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ABSTRACT

This work focuses on the study of photo-catalytic and antibacterial activity of TiO, nanoparticles
synthesized by laser ablation in water. The nanoparticles have a log normal size distribution with a mean
diameter of 34 nm and are composed by a mixture of small crystallites and disordered TiO2; they show
good stability and are extremely pure. High photo-catalytic (methylene blue dye discoloration under UV
illumination) and antibacterial (tested on Escherichia coli) activities comparable to that of commercial
nanoparticles under the same experimental conditions were observed. Optical and structural properties
were correlated to the photo-catalytic and antibacterial activity, and compared to that of commercial TiO-
nanoparticles. An explanation of the high photoactivity yield is proposed taking into account the
nanoparticles structure resulting from the peculiar synthesis procedure.
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1.INTRODUCTION

Titanium oxide has received in the past 15 years a great interest both in the scientific community
and in the industry, due to its properties such as photo-catalytic activity, hydrophilicity, stability, harmless
(in bulk), and good economical yield. Taking the advantage of these properties, it is used in a wide range
of applications as the decomposition of pollutants in air, water treatments, self-cleaning cover glasses and
killing harmful bacteria [1][2].

Antimicrobial activity of TiO, was observed in 1985 by Matsunaga and colleagues, who reported
that microbial cells could be killed by the contact with a TiO2-Pt catalyst under illumination with near UV
light [3]. Since then, many studies have investigated the disinfection potential of photo-catalysis using
TiO,, both powder and film, as photo-catalysts [3-6]. According to literature data, highly reactive oxygen
species (ROS) are thought to be the key species in the photo-catalytic disinfection process. In fact, the
photo-generated holes and electrons trapped on the surface of the semiconductor react with adsorbed
species to initiate the formation of highly reactive oxygen species (ROS),»OH, O2+— and HO2¢, capable of
mineralizing pollutants. All three ROS exhibit bactericidal activity but some studies have emphasized that
the hydroxyl radical would be the most important oxidant species responsible for the attack of the bacterial
cell wall, leading to modifications of membrane permeability and cell death. [4-6]

One of the most important applications of TiO,, is the exploitation for water and air purification
through utilization of solar energy [7]. Today, one of the biggest problems of humanity is the inadequate
access to clean water. For this reason, much effort is devoted to study new efficient, low cost methods of
purifying water, saving energy, and minimizing the consumption of chemical compounds to reduce their
impact on the environment. Several methods have been developed for the realization of nano-structured
titanium oxide membranes or films for developing very efficient photo-catalytic filters for water
purification [8]. These nano-materials may be composed of nanofibers, nanotubes or nanoparticles [9-14],
employing a variety of techniques such as plasma spray [15], anodization [16] and hydrothermal growth
[17].

Synthesis of titanium oxide nanoparticles directly in liquid takes advantages of the simplicity of
handling with low risk, and of the compatibility with other fabrication techniques such as spraying [15],
dip or spin coating [18-20]. It is also compatible with membranes of polymeric nanocomposites [21-23].



Pulsed Laser Ablation in Liquids (PLAL) is one of the most promising techniques for the synthesis
of oxide nanoparticles in liquids or in polymer matrices. It is a versatile, economical and “green”
methodology that avoids the use of chemical reagents and reaction products, solving the problem of
purification of nano-materials [24]. Moreover, it was recently demonstrated by Barcikowsky et al. that
PLAL is also suitable for industrial purposes thanks to the high ablation rate (21 mg/min) [25] and the
limited poly-dispersion [26-28]. The results reported in the literature concerning Ti ablation in water are
controversial since some authors claim that the ablation of a titanium target in water results in the
formation of metallic titanium nanoparticles [29], while others have obtained TiOx particles [30,32] or a
mixture of amorphous and crystalline phases [33]. Presumably the details of PLAL process have a strong
impact on the properties of nanoparticles. Moreover, different experimental setup of PLAL may also
influence photocatalytical and antibacterial activities [34,35]. Holes and electrons, generated through UV
illumination, have to be separated and trapped onto surface defects in order to allow the electrochemical
reaction with pollutants and water to proceed. In the case of TiO2, photocatalytical activity strongly
depends on the quantity and properties of surface defects (Ti interstitials, O vacancies, H inclusion or
disorder) which, in turn, depend on the experimental setup of PLAL. Thus, it is reasonable that differences
in the PLAL process may stem in nanoparticles with variable photocatalytic properties.

A systematic study of the combined photo-catalytic and antibacterial properties of titanium oxides
obtained in defined ablation condition is lacking in our knowledge.

In this work, we report structural and optical characterization of the titanium oxide nanoparticles
synthesised by PLAL in water by dynamic light scattering (DLS), UV-Visible spectroscopy (UV),
scanning electron microscope (SEM), X-ray diffraction (XRD). The photo-catalytic activity of
nanoparticles was evaluated by the discolouration of methylene-blue (MB) dye method and compared with
that of commercial TiO, nano-powder. The antibacterial activity was tested on Escherichia coli, a well-
known Gram-negative bacterium considered to be an indicator of faecal contamination in drinking water.
Bacterial survival and the MTT assay were performed in comparison with commercial powder.



2. MATERIAL AND METHODS

2.1 PREPARATION

The synthesis of laser ablated nanoparticles (LA-Nps) was performed by the PLAL method. A
Nd:YAG (Giant G790-30) 1064 nm laser (10 ns pulse duration, 10 Hz repetition rate) was employed to
irradiate a titanium metal plate (Goodfellow, purity 99.9%, as rolled). The laser was focused using a lens
(focal length of 20 cm), on the bottom of a teflon vessel filled with 5 ml of deionised Milli-Q water
(resistivity 18 MOhm cm). The sample was irradiated at a fluence ® of 5 J/cm? and the spot size was
approximately 3.5 mm in diameter. The mass of the ablated material was estimated by weighting the target
before and after the ablation with a micro analytical balance (Sartorius M5) with a sensitivity of 100 pg.
The titanium concentration in solution was calculated assuming that ablated material has been totally
converted in nanoparticle.

Commercial standard TiO nanoparticles (C-Nps) by Sigma Aldrich were used as a reference for
the decolouration experiments. Bach solution is obtained by dissolving 8 mg of powder in 8 ml of Milli-Q
water (final concentration of 1 mg/ml) and stirring for 30 minutes.

2.2 METHODS

The UV-vis spectra were collected using a Perkin-Elmer Lambda 40 spectrometer in the
wavelength range 350-900 nm with a integrating sphere (Labsphere 20).

DLS measurements were performed by a homemade apparatus as described elsewhere [36]: briefly
the illumination source was a 660 nm diode laser whose power ranged between 15 and 150 mW, and the
light scattered at 90° with respect the forward direction was recorded. The intensity auto-correlation
function is obtained by a BI-9100 (Brookhaven Instruments Corporation) correlator working in photon
counting regime. The field autocorrelation function, g1, is computed from the intensity autocorrelation
function, g2, using the Segret relation (g2 = |g1]?) [37] and is analyzed with second cumulant analysis
method.

The samples for SEM,TEM and XRD measurements were produced drying a solution drop on
substrates of copper foil, copper grid (covered with a holey carbon film) and glass respectively. Although some
spurious effects can arise during and after the drying (particle—particle and particle—surface interactions),
nonetheless the phase, shape, dimension and structure of the single nanoparticles are expected to be not
influenced by these effects.

SEM images were acquired by using a Field Emission SEM (Gemini Zeiss SUPRA™ 25) at
working distance of 5-6 mm, using an electron beam of 5 keV and an in-lens detector. ImageJ software was used to
estimate the size of the nanoparticles.

TEM images were acquired by using a JEOL 2010 microscope operating at an acceleration voltage
of 200 kV.

Crystal structure of the reference and synthesized nanoparticles was determined by X-ray
diffraction (XRD, Bruker D-9000, Cu K,, 40 kV, 40 mA, at 0.01° s) and Bruker diffraction suite software
for the diffraction analysis. The Scherrer equation was applied to estimate the crystallite size.

In order to evaluate the photocatalitic activity of laser ablated nanoparticles dispersed in water,
UV-photo-degradation test with Methylene-Blue (MB) dye was carried out. For these tests 20 uL of MB
solutions (0.05 wt. %) was added to the titanium oxide dispersion. Appropriate volumes of water were
added up to 2 ml. The same preparation method was performed for commercial nanoparticles. The MB
concentrations were measured applying the Lambert-bear law at 664 nm (extinction coefficient 7.4x10* M-
lem™) after subtraction of background due to scattering. Moreover the scattering intensity gave us an
independent indication of nanoparticle concentration. The solutions were left for one hour in dark to allow
the absorption of MB onto nanoparticles and then, were illuminated by UV light. During the UV light
irradiation the solutions were placed in a circular vessel of 2 cm?and covered with a quartz glass to avoid
evaporation during irradiation. The wavelength of the UV light source was centred at 368 nm (FWHM
lower than 10 nm) and UV irradiance was 1.1 mW/cm?. The degradation rate was measured after 30
minutes of irradiation to overcome the non-linearity effects due to MB degradation kinetics [40].

Antibacterial activity of both C-Nps and LA-Nps was tested on Escherichia coli ATCC25922. A
single colony was inoculated in 50ml of Luria-Bertani (LB) broth and grown overnight at 37°C by constant
agitation at 180rpm under aerobic conditions. The following day, the bacterial growth was measured by
optical density at 600nm.

CFU count. Bacteria were diluted up to 108 CFU/ml and exposed either to C-Nps or LA-Nps at

different concentrations in a volume of 2ml. Fhe-bactericidal-activity-is-due-to-the photocatalysis of HO.-



In order to test antibacterial activity, photo-catalysis was induced by exposition to the same UV light as for
the MB photo-degradation. Untreated and exposed to UV only bacteria were treated in parallel as controls.
Experiments were made in triplicates. Final concentrations of C-Nps and LA-Nps were tested, ranging
from 25 to 100 pg/ml. Aliquots were collected at 15, 30 and 60 minutes respectively, conveniently diluted
by serial dilutions 1:10 and plated in LB Agar Petri dishes. Plates were incubated overnight at 37°C. CFU
were counted the following day.

MTT Assay. Bacteria were diluted up to 108 CFU/ml and exposed either to C-Nps or LA-Nps at
different concentrations in a volume of 200ul. Final concentrations of C-Nps and LA-Nps were tested,
ranging from 25 to 100 pg/ml. Untreated and exposed to UV only samples were run in parallel as controls.
After 60 min exposition under the UV light, 100 ul were collected from each sample. MTT (10 pl) was
added to each collected sample. Samples were incubated at 37°C for 2h in a thermostatic bath. After
incubation, they were centrifuged at 8000 rpm for 3’ and the supernatant discarded. Precipitated formazan
crystals were resuspended in 200ul SDS10%, HCI 0,01N. After addition of 800ul of NaCl 0.9%, samples
absorbance was measured at 575nm.



3.RESULTS

DLS and UV-Vis absorption spectra were carried out in order to characterize the colloidal
solutions in liquid environment immediately after the ablation process.

Fig. 1a shows the UV-Vis spectra of laser ablated and commercial TiO; nanoparticles in distilled
water. A strong absorption occurs below 400 nm in both samples; at longer wavelength the extinction of
LA-Nps is definitely lower than that of C-Nps because of the scattering. In order to extract the absorption
coefficient o from the extinction spectra, the contributions of the scattered light, fitted with an exponential
law, has been subtracted.

It is well known that in direct bandgap or amorphous semiconductors the quantity (ahv)" depends
linearly on hv being r=2 or r=1/2 respectively. In indirect bandgap semiconductors a'? is linear with hv
[39] and the band gap value is the intercept of the fit of the experimental curve with hv axis.

In fig 1b the a2 versus hv is reported for both LA-Nps and C-Nps. From the linear fit of the two
curves result a band-gap of 3.13 eV and 3.18 eV for laser ablated and commercial nanoparticles,
respectively, in agreement with generally accepted values [40]. In addiction to that, in the insert of fig 1b a
linear behaviour of (ahv)*? versus hv in LA-Nps is evident at photons energy lower than 3 eV suggesting
either the presence of a large amount of states inside the band-gap or a fraction of amorphous LA-Nps with
agap of 2 eV.

The hydrodynamic diameter and the mass of LA-Nps as a function of irradiation time are shown in
fig 2a and b, respectively. At the initial stage, t<10 min, large nanoparticles are formed at a rate of 30
ug/min, at longer times both nanoparticle diameter and the ablation rate saturate at 180 nm and 70 pg/min,
respectively. In the inset of fig 2a the comparison between the intensity autocorrelation function of LA-
Nps and C-Nps is shown. Cumulant analysis gives a decay time of 1.4x10° s and 8.5x107s corresponding
to a hydrodynamic diameter of about 181 nm and 1.1 um for LA-Nps and C-Nps respectively.

It must be considered, however, that though DLS is a fast, non-destructive technique that allows
measurement of nanoparticles size directly in solution, it overestimates the particle size in poly-disperse
systems since the scattered light depends on diameter to the power of 6. To get the real LA-Nps size we
performed SEM and TEM analysis on solid samples obtained by the drying of the solution. Figures 3a and
3c show a high resolution SEM and TEM image respectively of LA-Nps. The nanoparticles present
spherical shape with well defined contour. The diameter histogram, obtained by the analysis of SEM image,
is shown in fig 3b, and can be fitted with a log-normal distribution
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with a dy, of 34+1 nm and & of 0.5.

In the case of C-Nps compact aggregates of some microns in diameter are observed and showed
fig 3d. These aggregates are constituted by smaller nanoparticles with mean size of 50 nm.

The nanoparticles stoichiometry was checked by RBS using a 2MeV He* beam with a scattering
angle of 165° in normal incidence. The RBS spectrum (showed in fig 1 of supporting information) shows
signals from Ti, O, and Si. From the ratio of the Ti peak area to that of oxygen, the ratio [O]/[Ti]= 2.0+0.1
has been evaluated. This stoichiometry is an averaged value since the film is composed by a random
distribution of aggregated nanoparticles and it is not possible to evaluate the eventual oxidation profile
over the particle structure.

XRD patterns obtained from LA-Nps and C-Nps are presented in fig 4. The diffraction pattern of
the LA-Nps presents a very low intensity and broad peak (in the range 20°-30°) indicating the existence of
a weak crystalline (disordered) structure. Despite of this broad spectrum the position of the peak is more
compatible with anatase than rutile crystal phase though the presence of small amount of rutile cannot be
excluded. Not taking into account lattice imperfections, possible inhomogeneous strains of the crystalline
lattice, and assuming a unique anatase phase crystal, the average grain size of 2 nm can be estimated from
the spectra by using the Debye-Scherrer approximation [41]. The presence of amorphous phase cannot be
excluded on the basis of the XRD results. Indeed a broad peak compatible with an amorphous phase has
been observed by Raman spectroscopy measurements (showed in fig 2 of supporting information). Another
interesting point to be pointed out is the presence of hydroxyl groups, in dried LA-Nps, that has been
evidenced in FTIR spectroscopy (showed in fig 3 of supporting information). H is identified by OH
stretching at about 3400 cm™in FTIR spectra, as previously reported by Johnson et al. [42].

P(d)=



C-Nps have well defined crystal structure composed by anatase and rutile, with a mixture of

approx 86% of anatase and 14 % of rutile, obtained by the relationship [43], _ a +0.8|uion).l where x is the
(110)

weight fraction of rutile in the powders, and 01y and lq10) are the X-ray intensities of the anatase and rutile

peaks, respectively in the position (101) (25.5°) and (110) (27.5 °).

From the merge of our analyses we can state that PLAL, in this particular experimental set-up,
results in the formation of 34 nm sized hydrogenated TiO, nanoparticles. The phase of LA-Nps can be
either a heavy defected very small anatase crystallites or a mixture of anatase and amorphous TiO- since
the investigation so far performed do not allow discriminating between those.

The photocatalytic activity of LA-Nps was measured by means of the decolouration of methylene blue
(MB) dye. In fig. 5a the absorption spectra of MB for different times of irradiation, in a solution of 50 pg/ml
of LA-Nps, are shown. The spectra are normalized to that of the as-prepared solution. Using the absorption
at 664 nm as a marker of MB concentration we plotted in fig 5b the MB concentration as a function of time
for different LA-Nps concentrations in the range 5 ug/ml to 100 ug/ml exposed to UV. The graph includes
the period preceding the UV exposition, given in negative values and denoted as dark in the graph, which
reports the initial absorption of MB onto Nps.. The decrease of pure MB under illumination is also shown for
comparison. No significant absorption of MB by Nps was detected as it is shown in the graph, thus the
following reduction of MB concentration under UV exposure can be ascribed to the photocatalytical activity
of Nps. The decrease of methylene-blue concentration under UV exposition follows a first-order kinetic law:
In C/CO = —k t, where k is the decolouration rate. The results for several TiO, concentrations are summarized
in fig 5¢ where the decolouration rate is reported as full dots. In the same graph, the decolouration rate of C-
Nps is reported as open symbol. The data points from LA-Nps and C-Nps lie on a unique curve although the
previously discussed difference between these particles.

Different concentrations of C-Nps and LA-Nps were tested for CFU counts and MTT assay,
ranging from 25 pg/ml to 100 pg/ml. The best activity was obtained at the highest TiO, concentration (100
pg/ml). In fig 6a untreated and exposed to UV only bacteria, run as controls, are shown in the same figure.
After 60° exposure to C-Nps, E. coli survival rate is around 25%. However, after 60’ exposure to LA-Nps,
bacterial survival rate was around 15%. Thus, LA-Nps display a slightly enhanced antibacterial activity if
compared to the efficacy showed by the C-Nps.

MTT assay confirms results obtained by CFU count. After 60’ exposure to C-Nps at the final
concentration of 100 pg/ml, metabolism rate is reduced up to 22% whereas after 60 exposure to LA-Nps,
metabolism rate is reduced up to 14%. This result is shown in the lower part (b) of fig 6. Again, LA-Nps
show a slightly enhanced activity compared to C-Nps.

In both assays, the experimental error is around 5%. Differences in the antibacterial activity of
LA-Nps and C-Nps, albeit small, are statistically significant, with p<0.01, as assessed by a chi-square test
performed on raw data.



4.DISCUSSION

We first discuss the origin of LA-Nps size variation in water during irradiation. As seen in fig. 2,
the hydrodynamic diameter reduces abruptly during the first ten minutes of irradiation (6x10° pulses) from
250 nm to the final steady state value of 180 nm caused by a variation of the nanoparticles morphology
because of the re-irradiation of the nanoparticles dispersed in water. It has been shown that the absorption
of the laser energy and the consequent melting or vaporization of the nanoparticles cause the reshaping or
resizing, respectively [44]. In order to determine whether reshaping or size reduction may be caused by
heating of particles, we estimated the temperature increase during the laser pulse. The adsorbed energy Q

per particle isiqg_ 7 g2q : where o is the photon fluence, Qans is the absorption Mie efficiency for spherical
4 ans

nanoparticles with diameter d. Qas was estimated by using the complex refractive index of bulk
amorphous TiO, with a weak absorption due to non linear effects [45]. On the other hand absorption by
defects is not expected to increase significantly Qans close to 1064 nm. The heat loss either by convective
and radiative processes within 10 ns is considered to be negligible compared to the absorbed laser energy
[44]. This clearly overestimates the real temperature reached by nanoparticles during irradiation. For a 5
Jiem? pulse and particles size of 34 nm (fig. 3), Qans Was estimated to be lower than 10°%; the corresponding
increase of temperature (calculated by .. _ Q  where Cy= 690 J/Kg/K and m is the mass of the particle)
Cp-m

is estimated to be less than 900°C. The temperature rises is definitely lower than it is required to melt TiO,
nanoparticle and a size variation, due to melting, seems very unlikely. We could invoke a variation of the
target surface morphology and a consequent change in ablation conditions to justify the nanoparticle size
variation. This would mean that there is an initial stage in which the target surface morphology varies.
After that, when steady state is reached, the nanoparticles stabilize at constant value and the ablated mass
is constant for each pulse (fig 2b).

A second point to be discussed is the possibility to generate amorphous or disordered nanoparticles
by PLAL. In ambient conditions, the crystalline phases of TiO; are in general the most stable. In particular,
anatase is preferred in particles smaller than about 11 nm, brookite between 11 and 35 nm, and rutile for
larger particles [45-49]. The formation of the amorphous phase in LA-Nps could be ascribed to the fast,
non-equilibrium quenching process and to the high temperature and pressure that are characteristic of the
laser ablation process. During the laser ablation in liquids, high temperature and high pressure are
generated on the target surface leading to the formation of a hot plasma plume over the laser spot [50].
High pressure (similar to those obtained during confinement of the plume inside the cavitation bubble) has
been reported to cause the anatase-amorphous transition [51-53]. Moreover, being the plasma inside the
cavitation bubble in water, it mixes with hydrogen, oxygen and water molecules, enhancing the
temperature quenching [54-55] and realizing the Ti-O alloy. This process has been estimated to be 4 orders
of magnitude more efficient than that required to quench the metastable amorphous phase [56-58].

We will discuss in the following the photocatalytic and antibacterial activity of TiO,. When
titanium oxide absorbs the UV radiation, the generated electrons and holes have sufficient energy to
catalyze the reaction of hydrolysis of water and to induce the formation of reactive oxygen species (ROS).
These extremely active oxidizing species are responsible of the decomposition of several organic
compounds [59-68] and of the antibacterial activity of TiO2[69]. The most important and generally
accepted reactions for the ROS production are [70-75]:

TiO, —TiO, + &g + Ny

HzoerB—>0H'+Hhi

O, (ads) + e, ——0O;

Size, state of aggregation, exposed surface, amount of defects near the surface and also presence of
the amorphous phase have a large effect on the activity of TiO> colloids.

Photocatalytic activity is measured by following the degradation of MB dye under UV irradiation.
Indeed it is well known that MB can react with electron, holes or ROS species to give rise colourless
products. As reported in figures 5a and 5b, discoloration of MB caused by the UV irradiation, in presence
of LA-Nps, shows an exponential behaviour which resembles a first-order kinetic. The observed
decolouration rate presents a linear trend with the concentration of LA-Nps in solution. LA-Nps show a
similar steady state photo-catalytical efficiency of C-Nps, demonstrating a high photocatalytical activity, in
despite of the low degree of crystallininty and the presence of amorphous phase.

LA-Nps antibacterial activity was tested by measuring the survival rate of Escherichia coli after
exposure to UV light. E. coli is a well-known Gram-negative bacteria, it is a representative of coliforms
and it is considered as-an to be an indicator of fecal contamination. International regulations on wastewater



treatment fix an upper limit of E. coli concentration in drinkable water. Hence, Escherichia coli has been
chosen as a model organism. As shown in figure 6, LA-Nps are able to reduce bacterial survival to 15%, a
result comparable to that obtained through C-Nps. Exposure of Escherichia coli to UV light in absence of
TiO; reduced bacterial survival only up to 80%, thus damage due to UV light only is modest. Therefore,
the majority of the effect is imputable to nanoparticles. In order to further investigate the antibacterial
activity of LA-Nps, the MTT assay has been performed. MTT assay is based on the conversion of
tetrazolium dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) into purple
formazan crystals, by succinate dehydrogenase, a Krebs cycle’s enzyme. Most respiring microorganisms
are able to reduce tetrazolium dyes in their electron transport chain, generating results within hours [60].
Since in aerobic conditions, the respiratory activity is proportional to the number of viable cells, this assay
is broadly used to measure in vitro cytotoxic effects. In our tests, MTT results confirm the observations
made by CFU counts (Fig 6a). Our results show that in one hour LA-Nps are able to achieve an
antibacterial activity slightly higher than C-Nps. The antimicrobial action of the TiO, photocatalyst has
been ascribed to reactive oxygen species (ROS). Cho and colleagues demonstrated an excellent linear
correlation between the amount of OH radical and the extent of E. coli inactivation in TiO, photocatalytic
disinfection. They observed that the superoxide alone play a minor role in the inactivation mechanism of
microorganisms while the OH radical is the primary species responsible for E. coli inactivation [69]. It is
reasonable that a similar amount of ROS is generated by photo-catalysis for LA-Nps and C-Nps.

The high photocatalytic and antibacterial activity of LA-Nps may be ascribed to the presence of a
disordered phase and to the high concentration of defects. In fact, the presence of defects like Ti
interstitials, O vacancies, H inclusions can enhance the photo-activity of the crystalline TiO,. In the most
accepted mechanism of photo-catalysis, proposed by Fujishima [2], holes are trapped into surface defects
and electrons localize into small hydrogen rich surface regions. This charges separation reduces the
probability of recombination and increases the photo-catalytic effect. Following this idea, “black
hydrogenated TiO,” nano-crystals consisting of anatase core with a disordered H rich external shell, were
recently synthesized [35]. The enhancement of the photo-catalytic activity was due to the “engineered
disordered layer” caused by the incorporation of H onto the surface of the nanoparticles [36]. Moreover, it
was recently demonstrated that Ti interstitials, and even more O vacancies, catalyze the O adsorption and
the scavenging of electrons with the consequent increase of the TiO, photo-activity [34]. In our case,
nanoparticles have both a relatively high amount of defects or disordered layer, and H as detected by FTIR,
due to the synthesis mechanism, and the surface stoichiometry can affect photo-activity properties. These
features could make LA-Nps similar to black hydrogenated TiO; and this could be the reason of the high
photo-catalytical and antibacterial activity. Moreover, aggregation has been reported as an improving
factor of photocatalytic activity for the mixed phase anatase-rutile nanoparticles, since the migration of
electrons across a phase junction was beneficial for charge separation [76]. Early studies suggested
polymorphic characteristics to be one of the reasons for the high photocatalytic efficiency of C-Nps
powder [77], this study is evidencing that even an amorphous component is relevant.

These two reported complementary arguments cannot be easily disentangled. Further analyses are
necessary to improve the understanding of the mechanism for the high photo-catalytic activity for LA-Nps
and in particular the role played by surface defects. The observed data can add relevant implications on the
effects of TiO, polymorphisms on photocatalytic activity.

5.CONCLUSION

An extensive characterization of an alternative, industrially compatible and “green” synthesis of
titanium oxides nanoparticles, with photo-catalytic activity and antibacterial properties comparable to
commercial TiO, nanoparticles, is presented. The nanoparticles have a spherical shape, log normal size
distribution with a mode of about 30 nm, and are well dispersed in liquid to ensure an effective large
surface/volume ratio. They are shown to be a mixture of amorphous and very small (lower than 10 nm)
nano-crystals. The decolouration rate of MB dye and antimicrobial activity, as assessed on Escherichia coli,
were both comparable to those obtained with a highly active crystalline powder of commercially available
TiO,. Such high activity was correlated to the synthesis methodology and was attributed to the defects that
prevent the electron-hole recombination. The efficient photo-catalytic rate, the antibacterial properties and
the innovative synthesis make these nanoparticles an attractive option for a wide range of possible
applications for water and air purification.
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Figure caption

Figure 1: (a) UV-Vis spectra of laser abated titanium oxide nanoparticles and commercial TiO2
nanoparticles in water. (a) (o)*1/2 versus hv plot for indirect band gap transition for laser ablated and
commercial nanoparticles. A band-gap of 3.13 eV and 3.18 eV for laser ablated and commercial
nanoparticles respectively can be extracted from the intercept of the fit of the experimental curve with hv
axis (b) Tauch plot for amorphous (ahv)*1/2 versus hy for LA-Nps together with the straight line fit.

Figure 2: Hydrodynamic diameter (a) and ablated mass (b) as a function of ablation time. In the
insert, DLS autocorrelation functions for LA-Nps and C-Nps in semi-log scale.

Figure 3: (a) High resolution FE-SEM image of LA-Nps. (b) Size distribution of LA-Nps together
with a log-normal distribution fit. (c) High resolution TEM images of LA-Nps. (d) SEM image of C-Nps.

Figure 4: XRD pattern of LA-Nps and C-Nps. Vertical lines indicate the position of the main
anatase (dash line at 25.5° A(101)) and rutile (dash-dot line at 27.5 ° R(110)) peaks.

Figure 5 (a) Absorption spectra of MB after UV irradiation for different times in a 50 ug/ml
solution of LA-Nps. (b) Relative MB absorption at 664 nm as a function of irradiation time. Concentration
of LA-Nps ranges from 5 ug/ml to 100 ug/ml. (c) Decolouration rate of LA-Nps and C-Nps as a function
of the amount of titanium. A linear fit of LA-Nps decolouration rate is also shown.

Figure 6: Antibacterial activity test. Relative E.coli survival rate for CFU count (a) and relative
values of absorbance measured at 575nm for MTT assay (b) after 60’ exposure to LA-Nps and C-Nps.
Untreated control and UV control were run in parallel.

Figure 1 SlI: RBS spectra of a dried LA-Nps. RBS was performed by using a 2MeV He* beam
with a scattering angle of 165° in normal incidence. The solid sample was prepared by drying a solution
drop on a silicon substrate. This procedure leaves a thin layer of Nps over the Si face. Signals from Ti, O,
and Si are evident. From the ratio of the Ti peak area to that of oxygen, the ratio [O]/[Ti]= 2.0+0.1 has
been evaluated.

Figure 2 SI: Raman spectra of LA-Nps, amorphous, anatase and rutile TiO- film. Raman spectra
were collected by using a HR800 integrated system by Horiba Jobin Yvon in a back-scattering
configuration with a grating with 2400gr/mm. The excitation wavelength is supplied by a He-Cd laser (325
nm) with a penetration depth is 16 nm.

Figure 3 Sl: FTIR absorbance measurements of dried LA-Nps. Hydroxyl groups were identified
by OH stretching at about 3400 cm™ and TiO, features were identified at 750 cm™. Measurements were
performed with a Perkin Elmer FTIR SPECTRUM 1000 in the wavenumber range between 500 and 4000
cm* with a resolution of 2 cm™™,



