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Plasmonic Membrane for TiO, Nanoparticles Activity
Detection in Complex Environments

Ecem Tiryaki,®

! Ana Sousa-Castillo,*™" Laura Rodriguez-Lorenzo, Begofa Espifia,

Ramén A. Alvarez Puebla,*® ¥ and Miguel A. Correa-Duarte*™®!

Titanium dioxide nanoparticles (TiO,NPs) are widely manufac-
tured semiconductors, but their release into aquatic environ-
ments poses significant threats to ecosystems and human
health. The environmental hazard associated with TiO,NPs in
surface water primarily results from their photocatalytic activity,
which generates reactive oxygen species (ROS). Addressing this
challenge is crucial for ensuring the safe utilization of TiO,NPs
and preserving the environment. In this study, we developed a

1. Introduction

Ensuring a sustainable, safe, clean, and sufficient water supply is
a global challenge. Advancements in science and nanotechnol-
ogy have integrated nanoparticles (NPs) into numerous aspects
of our lives, bringing remarkable benefits across a wide range
of applications. However, the overproduction and widespread
use of NPs have led to their unavoidable release into aquatic
environments. This raises a critical concern: are the excess
amounts of NPs in the environment negatively impacting
natural ecosystems and human health. To address this concern,
it is crucial to focus on the sensitive detection of NPs released
into natural environments and the examination of their toxic
effects.

Among these NPs, titanium dioxide (TiO,NPs) stands out as
one of the most produced and widely used metal oxide
semiconductors globally. Its low cost, versatile structure, and
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novel plasmonic membrane comprising titanate nanowires
(TiINWs) functionalized with silica-coated gold nanostars
(AuNSts) to probe, in situ, the capture and measurement of the
photocatalytic activity of TiO,NPs in complex media such as
seawater. This method represents a unique and precise
approach to real-time monitoring of the presence and photo-
catalytic activity of TiO,NPs, thereby laying the foundation for
establishing an environmental risk parameter for these particles.

advanced optical properties make it highly desirable in a
multitude of products and applications, including cosmetics,
foods, paints, textiles, electronics, water treatment, and solar
energy conversion and storage.*¥ Although they offer ad-
vanced properties and benefits in various applications, it is an
inevitable fact that their high levels of release into the aquatic
environment, resulting from overproduction and widespread
use, pose potential toxic risks to nature.””’ While TiO,NPs are
considered nontoxic under certain conditions, their safety
depends on careful consideration of their physical and chemical
properties, as well as their intended use and potential exposure
levels. Importantly, these NPs are known for their photocatalytic
activity, which leads to the formation of reactive oxygen species
(ROS) upon exposure to light. ROS, including free radicals and
peroxides, are highly reactive molecules that can cause
oxidative stress in living organisms.® "

For instance, in marine environments, the presence of
TiO,NPs and their ROS production can have profound toxic
effects on aquatic life. This includes impairing the growth and
biogeochemistry of marine organisms, disrupting microbial
communities, and potentially altering the overall ecology and
chemistry of marine systems. Therefore, understanding ROS-
associated toxicities of TiO,NPs and assessing their environ-
mental risks is fundamental for developing strategies to reduce
their harmful effects on natural ecosystems.

To achieve this, the priority should be the precise detection
of released TiO,NPs which are responsible for ROS production
in the aquatic environment. While numerous laboratory analysis
methods and devices have been used for the detection,
collection, and quantification of TiO,NPs released into the
environment, significant challenges are inherent in these
techniques.'”>" For instance, NPs collected from seawater must
undergo some pre-treatments such as etching, centrifugation,
and filtration, and furthermore, NPs generally have high
detection limits. Additionally, analysis may reveal colloids,
aggregates, larger molecules, or elemental titanium, which do
not provide accurate information regarding the photo-reactivity
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of their nanoparticle forms. Therefore, it is still urgent to
develop highly sensitive, easy-to-implement, and cost-effective
methods to analyze TiO,NPs and their photoactivity in aquatic
systems.l'" %!

Interestingly, a colorimetric sensor has been developed to
identify the presence of TiO,NPs through photocatalytic dye
degradation under UV light,*? leveraging their wide band gap
(3.0 eV for rutile and 3.2 eV for anatase). The interaction with UV
light triggered photocatalytic reactions that produced ROS,
which then degraded nearby organic dyes. Although this
colorimetric method offers a way to understand the presence of
these particles related to their ROS production ability within a
single system, it falls short in quantifying TiO,NPs concen-
trations. This is because the environment contains diverse
TiO,NPs with varying sizes and crystallinities, leading to differ-
ent photocatalytic activities and dye degradation profiles. This
variability makes quantification challenging, particularly in
complex environments like seawater. Moreover, the ocean is
home to various species and microorganisms capable of
producing ROS under UV light.”® This factor not only affects
measurements but also renders the use of commercial probes
for ROS quantification ineffective. Hence, there is a pressing
need to develop simple and cost-effective methods not only for
detecting TiO,NPs in aquatic systems but also for assessing their
photocatalytic activity in terms of ROS production. This would
enable the establishment of an environmental risk measure-
ment parameter.

In this framework, investigating ROS production under
visible-light irradiation, rather than UV light, will enable more
accurate detections by preventing UV-induced ROS production
from non-targeted species. Various approaches have been
utilized to enhance light absorption and improve the perform-
ance of visible-light responsive TiO,-based materials for efficient
solar energy utilization. These strategies include bandgap
engineering through the use of plasmonic materials, heteroa-
tom doping, and the introduction of defects, constructing
heterojunctions by coupling with narrow band gap semi-
conductors, and modification using up conversion materials as
photosensitizers.®*!

In this study, we introduce a novel system designed to
address this urgent need: a plasmonic membrane constructed
using TiNWs functionalized with AuNSts. This membrane is
designed to capture and detect the presence of TiO,NPs, as well
as quantify their photocatalytic activity by measuring the RhB
degradation in complex environments, including seawater.
TiNWs have proven to be effective membranes for collecting
TiO, of different sizes, facilitated by their porous structure and
electrostatic interactions between the functionalized NWs and
NPs. The presence of SiO,-coated AuNSts significantly enhances
the photocatalytic activity of TiO,NPs in the visible spectrum,
resulting in a significant decrease in the detection limit and
reducing the reliance on UV light, thus minimizing potential
interference from other species present in complex media, such
as seawater. Additionally, the silica coating of the AuNSts
prevents rapid electron-hole pair recombination observed in
bare AuNSts, thereby preserving a linear degradation depend-
ence on TiO,NP concentration. In contrast to previous studies,
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the detection and evaluation of TiO,NP photoactivity, specifi-
cally in terms of their ROS production ability, were conducted
simultaneously and in real-time using a novel plasmon-based
membrane accumulation system. This approach introduces an
environmental risk parameter, enhancing our understanding of
the potential ecological impact of these NPs.

2. Results

2.1. Synthesis and Characterization of Plasmonic Hybrid
Membranes Filtering System

Figure 1 presents the microscopic characterization of the
engineered hybrid membrane filtration setup. Initially, we
synthesized one-dimensional (1D) TiNWs using the Huang
method as a template material.*® This choice was made for its
superior mechanical strength, enabling the adsorption of pre-
synthesized entities and providing greater flexibility in fine-
tuning properties of the composite material”” For that,
commercial TiO,NPs with a diameter of 5 nm were subjected to
a hydrothermal process at 240°C for a duration of 8 hours in
the presence of an alkaline solution (more details in the
Materials and Methods section). This method, relying on a
collaborative oriented attachment-Ostwald ripening (OA-OR)
mechanism, initiates the development of an intermediate
nanotube structure, which further progresses into the more
thermodynamically favorable nanowire configuration. The ob-
tained TiNWs have homogeneous elongated morphologies as
can be seen in transmission electron microscopy (TEM) (Fig-
ure 1a) and field emission scanning electron microscopy
(FESEM) images (Figure 1b). Average lengths of ~8 um were
characterized at diameters of 266 nm with high aspect ratios
(an average of ~28.8) (Figure S1). Subsequently, to achieve a
sequential adsorption of the different components, a layer-by-
layer (LbL) protocol was performed by coating the TiNWs
surface with positively charged polyelectrolyte of poly (allyl-
amine hydrochloride) (PAH).?¥ This synthetic approach not only
ensures exceptional colloidal stability for the system but also
grants a high level of precision in depositing the metal and
semiconductor materials onto the support.” The immobiliza-
tion of TiO,NWs on the surface and within a membrane
framework was placed using a vacuum filtration system
providing advantages, particularly with regard to photocatalyst
recovery and uninterrupted operation. Figure 1e shows the as-
synthesized TiNWs placed onto a nylon membrane, and their
distribution on the membrane was characterized by SEM
analysis (Figure 1f). Finally, aqueous dispersions containing
certain amounts of TiO,NPs were accumulated through this
membrane. The resultant TINWs@PAH\TiO,NPs nanostructures
were collected for photoactivity studies (Figure 1 g).

To broaden the range of excitation wavelengths in the
visible and near-infrared (NIR) regions of the electromagnetic
spectrum, plasmonic nanoparticles (NPs) are exceptional photo-
sensitizers due to their ability to efficiently harvest visible and
NIR photons."®"" In this context, AuNSts with anisotropic
morphology were preferred due to their ability to generate
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Figure 1. TEM and FESEM images of titanate nanowires (TINWSs) (a, b. Scale bar 200 nm and 1 um respectively), TEM images of AuNSts and TINWs@PAH
\AuNSts (c, d. Scale bar 100 nm) TiNWs on a naylon membrane (e), SEM image from TiNWs membrane (f. Scale bar 10 um), TEM image of TiNWs@PAH\TiO,
structure obtained by filtration of TiO,NPs (g. Scale bar 10 um), TINWs@PAH\AuNSts on a nylon membrane (h), SEM and TEM images TiNWs@PAH\AuNSts

\TiO,NPs after filtration system (i, j. Scale bar 1 pm and 500 nm respectively).

intense electromagnetic fields at their tips.”” Thus, plasmonic
AuNSts (depicted in Figure 1c), at different concentrations (0.08,
0.1, and 0.2 mM), were attached to positively charged TiNW-
s@PAH to enhance photocatalytic efficiency under visible light
irradiation (as shown in Figure 1d). The synthesized plasmonic
membranes were utilized to collect TiO,NPs through filtration
and to detect their presence based on the enhanced photo-
catalytic activities. The membrane composed of TiNWs@PAH
\AuNSts\TiO,NPs exhibited a blue color attributed to the
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presence of AuNSts (depicted in Figure 1h). Additionally, the
SEM image in Figure 1i clearly depicts collected TiO,NPs on
TiINWs@PAH\AuNSts structures, while Figure 1j illustrates the
TEM image of TiNWs@PAH\AuNSts\TiO,NPs structures after
filtration of TiO,NPs.

Regarding the optical properties of the AuNSts, two distinct
bands were observed, corresponding to the core (a shoulder at
550 nm) and the outer peaks (a broad band centered at
780 nm), which are typical of these nanostructures. Further-
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more, the UV-visible spectra of TiNWs\AuNSts exhibited a
strong absorption band at lower wavelengths, which was
absent in the spectra of the free plasmonic objects in solution.
This phenomenon arises from both the high absorption in the
UV region and the significant contribution to scattering by the
TiNWs. However, with an increase in the concentration of
AuNSts, their characteristic plasmonic band became more
evident (refer to Figure 2).

2.2. Plasmon-Assisted Photocatalysis Studies

The photocatalytic efficiency of these composites was assessed
by examining the photodegradation of rhodamine B (RhB) as a
model reaction, tracking the decrease in absorbance (554 nm)
of this dye over time under irradiation with a solar simulator
(A=350-2400 nm). It is noteworthy to highlight the different
RhB photodegradation profiles observed for various TiO,NPs
sizes (5nm, 15nm, 25nm), as well as for the same nano-
particles dispersed in different water media when irradiated
with UV light (refer to Figure S2). This clearly demonstrates the
diverse photocatalytic activity among particles dispersed in
different media, hindering the identification of the specific type
of TiO,NPs present in a water sample. More importantly, they
provide valuable insights into their photocatalytic activity in

terms of ROS production, serving as a key parameter to assess
the environmental risk associated with these nanomaterials.

The resulting membrane, comprising TINW@PAH\TIO, or
TINW@PAH\AuUNSts\TiO, nanocomposites, was formed after
collecting TiO,NPs from samples with varying TiO, concentra-
tions and water sources. These nanocomposites were subse-
quently dispersed in a RhB solution (1.0x10~° M) and exposed
to visible light. As expected, the photocatalytic activities of
TiO,NPs on the titanate membranes increased in direct
proportion to their concentrations, resulting in 5%, 15%, and
45 % degradation of RhB in the presence of 1 ppm, 5 ppm, and
10 ppm TiO,NPs, respectively (refer to Figure 3a). It is important
to note that this degradation occurs as a result of the direct
photoexcitation of TiO,NPs, with UV photons ranging from
350-400 nm utilized from our irradiation source, which covers a
broader spectrum from 350-2400 nm.

Subsequently, hybrid photocatalysts were irradiated using
varying amounts of AuNSts (0.08, 0.1, and 0.2 mM), while
maintaining a constant amount of semiconductor (5 ppm).
However, contrary to expectations, the photocatalytic activities
did not increase in direct proportion to the concentration of
AuNSts (Figures 3b and S3a). Although the activity initially
increased with the addition of AuNSts, reaching an optimal
concentration (from 0.08 mM to 0.1 mM), further increases led
to a decrease in photoactivity, attributed to an increase in
electron-hole recombination. This adverse effect has been

Extinction

Au NSt

TiNWs\AuNSt 0,1 mMj

TiNWs\AuNSt 0,2 mMj

200 400

600 800

1000
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Figure 2. Extinction spectra of all the structures including AuNSts alone, TINWs alone, TINWs\AuNSts composites with different amounts of AuNSts.
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Figure 3. RhB photo-degradation by TiNWs\TiO, catalyst with, varying amounts of TiO,NPs (a), varying concentrations of AuNSts and 5 ppm of TiO,NPs (b),

and varying amounts of TiO,NPs and 0.01 mM of AuNSts (c).

previously elucidated as excess amounts of metals act as
recombination centers which can shorten the lifetime of photo-
generated hot carriers. In addition, excessive amounts of metal
nanostructures can occupy the surface of the material, inhibit-
ing interactions with light*3*” Consequently, the Au:Ti molar
ratio should be optimized in order to obtain enhanced photo-
catalytic activities.”’?? Finally, different amounts of TiO,NPs
were filtered through the optimized plasmonic membrane
system with 0.1 mM of AuNSts, and the change in photo-
catalytic activity was evaluated based on the TiO,NPs concen-
tration (Figures 3c and S3b). However, while an increase in
photodegradation can be observed with 5 ppm, it has been
observed that at lower concentrations of TiO,NPs (1 ppm), the
system loses sensitivity and exhibits reduced activity. This is
attributed to both the lower concentration of the semi-
conductor photocatalyst and a non-optimal Au:Ti molar ratio.
In previous studies, a plasmon-induced energy transfer
(PET) approach has been proposed to address limitations that
may arise during the hot electron injection mechanism between
metal-semiconductor interfaces.®" This approach relies on
inducing photosensitization and charge separation in the semi-
conductor through the transmission of plasmonic energy from
metals. Typically, this occurs via an insulating material posi-
tioned between the semiconductor and the metal, preventing
direct contact and thus minimizing hot electron injection. To
address the limitations arising from the challenge of achieving
an optimum Au—Ti ratio, particularly when collecting TiO,NPs
from water samples with unknown TiO, concentrations, an
insulating silica layer was introduced at the Au-TiO, interface.
This layer serves to prevent electron-hole recombination during
the hot electron injection process and enhance the photo-
activity of TiO,NPs, especially at low concentrations in seawater,
through the plasmon-induced energy transfer (PET) mechanism.
To achieve this, AuNSts were coated with silica layers of varying
thicknesses, and their photocatalytic activities were evaluated.
TEM images (Figure 4a) demonstrated that the AuNSts were
uniformly coated with silica layers using the Stober method. By
employing different concentrations of the silica precursor,
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tetraethyl orthosilicate (TEOS), silica-coated AuNSts with three
distinct silica thicknesses (2.6 nm, 7.4 nm, and 9.4 nm) were
obtained (refer to Figure S4).

The photocatalytic studies (refer to Figure S5) conducted on
TiNWs loaded with AuNSts coated with a silica layer approx-
imately 7.4 nm of thickness demonstrated significantly en-
hanced activity compared to bare stars or those coated with a
thinner silica layer (2.6 nm). This enhancement enabled the
system to completely degrade the RhB dye and effectively
lower the detection limit of TiO,NPs. However, increasing the
silica thickness beyond 9.4 nm resulted in a significant decrease
in the activity of the plasmonic hybrid system.

Finally, the optimal AuNSts@SiO, (0.1 mM, with a 7.4 nm
silica layer thickness) decorated on TiNWs hybrid system was
utilized as a membrane, and TiO,NPs in real seawater sample
were filtered through this system (refer to Figure 4b). TEM
images confirmed the homogeneous distribution of silica-
coated AuNSts (refer to Figure 4b) and the collection of TiO,NPs
through their filtration (refer to Figure 4c). Experimentally, the
silica coating onto AuNSts significantly enhanced the colloidal
stability of the AuNSts, ensuring more uniform attachment to
the TiNWSs. The extinction spectra of AUNSts@SiO, with a 7.4 nm
layer exhibited a slight blue shift at the maximum plasmon
peak of the AuNSts (Figure S6). Typically, silica-coated particles
display a redshift in their plasmon peaks due to changes in the
refractive index of the medium. However, in our case, the
presence of a sufficiently thick silica layer led to a blue shift.
This phenomenon is attributed to increased scattering, which
masks the plasmon band and causes the absorbance to shift to
shorter wavelengths.®?

The photocatalytic degradation of RhB dye in the presence
of TINWs\AuUNSts\TiO,NPs and TiNWs\AuNSts@SiO,\TiO,NPs cat-
alysts is illustrated in Figure 4d. The activity of the obtained
catalyst system was evaluated, considering the environment of
the collected TiO,NPs, Milli-Q water or seawater. Although a
slight decrease in activity was observed in the case of the
seawater sample, the activity remained enhanced compared to
TiO,NPs alone. Moreover, the obtained system retained its
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Figure 4. TEM images of AuNSts@SiO, (a), TINWs\AuNSts@SiO, (b) and TiNWs\AuNSts@SiO,\TiO,NPs (c), RhB photo-degradation by synthesized catalysts with
TiO,NPs filtrated from Milli-Q water or seawater (d, scale bar 50 nm), RhB photodegradation ability of the catalyst after 6 repeated degradation studies (b and

c scale bar 50 nm).

stability even after six successive photocatalysis studies (refer to
Figure 4e). These results confirm that the designed plasmonic
membrane is highly effective for collecting, detecting, and
evaluating the catalytic activity of TiO,NPs from seawater, even
at low concentrations.

3. Conclusions

Herein, we presented hybrid filter system based on titanate
nanowires to monitor in real time TiO, NPs from seawater and
determine their dosages with high sensitivity through their
photocatalytic activities. During the photocatalytic evaluation of
TiO, NPs, irradiation by a solar light source with cut-off UV light,
the selective detection of free radicals originating from TiO, NPs
were achieved. Thus, a new approach has been proposed for
the detection of photoactive NPs forms accumulated in high
amounts in seawater, which is one of the major environmental
problems nowadays. With the plasmon-enhanced photocata-
lytic reactions of TiO, NPs, which are easily collected in the
developed filter system, selective detection is achieved without
the need for expensive analysis methods or pre-processes.

ChemCatChem 2024, 16, 202401002 (6 of 8)

To enhance the detection limit of TiO, NPs, Ti NWs were
decorated with plasmonic Au NSts. The TiNWs\AuNSts hybrid
filter system we have developed offers several advantages; (i)
TiO, NPs were collected and concentrated effectively by
filtration through positively charged TiNWs\AuNSts which have
high surface area and anisotropic morphology. Moreover, Ti
NWs as templates with high aspect ratios provided a homoge-
neous distribution of plasmonic Au NSts, which prevented
agglomerations that can reduce their photocatalytic efficiency.
(i) Thanks to the LbL assembly, close physical interfaces were
formed between plasmonic Au NSts and TiO, NPs. Thus, by
providing an effective plasmon-semiconductor interaction,
possible photocatalysis mechanisms such as localized surface
plasmon resonance (LSPR)-mediated hot electron injection was
enabled. (iii) Plasmonic Au NSts integrated onto the titanate
membrane assisted the photocatalytic activities of TiO, NPs
collected on the filter under solar light irradiation. (iv) The
coating of plasmonic Au NSts with an insulating silica layer
minimized electron-hole recombination, enabling the photo-
catalytic activities of TiO, NPs to be carried out with high
efficiency under solar light, thus identifying TiO, NPs with
detectable activity even in very low detection limits (1 ppm).
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Experimental Section

Chemicals

Tetrachloroauric acid (HAuCl,3H,0), tetraethyl orthosilicate (TEOS),
sodium hydroxide (NaOH), poly (allylamine hydrochloride) (PAH),
sodium chloride (NaCl), trisodium citrate dihydrate (Na;C4HsO,),
polyvinylpyrrolidone (PVP, average mol weight ~10,000), dimetilfor-
mamid (DMF), ammonium hydroxide (NH,OH, 28%) and ethanol
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Titanium
dioxide nanopowders (anatase, 5 and 15nm size, 99%) were
purchased from Nanostructured & Amorphous Materials, Inc. (Katy,
TX, USA). Titanium (IV) oxide nanopowder (Aeroxide P25, 718467)
was purchased from Sigma Aldrich. Milli-Q water with a resistivity
higher than 18.2 MQcm was used for all the preparations.

Synthesis of Titanate Nanowires (TiNWs) and PAH Coating

TiNWSs were synthesized via the hydrothermal method as previously
reported.”” 0.2 g of TiO,NPs (5 nm, anatase) were added to 20 mL
of 8 M NaOH aqueous solution and the solution was sonicated for a
while. The prepared solution was maintained in an oven at 240°C
for 8 h. The synthesized TiNWs were washed (6000 rpm, 20 min)
several times until the pH became neutral. The obtained TiNWs
(5 mg) were dispersed in 50 mL of positively charged PAH solution
(1 mg/mL polymer in 0.5 M of NaCl aqueous solution) and stirred
for 30 min. The excess of PAH was removed by centrifugation for
several times.

Synthesis of Gold Nanostars (AuNSts) and Silica Coating

PVP-stabilized AuNSts were synthesized via the seed-mediated
growth mechanism as previously described.®® Firstly, 15nm
spherical gold seeds were synthesized by Turkevich method with
some modifications.?” Secondly, as-synthesized gold seeds ([Au]=
1 mM, 550 pul) were added into 25 mL of PVP/DMF (with 5 g of PVP)
solution and AuNSts were obtained by adding HAuCl, (0.12 M,
70 pL) into the solution. The solution was mixed for 2 h and the
colour of the solution was turned to dark blue in time. The
synthesized AuNSts were centrifuged and washed with EtOH. The
AuNSts were subsequently coated with a silica layer. For this
purpose, AuNSts ([Au]l=0.75 mM) were dispersed in 10 ml of EtOH/
H,O solution. 0.126 mL of NH,OH and 20 mM of 5% TEOS/EtOH
solution were added and reaction was allowed to mix for 3 h. After
3 h, the silica-coated AuNSts were washed with EtOH (4500 rpm,
30 min) several times and finally redispersed in Milli-Q water.®*

Deposition of AuNSts onto TiNWs

The positively charged Ti NWs particles (5 mg in 25 mL H,0) were
added into silica-coated and un-coated AuNSts solution (0.1 mM in
25mL H,0) and mixed for overnight to supply electrostatic
interaction between TiNWs and AuNSts. After mixing, the obtained
hybrid particles were centrifuged and washed 2 times with H,O. To
provide electrostatic interactions between obtained hybrid particles
and TiO,NPs during filtration, hybrid particles were modified by
positively charged polymer, PAH. For this purpose, PAH (1 mg/mL)
was dissolved in NaCl aqueous solution (6 mM, 50 mL) and poured
into the hybrid particles solution. After 30 min mixed, the PAH-
coated hybrid particles were centrifuged and washed with Milli-Q
water.
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Filtration of Water/Seawater Containing TiO,NPs Through As-
Synthesized Hybrid Particles

TiO,NPs through as-synthesized hybrid particles: Briefly, 5 mg of
hybrid particles were deposited onto a nylon membrane (0.20 um
pore size). After all particles were homogeneously deposited onto
the membrane, water/seawater containing different amounts of
TiO,NPs were vacuum filtered through the deposited hybrid
particles. The TiO, captured hybrid particles were separated from
the membrane and added into the model organic dye Rhodamine
B (RhB) solution to investigate the captured TiO,NPs amount.

Photocatalytic Assessment of Captured TiO,NPs Amount

5 mg of hybrid particles with captured TiO, (5 nm) were dispersed
in 20 mL of aqueous RhB solution (107> M) and stirred for 1 h in the
dark to provide adsorption-desorption equilibrium between the
particles and RhB. This solution was injected into the AuNSt\TiO,
hybrid filter with a syringe at a rate of 2 mL/h and retained on the
filter. Afterwards, the solution was irradiated by solar light using a
300 W Xe lamp in a LOT-Quantum Design solar simulator (350-
2400 nm) at a controlled temperature (25°C) by circulating water
through the reactor. Subsequently, aliquots of 1.5 mL were taken
within 30 min intervals under irradiation with the solar simulator,
allowing the quantification of the photocatalytic process by
monitoring the decreasing adsorption of the RhB dye in the
solution (Figure S7).

Characterization

Transmission electron microscope (TEM) images were obtained
using a JEOL JEM 1010 instrument operating at an acceleration
voltage of 100 kV and equipped with a CCD camera (Tokyo, Japan).
TEM samples were prepared by dropping 10 uL of NPs dispersion
onto a 400 mesh Cu grid covered with carbon film and drying it at
room temperature. Layer-by-layer self-assembly was confirmed by
C-potential measurements using a Malvern Zetasizer Nano series.
Field emission scanning electron microscope (FESEM) analysis were
performed using a JEOL JSM-6700F microscope. Envision Multi-
mode Plate Reader was used to measure the absorbance values of
RhB dye. UV-vis-NIR spectra were obtained with a Hewlett-Packard
HP 8453 spectrophotometer (CA, USA).
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