surface layer of the
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Fig. 9. Schematic illustration for the proposed formation process of titania micro-
tubes.

amorphous lamellae when hydrogen deficiency may be induced on
it. Hydroxyl groups present at the titania plate surface can form H,O
by reacting with the surface H* ions so that Ti—O bonds undergo a
contraction [47]. This process can lead to titania outer monolayer
stress strain causing its peeling-off from the remaining amorphous
plate and then scrolling-up into nanotubes. Such a mechanism has
been considered also for explaining the formation of TiO, based
nanotubes when a crystalline TiO, powder reacts with a NaOH solu-
tion [42,47]. In this particular experimental conditions nanotubes
present the well known structure of titanium hydrate H,TizO.
The dimension of such nanotubes is controlled by this surface ten-
sion together with interlayer coupling energy and Coulomb force
[42,47]. On the contrary, in this work, the presence of OH~ species
due to the interaction of the water solvent with a high energetic
laser source and with a plume characterized by extreme value of
temperature, could induce the delamination of the amorphous frac-
tion of the titania nanostructures formed during the laser ablation.
Indeed, this can lead to the observed formation of nonstoichiomet-
ric TiO, based nanoparticles first and then by dwelling in water the
ablated Ti species, the successive growth of needle-shaped prod-
ucts, nanotubes and the observed microtubes. For the existence
of needle-shaped products and nanotubes titania plates or lamel-
lae formations are needed [42,47]. As it has been reported, these
have been indeed observed in the AFM image presented in Fig. 2a
and probably even stabilized via oxolation during the laser ablation
process. Afterwards, upon ripening in water, they first evolve into
nanowiskers and then to belts of some hundreds of nanometers
large. Finally, leaving the formed species in water for one month, it
has been evidenced the formation of microtubes with an internal
smooth surface and an external surface formed by the aggregation
and coalescence of nanoparticles. In Fig. 9 a schematic illustra-
tion of the proposed process of titania microtubes is reported. We
believe that the origin of the microtubes is related to the initial
lamellar phase reported in this work. Conversely, the formation
of microtubes directly from nanoparticles aggregation has been
observed, as it is reported in literature [19-24], but only in pres-
ence of templates such as glass fibers or rod-shaped calcite. With
regard to the observed agglomerate structures it can be considerd
that the detected Ti—OH species can definitely play a relevant role
in hydrogen bond formation and the nanoparticles aggregation and
coalescence onto the microtubes external surface.

5. Conclusions

Laser ablation of a titanium target submerged in water, by using
a high power density configuration (2 x 1016 W/cm?) induces the
formation of titania nanoparticles with a certain quantity of rutile
phase. A XPS analysis has shown the co-presence of Ti; O3, TiO,
and TiOH, denoting the occurrence of nonstoichiometric titania
phases and hence cation and/or oxygen vacancies. Upon remaining
in water the ablated species it has been obsreved the formation of
lamellar nanostructures. These evolve initially into nanowiskers,

then to nanobelts and finally into microtubes. The presence of OH—
species could induce the delamination of the titania nanostructures
and the occurrence of Ti3* and Ti** oxidation states can justify that
interstitial protons H* can lead toward a strain field between the
surface layers inducing their peeling-off and formation of micro-
tubes by a self-assembling mechanism. The detected Ti—OH species
can indeed play a relevant role in aggregation and coalescence of
nanoparticles on the observed outer surface of the microtubes by
hydrogen bonds formation, opening a new root for preparing the
TiO, microtubes by the ultra-short LAL method.
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