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Abstract

We propose a ground-breaking approach by an upside-down vision of the Au/TiO, nano-system
in order to obtain an enhanced photocatalytic response. The system was synthesized by wrapping
Au nanoparticles (~ 8 nm mean diameter) with a thin layer of TiO; (~ 4 nm thick). The novel idea
of embedding Au nanoparticles with titanium dioxide takes advantage of the presence of metal
nanoparticles, in terms of electron trapping, without losing any of the TiO, exposed surface, so to
favor the photocatalytic performance of titanium dioxide. A complete structural characterization
was made by scanning electron microscopy, transmission electron microscopy and X-ray
diffraction. The remarkable photocatalytic performance together with the stability of the nano-
system were demonstrated by the degradation of Methylene blue dye in water. The non-toxicity of
the nano-system was established by testing the effect of the material on the reproductive cycle of
Mytilus galloprovincialis in an aquatic environment. The originally synthesized material was also
compared to conventional TiO, with Au nanoparticles on top. The latter system showed a dispersion
of Au nanoparticles in the liquid environment, due to their instability in the aqueous solution that
clearly represents an environmental contamination issue. Thus, the results show that nanometric
TiO, wrapping of Au nanoparticles has a great potential in eco-friendly water/wastewater

purification.
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Introduction

Today, one of the biggest problems of humanity is the inadequate access to clean water. This
problem is expected to grow in the coming years, when water scarcity will be global, even in
regions currently considered water-rich. For this reason, much effort is devoted to study new
methods of purifying water, efficiently, with less energy, also minimizing the consumption of
chemical compounds and their impact on the environment.

Since photo-induced decomposition of water on TiO;, electrodes was discovered,l
semiconductor-based photocatalysis has attracted extensive interest. One particular focus has been
on mineralization and disinfection of water.*”

TiO, (commonly called titania) is efficient, harmless, stable and inexpensive, thus limiting the
choice of convenient alternatives.® When TiO, is irradiated with photons of energy equal to or
higher than its band-gap (3.15 eV for anatase, 3.05 eV for rutile crystalline phase’), the generated
electron—hole pairs can induce on its surface (in contact with water) the formation of reactive
oxygen species (ROS), such as OH-, which are directly involved in the oxidation processes that
remove persistent organic compounds and microorganisms in water. In particular, the holes are
responsible for the hydroxyl radicals (OH-) production, by a chemical reaction with the H,O
molecules. The use of TiO; nanoparticles for this purpose has demonstrated successful results.
However, its main technical barrier hindering its commercialization at an industrial scale is the cost
of separating TiO, particles from water after the treatment.'” In fact, the permanency of
photocatalytic powder in the solution requires other successive filtration and/or centrifugation steps,
increasing the impossibility or difficulty to reuse the same photocatalyst more than once. In order to
overcome these problems, recent investigations are oriented toward the photocatalyst
immobilization in the form of film."""* The studies reported in the literature usually employ thick
films; for example in Ref. 12 the authors prepared by sol-gel deposition a TiO, layer with a
thickness of 0.7 um. A recent work experimentally quantified the charge diffusion length in high-

quality epitaxial titania: 3.2 nm for the anatase phase, 1.6 nm for the rutile phase, showing that a
3
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surface region of a few nanometer depth provides charge carriers for photoreactions.'* This clearly
means that the use of a thick film is useless. Another limiting factor of TiO, is that the
photogenerated electron-hole pairs undergo fast recombination, lowering the efficiency of the
photocatalytic process. Such an undesired effect can be reduced by placing noble metal
nanoparticles on top of the TiO, semiconductor surface. Thanks to the formation of a Schottky
junction at the metal/semiconductor interface, electrons can be efficiently trapped by noble metals,
enhancing the electron-hole separation. Among the different metals, gold nanoparticles have been
widely used to enhance the efficiency of TiO,, due to the system’s excellent ability for
photocatalytic degradation of several pollutants.">'® Most of the literature is focused on the
photocatalytic gold/titania colloids (see for example Refs. 17-19), and only a few deal with thin film
surfaces (see for example Refs. 16, 20). Moreover, it is now well established that in the case of gold
particles deposited on top of the titania, the photocatalytic efficiency of the system is driven by a
compromise between the Au action in capturing the electrons and the coverage of the TiO, surface
resulting from the presence of gold particles, that negatively affect the photocatalytic performance

of the material >""*

In addition, with the growing use of nanotechnology, the safety of nanomaterials
and their potential impact on the environment has become a critical issue. Indeed, the
implementation of nanomaterial-based technologies could result in the release of nanomaterials in
the environment, via the contact of nanostructured materials with the treated water.*®

In order to meet the technological requirements, we developed an innovative TiO,/Au nano-
composite synthesized by sputtering and atomic layer deposition (ALD) techniques. The peculiarity
of the system is the wrapping of gold nanoparticles (~ 8 nm mean diameter) with a thin layer of
TiO; (~ 4 nm thick). The ALD technique is one of the few techniques able to realize films with a
controlled thickness of few nanometers, that effectively contribute to the photoreactions,'* avoiding
any wastefulness of material. This optimized design takes advantage of the presence of metal

nanoparticles (in terms of electron trapping), without losing any TiO, exposed surface. In addition,

the form of thin film eliminates the problem of a particle filtration step after the water treatment.
4
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The present work is devoted to the investigation of the photocatalytic activity along with the
stability of the synthesized TiO,/Au nano-system. Special attention has been paid to the toxicity of
the nano-composite by testing the reproductive cycle of Mytilus galloprovincialis, that is a suitable
animal model for environmental toxicology studies of nanoparticles.” In addition, the synthesized
material was compared both to a TiO; flat film and to conventional TiO, with Au nanoparticles on

top.

Experimental

A gold film, with a thickness of ~ 5 nm, was sputtered on a quartz substrate. In order to induce
the self-organization of the metal nanoparticles, the samples were annealed at 600°C for 1 h in a
conventional furnace under a controlled N, flux. The as-synthesized gold nanoparticles (~ 8 nm
mean diameter) were covered with a thin layer of TiO, (~ 4 nm thick), deposited by ALD. Since the
ALD process is intrinsically atomic, ALD produces layers with nanometer scale thickness
control.”*® The ALD was performed with a Beneq TFS-200 system, with TiCl, (Sigma Aldrich,
99.9%) and de-ionized water as precursors, at a deposition temperature of 200 °C. Nitrogen (>
99.999%) from a Sirocco N, generator was used as carrier gas, with a combined flow rate of 550
sccm, maintaining a reactor pressure of approximately 1.3 mbar. The deposition of the TiO; film on
top of the gold nanoparticles avoided the photocatalytic efficiency loss due to coverage of the TiO,
surface by the metal particles (see for example Refs. 21, 22). This sample typology will be hereafter
called “TiO»/Au” (i.e. TiO; on Au nanoparticles). Two reference samples were also synthesized and
used for comparison: 1) a TiO; flat film (~ 4 nm thick) deposited by ALD on a quartz substrate,
hereafter simply called “Ti0O,”; 2) Au nanoparticles on top of TiO, film (~ 4 nm thick), realized by
ALD and sputtering, on a quartz substrate, that is the configuration commonly reported in the

literature (see for example Refs. 21, 22), hereafter called “Au/ TiO,” (i.e. Au nanoparticles on top

of the Ti0O,).
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The structural characterization was performed by scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and X-ray diffraction (XRD). SEM analyses were
performed in plan-view by a field emission Zeiss Supra 25 microscope. TEM analyses were
performed in cross-section by a JEOL JEM-2010F microscope operated at 200 KeV and equipped
with a post-column Gatan GIF 2001 energy image filter. XRD measurements were acquired by a
Bruker D-500 diffractometer at several angle of incidence, from 0.8 to 1.0°, and ®-20 from 20 to
60°. Acquired spectra were analyzed by a Bruker software suite, including ICSD structure database.

The optical characterization was obtained by extracting both the total transmittance (T) and the
total reflectance (R) spectra in the 200-800 nm wavelength range, by using a Varian Cary 500
double beam scanning UV/Vis/NIR spectrophotometer equipped with an integrating sphere.

The photocatalytic activity of the investigated materials was evaluated by the degradation of the
Methylene blue (MB) organic compound. The samples, 1 cm x 1 cm in size, were immersed in a
solution (2 ml) containing MB and de-ionized water (starting concentration: 1.5x10” M). The
mixture was irradiated by an UV lamp (peaked at 365 nm with 20 nm of full width at half
maximum) with a irradiance of 1.1 mW/cm® for a total time of 3.5 hours. Every 15 minutes of
irradiation and every 30 minutes after a total time of 1 hour, the solution was measured with an UV-
VIS spectrophotometer (Perkin-Elmer Lambda 35) in a wavelength range between 500 and 800 nm.
The degradation of MB was evaluated by the absorbance of the MB peak at 664 nm, using the
Lambert-Beer law”’ (A = gx1x C, where 4 is the absorbance of the solution at 664 nm, & is the
molar extinction coefficient, / is the width of the cuvette, C is the concentration of the MB). The
UV lamp used for the irradiation does not emit in the region of absorption of the MB, as a
consequence the measured degradation of the MB can be only ascribed to the presence of the
catalyst. The decomposition of the MB in the absence of any catalyst materials was also checked as
a reference. Before the measurements, the samples were irradiated by the UV lamp for 30 min in

order to remove the hydrocarbons localized on the sample surface.”® The stability of the nano-
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systems was checked by repeating seven times the MB degradation measurements. In detail, at the
end of each experiment, the samples were washed and left immersed in de-ionized water for 15 h, in
order to remove possible residues of the MB and to test the stability in an aqueous environment.
The toxicity of the synthesized TiO,/Au nano-composite was tested by the reproductive cycle of
Mytilus galloprovincialis. Adults were cleaned and stored at 4 °C until testing. The spermiotoxicity
test was performed according to the method proposed by His ez al.”’, on the basis of the standard
protocol of US EPA (1995).*° Adults were induced to spawn by thermal stimulation (temperature
cycles at 18 and 28 °C). Gametes of good quality derived from the best males and females were
selected and filtered at 32 um (sperms) and 100 um (eggs), in order to remove impurities. Eggs
(1000 ml) were fertilized by injecting 10 ml of sperms, and fecundation was verified by light
microscopy. Egg density was determined by counting four subsamples of known volume. Fertilized
eggs, added to test solutions in order to obtain a density of 10-20 eggs ml™', were incubated for 24
h at room temperature in 5 ml of salt water on the surface of the TiO,/Au samples. The reliability of
the results was based on the evaluation of control samples. Five replicates for each sample were
tested. The toxicity of free commercial Au nanoparticles in salt water solution was also tested in

order to discriminate the eventual impact of the stable nano-composite and of free nanoparticles.

Results and discussion

Figure 1 shows the two final steps of the synthesis process of the TiO,/Au nano-system, together
with the morphological and structural characterization. In particular, Fig. 1 (b) reports a plan-view
SEM image of the Au nanoparticles on the quartz substrate, just after the thermal treatment (the
schematic of the sample is shown in Fig. 1 (a)). The size distribution of the nanoparticles was
calculated by a Gatan Digital Micrograph program, taking into account several micrographs, about
1700 nm x 1200 nm in size, each containing ~ 2000 nanoparticles. The sample is composed by a
homogeneous distribution of gold nanoparticles with an average diameter of ~ 8§ nm. Figure 1 (d)

shows a cross-section energy filtered-transmission electron microscopy (EF-TEM) image after the
7



Nanoscale Page 8 of 23

deposition of the TiO; layer by ALD (the schematic of the sample is shown Fig. 1 (¢)). EF-TEM
image is in false colors and was obtained by filtering the energy loss for the electrons at 35 eV
corresponding the Ti-M, 3 atomic edge. The resulting Ti containing layer is reported in magenta,
while the Au nanoparticles are in black. The image clearly shows the presence of a thin and
continuous titanium dioxide film, ~ 4 nm in thickness, wrapping the Au nanoparticles. TEM
analyses also reveal that, even though the Au nanoparticles are well covered by the titania film,
there is not a significant increase of the TiO, exposed surface due to the presence of nanoparticles
underneath (see Fig. 1 (¢)).

XRD measurements of TiO, films (50 and 100 nm in thicknesses), deposited by ALD with the
same experimental conditions of the 4 nm thick film reported in this paper, revealed that the
deposited polycrystalline TiO, is in the anatase phase, as confirmed by the diffraction pattern
obtained during the TEM analyses of the 4 nm thick film. This result is in perfect agreement with
what is reported in the literature for ALD deposition at 200 °C, using TiCly as precursor.>'?

Figure 2 displays the absorbance (A) of the TiO,/Au sample, obtained by the transmittance (T)
and reflectance (R) spectra (A =1 - T - R). The material shows a significant light absorption at ~
600 nm, that is the typical Plasmon resonance of gold containing samples® and an absorption band
in the UV part of the spectrum (from 350 nm towards shorter wavelengths). The latter absorption
band is related to the titania film. The optical band-gap of the TiO, was evaluated by applying the

Tauc model.** According to the Tauc law:
B
azﬁ(hV—Egap)z (D

where a is the absorption coefficient, B is the Tauc constant,” v is the incoming photon energy,
while the E,, is the optical band-gap of the material. The absorption coefficient, &, was extracted
from the transmittance and reflectance measurements by using the following equation:

1, T(-R)

d T,

a =

2)
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where dy is the thickness of the film, Ty is the transmittance of the quartz substrate, Rr and 77 are,
respectively, the reflectance and the transmittance of the investigated film. From the inset of Fig. 2
it can be seen that the E,,, value (intercept of the linear fit with the energy axis) is 3.0 eV.
Assuming an error of ~ 10%, this value is in perfect agreement with the value of 3.15 eV reported
in the literature for bulk anatase TiO,.” An optical energy gap of 3.2 eV was obtained with the same
procedure for the reference TiO, flat film (not shown).

The photocatalytic activity in the degradation of an organic compound dissolved in water under
UV irradiation was checked by Methylene blue. Figure 3 illustrates a typical measurement of MB
discoloration. In more detail, Fig. 3 reports the absorption spectra for the MB solution for different
irradiation time for the TiO,/Au samples. The absorbance peak at 664 nm is a direct measurement
of the MB concentration (through the Lambert-Beer law*”) and thus its decrease with UV irradiation
time is a measure of the photocatalytic decomposition of the MB molecules.

The photocatalytic response of the TiO,/Au sample was compared to two reference samples: 1)
TiO; flat film (~ 4 nm thick) deposited on a quartz substrate; 2) Au/TiO,, i.e. Au nanoparticles on
top of the TiO, film (~ 4 nm thick) deposited on a quartz substrate, that is the configuration
commonly reported in the literature (see for example Refs. 21, 22). The first test was performed
under dark condition for 12 hours, in order to evaluate the degree of adsorption of the MB on the
beaker walls and on the three types of samples. The beaker walls showed an adsorption of ~ 3%,
while the samples showed an adsorption of ~ 1% (reaching these maximum values after 30 min).
This latter result indicates that the investigated materials do not adsorb the MB, since the
adsorption value of 1% is equal to the experimental error of the discoloration measurements. Figure
4 reports the residual concentration of the MB: C/Cy, where C is the concentration of the MB after
the irradiation, Cp is the starting concentration of the MB, versus the irradiation time. We tested
four samples: MB in the absence of any catalyst materials (squares), MB with the TiO, sample

(circles), MB with the Au/Ti0, sample (triangles) and MB with the TiO,/Au sample (diamonds). It
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is important to underline that the discoloration measurements are not repeatable during the time,
due to the slight variation of the lamp power and of the starting concentration of the MB. As a
consequence, a rigorous method to analyze the experimental data is to compare the measurements
simultaneously(i.e. samples immersed in the same as-prepared MB/de-ionized water solution and
simultaneously irradiated with the UV lamp); the comparison between data obtained in different
days can be done taking into account the relative difference, and not the absolute values obtained
for the different catalyst materials. This rigorous method has been applied for the presented work.
Fig. 4 (a) shows a reduction of the MB concentration (squares) of about 5% in 210 min, due to
adsorption effects of the beaker walls. A more significant decrease in the MB concentration is
clearly observed when the photocatalytic materials are added to the solution. A photocatalytic
activity is evidenced for the TiO, flat film (see circles in Fig. 4 (a)). It is interesting that the
Au/TiO, sample has a photo-response almost equal, within the experimental errors, to the TiO,
sample. This results can be understood considering the excessive coverage of the TiO, surface by
the Au nanoparticles. Indeed, a surface coverage of about 35% (with an error of 2%) was estimated
by plan-view SEM analysis, using the Gatan Digital Micrograph program. This value is in perfect
agreement with the result of Armelao e al.”, where a surface coverage of about 32% by gold did
not result in a beneficial effect on the photocatalytic activity of titania. The TiO,/Au system instead
exhibits a remarkable increase in MB degradation by more than 10%, after 210 min, compared to
the TiO, sample (compare diamonds to circles in Fig. 4 (a)). It is worth noting that a reduction of
the MB by 26% compared to the starting concentration of the MB (i.e. C/Cy = 0.74 in 210 min, see
Fig. 4 (a)) is a remarkable value considering the size of the samples and the power of the lamp.
Indeed, we used samples 1 cm x 1 cm in size so as to perform the UV irradiation of the different
samples simultaneously; a UV lamp power of 8 W assured no evaporation of the solution; the
starting concentration of the MB was fixed by the literature. Obviously, with larger samples and by
a more powerful lamp we would have obtained a higher reduction of the MB.*

In order to test the stability of the investigated materials we repeated the photo-degradation
10
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measurements up to seven times. Figure 4 (b) and (c) reports the results for the fourth and the
seventh process, respectively. Repeating the experiment up to seven times, we observed that the
improvement of the MB degradation of the TiO,/Au samples, with respect to the TiO, film is quite
constant at ~ 10% (see Fig. 4 (a), (b) and (c)). It is worth noting, as said before, that the comparison
between data obtained in different days can be only done taking into account the relative difference.
So we can affirm that the TiO,/Au nano-system presents a very stable response without significant
efficiency loss. Opposite results were obtained for the conventional Au/TiO, samples. Fig. 4 (a), (b)
and (c) show a remarkable change in the photocatalytic activity of the system. In detail, while at the
beginning the MB degradation is almost equal to the one of the TiO, sample (see Fig. 4 (a)), it
increases with time: 3% and 8% for the fourth and the seventh experiment, respectively. The
observed trend can be explained by the dispersion of the Au nanoparticles in the liquid
environment, due to their instability in the aqueous solution. In fact an inhibition of the gold action
in capturing electrons is its coverage of the titania surface, that means less titania surface is directly

exposed to the irradiation and is available for light and pollutant adsorption.?'*

The photocatalytic
efficiency of the system is indeed driven by a compromise between the Au action in capturing the
electrons and the screening resulting from the presence of gold on the titania surface, that negatively

affects the photocatalytic performance of the material.*'*

The instability of Au nanoparticles in the
liquid environment was confirmed by an accurate analysis of the SEM images of the Au/TiO,
samples. The analyses indicated a reduction of the TiO, coverage from 35% to 29% from the first to
the seventh process. Thus, the time in the liquid environment induced a detaching of Au
nanoparticles from the TiO, surface, causing as a consequence an increase of the photocatalytic
efficiency. However, the Au/TiO; system is unstable and the presence of Au residuals can represent
a water contamination issue.

The experimental results indicated a strong instability of the conventional Au/TiO, nano-system,

whereas the TiO,/Au nano-composite shows an excellent reproducibility of the photocatalytic

activity, with a remarkable ability in degrading the MB with respect to TiO, flat film.
11
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According to the Lagmuir-Hinshelwood model, the photo-degradation reaction rate, k, of water

contaminants is given by the following reaction:

ln[EJ =—kt 3)

0

where C is the concentration of organic species, Cy is the initial concentration of organic species, ¢
is the irradiation time.* We report in Fig. 5 the photo-degradation rate for the first discoloration
process (see Fig. 4 (a)). The rate for the different materials was normalized to the value obtained for
the MB decomposition in the absence of any catalyst materials. In the abscissa axis “MB” indicates
the MB decomposition in the absence of catalyst, that is 1 due to the normalization (i.e. k/kyp);
“Ti0,” refers to the MB decomposition in the presence of pure TiO; film, and so on for the other
samples. Figure 5 shows a reaction rate of a factor of ~ 4 in the presence of TiO, flat film or
Au/TiO, sample, and a higher rate of ~ 9 in the presence of TiO,/Au sample. Thus, the TiO,/Au
sample exhibited a photo-degradation reaction rate that is ~ 2.5 times the rate of the TiO, flat film
and Au/TiO; sample.

In order to check the potential use of the synthesized TiO,/Au material in water treatment plants,
we checked the eventual toxicity of the nanomaterial towards biological systems. Gold
nanoparticles are known to be toxic. For example, Chao et al.*® have demonstrated that Au
nanoparticles induce acute inflammation and apoptosis in the mice liver; Tedesco ef al.** have
shown that Au nanoparticles produce significant lipid peroxidation in digestive glands of Mytilus
edulis. The toxicity of the studied TiO,/Au nano-system was evaluated by testing the effect of the
material on the reproductive cycle of Mytilus galloprovincialis in an aquatic environment. This
mollusk is widespread in marine environments, and it is considered an excellent biological indicator
of marine pollution. The results of the experiment are reported in Fig. 6 by light microscope images.
The analyses indicated that the sperms maintain good mobility up to 8 h (Fig. 6 (a)), while eggs do
not show any morphological variation (Fig. 6 (b)). In addition, approximately 90% of the eggs had

been fertilized after 15 minutes (Fig. 6 (c)). The development of the fertilized eggs was followed up
12
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to 24 h, revealing the absence of any anomalies in the first stages of the development, as indicated
by the presence of numerous and normal blastulae clearly visible in Fig. 6 (d). This study
demonstrates the non-toxicity of the TiO,/Au sample. In addition, the results were compared with
those obtained by monitoring the reproductive cycle of Mytilus galloprovincialis in the presence of
free Au nanoparticles in solution, for three different solution concentrations: 109, 10" or 10" Au
nanoparticles in 5 ml of salt water. For the highest amount of the Au nanoparticles a clear reduction
of the spermatozoon mobility was visible. The obtained data agree with those present in the

literature in which a decrease in sperm mobility has been demonstrated.”’*

Conclusions

We presented an experimental work focused on the photocatalytic efficiency and non-toxicity of
the TiO,/Au nano-system for water treatment. The system was originally synthesized by wrapping
Au nanoparticles (~ 8 nm mean diameter) with a thin layer of TiO, (~ 4 nm thick), obtained by
atomic layer deposition. The reported results show that the TiO,/Au nano-system has a good
efficiency in degrading the Methylene blue organic compound, an excellent stability in the water
environment and a great reproducibility of its photocatalytic activity compared to the instability of
the conventional Au/TiO, nano-system. In particular, the TiO»/Au samples exhibited a photo-
degradation reaction rate that is ~ 2.5 times the rate of the TiO, flat film and conventional Au/TiO;
samples. The non-toxicity of the TiO,/Au nano-system was established by testing the effect of the
material on the reproductive cycle of Mytilus galloprovincialis in an aquatic environment. The
results demonstrate that the originally-synthesized TiO,/Au nano-system can be successfully

implemented in water treatment plants.
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Quartz substrate

Figure 1: (a) scheme of the Au nanoparticles on the quartz substrate just after the thermal process,
and (b) relative plan-view SEM image. (c¢) Scheme of the sample after the TiO, deposition by ALD,

and (d) relative EF-TEM image in false colors (TiO; is reported in magenta, Au nanoparticles in

black).
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Figure 2: Absorbance spectrum of the TiO,/Au sample. The inset shows the Tauc plot (continuous

line) and the relative fit (dotted line) for the same sample.
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Figure 3: Absorption spectra for the MB solution for different irradiation times for the TiO,/Au

sample.
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Figure 4: MB degradation under UV-irradiation for four samples: MB (squares), MB with the TiO,
flat film (circles), MB with the Au/TiO, sample (triangles) and MB with the TiO,/Au sample
(diamonds). The results for the (a) first, (b) fourth and (c) seventh photo-degradation process are

reported.
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Figure 5: Photo-degradation reaction rate, normalized to the value obtained for the MB in the

absence of catalyst, for the different investigated samples: TiO, flat film, Au/Ti0, and TiO,/Au.
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Figure 6: Reproductive cycle of Mytilus galloprovincialis: a) sperms after 10 min; b) unfertilized

eggs after 10 min; c) fertilized eggs after 15 min; d) blastulae after 24 h.
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