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Abstract

In this work, we report on the preparation of regular nanosized columnar structures of
titanium dioxide by means of glancing angle deposition with magnetron sputtering (MS-
GLAD) followed by thermal annealing. MS-GLAD gives rise to metallic titanium columnar
structures with regular width and length that after thermal treatment are fully oxidized to form
TiO2 nanocolumns that fairly maintain the morphological features of the original metallic
ones. Further functionalization with gold by means of multiple ion cluster source results in
well-dispersed Au nanoparticles across the nanocolumns surface with a narrow size
distribution centered at ca. 8.5 nm. The obtained nanostructures show photocatalytic self-
cleaning activity as shown by the elimination of an organic layer deposited on their surface
and the detection of hydroxyl radicals. Photoelectrochemical measurements have shown a
better charge separation at the Au/TiOz interface. In addition, wettability studies have shwon
that the degree of hydrophobicity of the surface is increased by the presence of nanocolumns,
both in the dark and under UV illumination. This behaviour is not modified by the presence of
Au nanoparticles on the surface. The obtained results open up interesting implications in the
tunability of the properties of nanostructured thin films for this kind of photo-activated

applications.
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1. Introduction

Titanium dioxide (TiO2) is one of the most interesting materials nowadays with a plethora of
technological applications, from the most developed ones like additive in pharmaceuticals,
catalyst support, or white pigment, to the most challenging ones like the production of solar
fuels and the electrochemical energy storage in lithium or sodium ion batteries.*= Light-
activated applications of TiO2 make use of its semiconducting nature and rely on the
generation of electron-hole pairs upon irradiation with appropriate wavelengths. These
applications stand out among the most relevant ones in research and with the greatest
technological projection. Thus, TiO2-based solar cells,”! photocatalytic pollutant removal
from water® and air,[® photoinduced hydrophilicity,[’? and the obtainment of solar fuels in
photocatalytic reactors!® and photoelectrochemical cells,™ are extensively studied today, with
variable degree of maturity depending on the case, for an efficient use of solar light in energy
and environmental applications.!*"]

Self-cleaning and anti-fogging technology is already used in a variety of products today,
among which glazing products prevail. Their function may be based on two principles, either
hydrophobicity (Lotus effect), or photocatalytic hydrophilicity.[*?1 In the latter case, the self-
cleaning action is based on the combination of photocatalysis and photoinduced
superhydrophilicity, where dirt removal by uniform spreading of water over the whole surface
is improved with photocatalytic decomposition of organic contaminants.[***4 Furthermore,
the oxidative character of photogenerated holes in TiO2 allows to extend the application of
photocatalytic films to the disinfection of surfaces through the inactivation of bacteria and
viruses, >l potentially including the pandemic-causing SARS-CoV-2 coronavirus. 71l

In spite of the high readiness level of this technology, with competitive products already in
the market, there is room to improve the properties and extend the applications of self-

cleaning and anti-fogging surfaces by designing and tailoring new nanoarchitectures for light-
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activated thin films.[*°) In the particular case of TiOz, considering that it gathers nearly all the
desired characteristics of a photocatalyst, the interest on the synthesis and applications of
titania 1D and 2D structures such as nanorods, nanowires and nanotubes has increased in the
last decades due to their singular properties in terms of surface area, charge separation and
transport, and tunability.?% In particular, glancing angle deposition with magnetron sputtering
(MS-GLAD) is a powerful technique for producing nanostructured coatings in large areas and
with a great variety of morphologies.?*2% In this work, we have followed our recent protocol
to fabricate TiO2 nanocolumn arrays in two steps: growth of Ti nanocolumns (NCs) by MS-
GLAD and subsequent thermal oxidation to transform them into TiO2.[2*

In addition, further modification of TiO2 photoinduced properties can be achieved by creating
a semiconductor-metal interface by means of metal nanoparticle decoration, which provides
the system with enhanced charge separation and can modify the surface chemistry,
representing a powerful method to tune the characteristics of photoactive surfaces.[*2 In
particular, gold nanoparticles with sizes of a few nanometers have shown very interesting
properties not only in photocatalysis but also in other catalytic and related applications.?®!
The TiO2 NCs obtained in this work have been further functionalized with ligand-free gold
nanoparticles (Au NPs) by means of an ion cluster source (ICS) or gas aggregation source
method.?6-2°1 Since the seminal work of Haberland and co-workers,% these sources have
become a powerful alternative to chemical methods for the fabrication of nanoparticles. In
ICS, a solid material is atomized in vacuum and subsequently the atoms are condensed in a
controlled manner in order to form nanoparticles of well-controlled mean size, chemical
composition and narrow size distribution.’2-3 Among the different ways of extracting the
atoms, the magnetron process has become very popular due to its versatility. In this work, a
modified ICS called multiple ion cluster source (MICS) has been used. In the MICS the

standard single magnetron is replaced by three independent magnetrons that allow the
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production of a wide variety of nanoparticles including alloyed and core@shell nanoparticles
in a single step.[26-2

The so-obtained TiO2NCs and AuNPs/TiO2NCs have been submitted to extensive
characterization, combined with photo-functional analysis by means of wettability
measurements and photocatalytic degradation experiments, which has allowed to explore their
potential application as tunable photoactive surfaces and the reasons behind their performance.
2. Results and discussion

2.1. Physico-chemical characteristics of columnar nanostructures

The initial metallic titanium NCs obtained by MS-GLAD are characterized by fairly regular
columnar structures (Figs. 1a and 1c) of 265 nm average thickness in which columns of
approximately 50 nm of diameter and 310 nm average length form an angle of 30° with

respect to the direction normal to the substrate.

Figure 1. (A) Top view SEM image of Ti NCs. (B) top view SEM image of TiO2 NCs
oxidized at 500 °C. (C) cross-section SEM image of Ti NCs and (D) cross-section SEM image
of TiO2 NCs oxidized at 500 °C.

The X-ray diffraction (XRD) pattern (Fig. 2A) of initial metallic nanocolumns shows only
reflections corresponding to the hexagonal close-packed (hcp) structure of metallic titanium,
with the intensity distribution revealing certain preferential crystal orientation.®* After
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oxidation in an air stream at 500 °C, the structures are fully oxidized to TiO2, mainly in the
rutile crystalline form although the shoulder at ca. 25.5° reveals the existence of a minor
amount of anatase phase. Additional low-intensity peaks can be ascribed to a minor amount of
SiO2 due to surface oxidation of the Si substrate. In situ diffraction measurements during the
oxidation process (Fig. 2B) show that the metallic structures are stable until a temperature of
ca. 400 °C is reached, at which diffraction signals corresponding to rutile start to grow while
those of the hexagonal metallic phase decrease. From the evolution of the relative intensities,
it is apparent that the transformation from Ti to TiO2 proceeds directly to the rutile phase,
without a transition through anatase, although the latter is always present in a minor amount.
Alternatively, the transition through anatase might be too short in time to be observed by
XRD. At the final temperature of 500 °C the intensities of the metallic phase have completely
disappeared with only those corresponding to TiO2 visible. A displacement due to temperature

effects is finally observed during cool down to room temperature.
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Figure 2. (A) X-ray diffractograms of initial Ti metal nanocolumns (a) and TiO2
nanocolumns after oxidation in air at 500 °C (b). Blue and red bars indicate, respectively, the
diffraction angles corresponding to Ti metal (ICDD PDF # 01-071-4632) and rutile TiO2
(1ICDD PDF # 01-072-1148). (B) Color map of in-situ X-ray diffraction during the oxidation
process.

After the oxidation procedure the morphology of the nanocolumns underwent a modification
towards wider and more interconnected columns (Figure 1 b and d). This can be ascribed to

6
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the lower density of TiO2 with respect to Ti metal, and the coalescence of some nanocolumns
due to temperature effects, although the original morphology is essentially maintained.

Regarding Au NP formation, a typical AFM image and the obtained size distribution of model
Au nanoparticles deposited on bare SiOx substrates is shown in Figure S1. The histogram can
be fitted to a log-normal distribution and the average height obtained was 8.1 + 0.4 nm.

After the good control of size distribution of Au NPs was checked on bare SiOx substrates,
they were deposited onto the TiO2 NCs. Figure 3 shows representative SEM images of the so-
obtained Au-decorated TiO2 nanocolumns. Images (a) and (c) were obtained using the
standard detection of secondary electrons, whereas images (b) and (d) were obtained by
collecting back-scattered electrons. As the signal collected with those back-scattered electrons

depends of the atomic number, the Au nanoparticles can be easily distinguished with brighter

contrast from the TiO2 background.

Figure 3. (A) Top view SEM image of Au NPs deposited on TiO2NCs. (B) same image but
detecting back-scattered electrons. (C) cross-section SEM image of AuNPs/TiO2NCs. (D)
same image but detecting back-scattered electrons. The back-scattered electrons give higher
contrast, allowing to better discriminate the deposited Au NPs.

The nanoparticles lateral dimension was also measured using back-scattered electrons SEM

images from different samples and different sample areas in order to have enough and broad
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statistics. A total of 500 nanoparticles were measured on top of the TiO2 nanocolumns and the
histogram is shown in Figure 4. The average diameter obtained was 8.6 £ 2.5 nm, which is in
good agreement with the AFM results of the model Au NPs, confirming that the TiO2
nanocolumns obtained by MS-GLAD followed by thermal oxidation constitute an appropriate
support for size-controlled metal nanoparticles, opening up extensive opportunities for further

functionalization of the columnar structures.
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Figure 4. Histogram of Au NPs diameters obtained from back-scattered electrons SEM
images.
X-ray photoelectron spectroscopy (XPS) analyses were performed on both TiO2NCs and
AUNPs/TiO2NCs samples. Characteristic peaks for Ti, O and C can be seen in the survey
scans of both samples (Figure S2), the scan of the AUNPs/TiO2NCs sample also showing Au
characteristic peaks. Si 2p scans were also taken in order to acquire a measurable area for
peak quantification (Figure S3). The calculated atomic percentage for Si is below 3% for both
samples, suggesting nearly full and homogenous surface coverage of the SiOx substrate. The
binding energy values observed for the Ti2ps2 (459.3 eV, Figure 5) and O1s (530.4 eV,

Figure 5) peaks of both samples are characteristic of TiO2.%8! The Ti:Olatice ratio is close to

the stoichiometric 1:2 value for TiO2, which confirms the total oxidation of the metallic
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nanocolumns after the thermal treatment. The O1s peaks fitted at higher binding energies are
characteristic of the typical hydroxyl groups and carbonates commonly found on the surface
of TiO2 samples that have been exposed to the atmosphere.®! There is also a clear C1s peak at
a binding energy characteristic of carbonate moieties in the C1s high resolution scan (Figure
S4) with a 1:3 C:O ratio, confirming their presence on the sample. In the C1s scan there is
also a signal contribution related to adventitious contamination containing oxygenated
compounds such as carbonyls. These species might also contribute to the total intensity of the
fitted O1s hydroxides and carbonate peaks. The Au 4f"? peak (Figure 5) has the characteristic
peak shape, binding energy (84.0 eV) and full width at half maximum (below 1 eV) of fully
metallic Au nanoparticles with sizes higher than 5 nm and in a charge-neutral, bulk like state,
as seen in a detailed study by Jaramillo and co-workers,?®! in good agreement with the

microscopy characterization data exposed above.
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Figure 5. High-resolution X-ray photoelectron spectra of TiO2NCs (a) and AuNPs/TiO2NCs
(b) samples at the Ti2p, O1s and Au4f core level peaks.

2.2. Photoinduced self-cleaning activity

The wettability properties of the samples were tested by measuring the water contact angle
(CA) on their surface under UV irradiation. As shown in Figure 6, TiO2NCs show an
exponential decrease in the contact angle with irradiation time, from an initial CA of ~105° to
~65° after 130 min of UV irradiation, confirming a photoinduced hydrophobic-to-hydrophilic

transition. There are different mechanisms proposed in the literature for this photoinduced
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hydrophilicity, being the oxidative removal of organic contaminants or dissociative adsorption
of water at the TiO2 surface by UV light, which results in an increase of the surface hydroxyl
groups, among the most accepted ones.™¥! This hydrophilic nature of TiO2 is known to
enhance its photocatalytic self-cleaning performance.

However, in the case of TiO2NCs, the initial CA is larger than the ones usually reported for
TiO:2 films, close to 60°.738 This effect can be attributed to nanostructuration, which can
induce more hydrophobic surfaces.*®] Moreover, the CA under UV irradiation found for the
TiO2NCs sample is also considerably larger than the ones usually reported for TiO2
films,E74%1 which likely results from the opposed effects of the roughness in the nanoscale
provided by the nanocolumnar structures and the photoactive nature of TiOx.

When the nanostructures are decorated with Au NPs, there is no significant variation of the
CA measured. Before UV irradiation, a CA of ~115° evidenced that the presence of Au NPs
has small influence on the wettability of the TiO2NCs, even if Au is known to be hydrophilic.
This can be related to the fact that Au NPs cover only a small percentage of the NCs surface
(Figure 3). Under UV irradiation, a photo-induced hydrophobic-to-hydrophilic transition can
also be observed, and the CA vs. time curve is approximately parallel to that of the bare
TiO2NCs sample, although a higher dispersion of data can be observed. This last feature can
be related to a higher surface heterogeneity provoked by gold deposition, even if the coverage
of TiO2 NCs by Au NPs is fairly homogeneous (Figure 3). After the tested period of UV
irradiation, a CA of ~60° is reached in AuNPs/TiO2NCs, similar to that in bare TiO2NCs

considering the measurement uncertainty.
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Figure 6. Evolution of water contact angle on bare and Au-decorated TiO2 NCs with UV
irradiation time.

In addition, photo-oxidative character was tested by the well-established method based on the
degradation, by oxidation to CO2 and H20, of a solid film of stearic acid (SA) as a model of
the type of organic films that generate dirt on surfaces.[***? Figure 7 shows the infrared
spectra, in the region corresponding to the C-H stretching vibrations, of both bare and Au-
decorated TiO2 NCs samples covered with a solid film of stearic acid after different UV
irradiation times, as well as the evolution of the corresponding integrated absorbance. As it
can be observed, both samples show a fast decrease in the SA signals, comparatively faster,
for example, than that observed with the “reference” photocatalysis-based self-cleaning glass
Pilkington Activ™.[1 As found in previous studies,*344 the degradation rate initially follows
apparent zero-order kinetics and deviates from it when the remaining number of stearic acid

molecules is not sufficient to replace the mineralized ones over the photocatalytically active
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sites. In contrast with the previously shown wettability results, in this case the presence of
gold nanoparticles decorating the nanocolumn surface leads to a higher photoactivity of the
film as revealed by the faster stearic acid mineralization and the higher degree of degradation
attained once a pseudo-steady state has been reached, ca. 60 and 70% for TiO2NCs and

AuNPs/TiO2NC, respectively, with respect to the initial IR absorbance.
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Figure 7. (A) Infrared spectra of a TiO2NCs sample covered by a solid stearic acid film after
different UV irradiation times. (B) Evolution of the integrated absorption in the 3000 — 2800
cmt region with irradiation time for TiO2NCs and AuNPs/TiO2NCs samples. Lines are guides
to the eye only.

Taking into account that the oxidation of fatty acids and other organics on photocatalytically
active surfaces likely occur through the intermediation of hydroxyl radicals,“+%°! .OH
detecting experiments were conducted to double-check the photocatalytic response of
TiO2NCs and AuNPs/TiO2NCs films. For that purpose, the formation of hydroxyterephthalic
acid (HTPA) from a solid terephthalic acid (TPA) film deposited on both samples was

followed by fluorescence measurements.[*6471 The formation of HTPA from TPA can be

described with Eqg. (1):

[HTPA]= %(1—ek2‘) (1)

2
where ki and k2 represent, respectively, the zero-order kinetic constant for TPA hydroxylation

and the first-order constant for HTPA disappearance to form further oxidation products and
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eventually CO2. Figure 8 shows the evolution of HTPA on both samples and the
corresponding ki values, which reflect the higher activity obtained for the gold-decorated
sample also in this reaction, confirming, on the one hand, the oxidizing character of the titania
nanocolumn film and, on the other hand, the role of the metal nanoparticles as photocatalytic

activity promoter.
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Figure 8. Evolution with irradiation time of the concentration of hydroxyterephthalic acid
formed by hydroxylation of terephthalic acid over TiO2NCs and Au NPs/TiO2NCs. The red
line corresponds to the fitting of the concentration vs. time data to Eq. 1 according to the inset
reaction, with obtained ki values shown in the inset table.

2.3. Photoelectrochemical response

In order to further investigate the optoelectronic properties responsible for their photocatalytic
behavior, several electrodes were prepared with the TiO2NCs and AuNPs/TiO2NCs samples
and used in a photoelectrochemical cell coupled to a solar simulator. Figure 9A presents the
measured photovoltage signal obtained in open circuit potential (OCP) situation. As observed,

the OCP at equilibrium is different for both samples, due to the presence of Au particles in

one of them, which modifies the surface chemistry and electronics. When the samples are

13



WILEY-VCH
illuminated, AuNPs/TiO2NCs shows higher absorption than TiO2NCs as confirmed by the

higher photovoltage signal. Besides, the photocurrents at different bias potentials and under
illumination (Figure 9B) exhibit an improvement when Au NPs are supported on TiO2
nanocolumns. This confirms that the presence of gold nanoparticles improves the light
absorption when the samples are illuminated with a solar simulator. This can be attributed to
the localized surface plasmon resonance (LSPR) exhibited by Au nanoparticles,*®! taking into

account that the measurements were carried out under full-spectrum irradiation.
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Figure 9. (A) Photovoltage, (B) chopped linear sweep voltammetry, and (C,D)
electrochemical impedance spectroscopy at 0.4 V vs Ag / AgCl of TiO2NCs and
AUNPs/TiO2NCs under irradiation. (C) represents a magnification of the EIS spectrum of
AUNPs/TiO2NCs barely visible in (C). The inset in (D) shows the serial resistance
representing the inner material resistance.

Electrochemical impedance spectroscopy (EIS) was performed under irradiation conditions at
a bias potential of 0.4 V vs Ag/AgCI (conditions with the highest acquired photocurrent). The
resulting Nyquist plots (Figure 9 C and D) show that the resistance of the TiO2 space charge
region greatly decreases when Au NPs are supported on TiO2NCs (starting from =~ 600000 Q

to = 30000 Q). This behavior confirms that, upon gold decoration, the electron recombination
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decreases and the charge transfer improves along the semiconductor-electrolyte interface,
which explains the better performance of this material as photocatalyst. Additionally, the
serial resistance (inset in Figure 9D), which can be attributed to the resistance of the material
itself (in addition to the electrolyte resistance and external circuit), presents a lower value in
the Au decorated sample, from =~ 100 to ~ 25 Q, as it can be expected in a
metal/semiconductor composite with respect to the semiconductor itself and has been
frequently ascribed to charge transfer between the semiconductor and metal components. !

3. Conclusion

Glancing angle deposition with magnetron sputtering (MS-GLAD) combined with multiple
ion cluster source (MICS) has been demonstrated as a powerful technique for the preparation
of regular, controlled TiO2 nanocolumnar structures for photoinduced hydrophilic and self-
cleaning applications, and for their further functionalization with metal nanoparticles. MS-
GLAD gives rise to metallic titanium columnar structures with regular width and length that
after thermal annealing in synthetic air atmosphere are fully oxidized to form TiO:2
nanocolumns that fairly maintain the morphological features of the original metallic ones.
Gold decoration by MICS results in well-dispersed Au nanoparticles across the nanocolumns
surface with a narrow size distribution centered at ca. 8.5 nm. The obtained nanostructures
show photocatalytic activity for the elimination of an organic layer deposited on their surface
via the formation of hydroxyl radicals, with the gold-decorated samples resulting in a higher
self-cleaning efficiency. Photoelectrochemical measurements have allowed to ascribe the
better behavior of the Au-functionalized nanocolumns to a better charge separation at the
AU/TiOz interface. In addition, wettability studies have shown that the photo-induced
hydrophobic-to-hydrophilic transition of the titania nanocolumns is maintained with Au
decoration and that the gold-decorated sample gives rise to similar water CA both in the dark
and under UV, showing that the opto-electronic modifications induced by gold NPs have a

moderate influence of the wettability properties of the samples compared to the roughness
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related to the nanocolumnar structure, which tend to increase hydrophobicity in the dark and
reduce hydrophilicity under UV iradiation. The obtained results open up interesting
implications in the tunability of the properties of nanostructured thin films for this kind of
photo-activated applications.

4. Experimental Section

Synthesis of bare and Au NPs-decorated TiO2 nanocolumn arrays. The aligned 1D TiO2
nanocolumns have been fabricated in two steps. The first one was the fabrication of Ti metal
nanocolumn arrays on silicon wafers by GLAD with magnetron sputtering using the setup and
methodology described in detail elsewhere.%1 The sputter gas was argon and the parameters
used were 0.15 Pa pressure, 300 W DC discharge power, and a tilt angle of 75° between the
substrate and the target. As it has been shown in Fig. 1, the obtained nanocolumns are more
vertical than expected if only the geometry of the deposition is considered. This is due to the
high kinetic energy of the sputtered atoms (of the order of 10 eV), which is able to induce
hyperthermal processes that strongly influence the columnar growth, in particular promoting a
dragging mechanism that favors vertical growth. These phenomena are studied in detail in ref.
[35]. The second step was the thermal oxidation of the Ti nanocolumn arrays to obtain TiO2
nanocolumns, for which they were treated at 500 °C for 10 min with a ramp of 10 °C min in
a synthetic air flow (50 cm®min™), by placing the samples in a quartz tube inside a tubular
furnace. After the treatment, the system was let to cool down naturally. Au NPs decoration
was carried out by using a multiple ion cluster source (MICS). In the particular case of the
present study, the only magnetron that has been used was the one loaded with a pure gold
target. Argon was also used as sputtering gas (70 sccm) and the power applied to the
magnetron was 4 W. Prior to deposition on the TiO2 nanocolumns, the Au NPs were deposited
on flat SiOx wafers to measure and adjust their size. After their AFM characterization (see
below), the Au NPs were deposited on the TiO2 nanocolumns placing the substrates

perpendicular to the NPs beam.
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Physico-chemical characterization. Characterization of sample morphology was performed
by means of Scanning Electron Microscopy (SEM) with a FEI Verios 460 Field Emission
scanning electron microscope using selective secondary and backscattered electrons detection.
An accelerating voltage of 2.0 kV was used in order to obtain high-resolution images while
avoiding damage to the sample surface. The height of the Au NPs was precisely measured by
atomic force microscopy (AFM), as the height of the NPs measured by AFM is comparable to
the diameter measured by transmission electron microscopy.* The AFM measurements were
performed using the Cervantes AFM System equipped with the Dulcinea electronics from
Nanotec Electronica S.L. The images were analyzed using WSxM software.[®! A total of 625
NPs were analyzed in order to extract a mean size distribution. In-situ X-ray diffraction
(XRD) of the oxidation process of the metallic Ti nanocolumns was carried out in a Bruker
Avance D8 diffractometer equipped with an Anton Paar XRK900 reaction chamber,
operational up to 900 °C in a pressure range of 0.001 - 10 bar, and a linear detector
LYNXEYE XE. Measurements were taken at every 20 °C from room temperature to 500 °C
and then back to room temperature after natural cooldown, using the K. radiation of copper
(A= 1.54060 A) with a step size of 0.020°. X-ray photoelectron spectra (XPS) were recorded
using a SPECS NAP-XPS system incorporating the DeviSim NAP reaction cell. The
spectrometer is equipped with an Al Ko monochromated source (hv = 1486.6 eV), composed
of a SPECS XR50 MF x-ray gun and a p-FOCUS 600 monochromator, and a PHOIBOS 150
NAP 1D-DLD analyzer. X-ray gun power was set to 25 W (1.68 mA emission current and 15
kV). The x-ray analysis spot was set to 300 pm. With this X-ray settings, the intensity of the
Ag 3ds2 photoemission peak for a Ag sample, recorded at 10 eV pass energy (PE), was 1 x
10* cps and the full width at half maximum (FWHM) was 0.60 eV. Binding energy calibration
was made using Au 4fz2 (84.01 eV), Ag 3ds2 (368.20 eV) and Cu 2ps2 (932.55 eV). The
survey scans were acquired using 30 eV pass energy, 1 eV step size and 0.5 second dwell

times. High resolution spectra were acquired using 10 eV pass energy, 0.1 eV step size and
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varying dwell times depending on element concentration. The samples were analyzed at an
electron take-off angle normal to the surface with respect to the analyzer. The Si wafer was
attached to the holder using double-side sticky tape. No significant signs of charging were
observed. The spectra were not charge corrected. Casa XPS was used for data interpretation.
Shirley or two-point linear background subtractions were employed depending on background
shape. The Au 4f peaks were fitted using a Cls peak for graphitic-like C=C using a
LA(1.5,4,60) asymmetric function. The rest of the peaks were fitted using typical GL(30) line
shapes: a combination of a Gaussian (70%) and Lorentzian (30%). For the O1s and C1s scans
the Ols was constricted to be at 530.4 +/-0.1 eV (characteristic of TiO2) and the Cls at
285.1+/-0.1 eV (characteristic of adventitious hydrocarbons). All peaks in these C1s and O1s
spectra were fitted to have FWHM between 1.3-1.7 eV. Casa XPS sensitivity factors based on
Scofield cross-sections were used for atomic percentage quantification analysis (where RSF
of C 1s = 1.000).51

Functional characterization. Water contact angle (CA) measurements under UV illumination
were carried out by a sessile drop method using drops (1 ul) of deionized water at room
temperature. The surface energy evaluation system (SEE) from Advex Instruments was used
for the acquisition of the drop images and measurement of CA. The initial CA was
determined before UV irradiation and after the samples have been kept in the dark for at least
one month. Then, the CA evolution under exposure to UV light was obtained by illuminating
the samples with a UV fiber-coupled LED (Thorlabs M365FP1, Acenter = 365 nm). The light
power, as measured in the position of the sample, was fixed at 0.55 mW. The illumination
needed to acquire the drop images was carried out with an incandescent bulb with UV filter to
avoid uncontrolled light in the UV range. Photocatalytic self-cleaning activities were studied
by mean of the solid-state degradation of a stearic acid (SA) layer deposited on the surface of
the samples, which was followed by diffuse reflectance infrared (DRIFT) spectroscopy. ]

For that purpose, a 0.2 M solution of stearic acid (Sigma Aldrich) in methanol was prepared.
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The TiO2NCs sample was then coated with that solution by a single dipping with an automatic
dip coater at a pulling speed of 10 cm min. After drying at 80 °C, DRIFT spectra of the SA-
coated sample were recorded in the dark and at regular time intervals during irradiation in a
stainless steel chamber with two fluorescent UV lamps (Philips Actinic, Amax = 365 nm) of 6
W each. The degradation of SA was monitored by integrating the bands between 3000 and
2800 cm™, corresponding to C-H stretching vibrations. Blank experiments with photocatalytic
samples in the absence of irradiation and with naked SiOx substrates under UV irradiation
resulted in no decrease of those signals. Indirect hydroxyl radical detection was carried out by
means of the hydroxylation reaction of terphthalic acid (TPA) to form the highly fluorescent
hydroxyterphthalic acid (HTPA), following the method described by Lavrenci¢ Stangar and
co-workers.[*®l For that purpose, the samples were dip-coated (10 cm min?) into an
ethanol/water (2:1) solution containing TPA (0.02 m), 2-hydroxyethylcellulose (HEC, 2.67 ¢
LY in alkaline medium (NaOH 0.04 m), which after drying leaves a solid layer of TPA
entrapped in HEC on the surface of the sample. The sample was then irradiated with UV light
(2 x 6W Philips Actinic, Amax = 365 nm) for a specific period of time, after which the surface
was washed with 200 pL of 1:1 water/ethanol, pouring the washate into a microplate for
analysis in an Omega microplate reader (BMG Labtech) in fluorescence mode, using 320 and
430 nm as excitation and emission wavelengths, respectively. The procedure was repeated
with different irradiation times to obtain a curve of [HTPA] vs. irradiation time that was fitted
to the kinetic equation described in the Results and Discussion section.

Electrochemical and photoelectrochemical measurements were performed in a three-electrode
glass cell containing a 0.5 M aqueous solution of Na:SOs (pH= 9). TiO2NCs and
AUNPs/TiO2NCs samples were used as working electrodes. The counter electrode was a
platinum wire, and the reference was an Ag/AgCl electrode. Current density (in dark and
under illumination) and impedance voltage dependence were measured with a potentiostat-

galvanostat PGSTAT302N provided with an integrated impedance module FRAII (10 mV of
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modulation amplitude is used at AC frequencies from 1 Hz to 10000 Hz). During the
experiment, an argon flow (50 cm® min™) was passed through the cell by bubbling into the
solution. A solar simulator (LOT LSH302 Xe lamp with a LSZ389 AML1.5 Global filter) was
used as light source.
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Glancing angle deposition with magnetron sputtering (MS-GLAD) has been demonstrated as
a powerful technique for the preparation of regular, controlled TiO2 nanocolumnar structures
with photoinduced self-cleaning and hydrophilic properties. Further functionalization with Au
nanoparticles by a multiple ion cluster source (MICS) improves photocatalytic activity and
allows to switch the arrays from hydrophilic to hydrophobic under UV irradiation.
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Figure S1. (A) AFM image of model Au NPs deposited on a SiOx substrate. (B) Height
distribution extracted from the analysis of the AFM images.
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Figure S2. Survey XPS scans of TiO2NCs (a) and AuNPs/TiO2NCs (b).
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Figure S3. High-resolution X-ray photoelectron spectra of TiO2NCs (a) and AuNPs/TiO2NCs
(b) samples in the Si2p region.

Counts (arbitrary units}

a

| 1 I I | 1 1
292 290 288 286 284 282 280
BE (eV)

Figure S4. High-resolution X-ray photoelectron spectra of TiO2 NCs (a) and AuNPs/TiO2NCs
(b) samples in the C1s region.
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