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Amidst the ongoing LED technology-driven energy revolution, it’s crucial to re-examine how certain processes
work. For this purpose, the present study dives into a new way of depositing platinum nanoparticles onto titania
via photodeposition using LED light, carefully controlling the process by irradiating with different wavelengths.
This novel approach has helped us to understand how the chosen wavelength may affect the properties of the
synthesized materials, especially in relation to the shape of photodeposited nanoparticles. Moreover, the pho-

todeposition method herein presented was proven to allow the nucleation and growth of Pt over amorphous
titania, effectively expanding the application range of photodeposition. Importantly, the prepared samples were
found to be highly effective at photocatalytically breaking down recalcitrant pharmaceutical drugs such as
naproxen. This work significantly contributes to our understanding on how these materials can be used for
technological applications such as photocatalysis, making it a noteworthy addition to the research field.

1. Introduction

The rapid growth of industrialization, as well as of global population,
has led to an increase in the environmental pollution of water due to the
discharge of noxious chemicals, often resulting as a consequence of both
humane and industrial activities (Carpenter et al., 1998; Dudgeon et al.,
2006; Jarup, 2003). The serious threat to the development of a sus-
tainable society posed by water pollution has driven researchers to seek
for effective and green technologies aimed at remediating wastewaters
(Fujishima et al., 2007; Hoffmann et al., 1995). Among those, hetero-
geneous photocatalysis has been proven to be a remediation process
characterized by a number of advantages, such as i) the possibility to
ensure a complete mineralization of the substrates without waste
disposal issues; ii) the relatively low costs and iii) the opportunity to
operate under mild conditions (Bhatkhande et al., 2002; Li et al., 2018).
Nonetheless, photocatalysis is also particularly suited for the degrada-
tion of recalcitrant compounds such as pharmaceutical drugs (Mestre
and Carvalho, 2019; Murgolo et al., 2021; Sharma et al., 2023; Velem-
pini et al., 2021), for whose several conventional degradation methods
(e.g., physical, chemical, and biological abatement technologies) are not
efficient enough to be practically employed (Sharma et al., 2023).

The efficiency of photocatalytic remediation processes, however, are
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directly tied to the efficiency of the employed photocatalyst material.
For example, the performance of titanium dioxide, the most widely
utilized semiconductor photocatalyst, is restrained by its two main
drawbacks, represented by its wide band gap, requiring the use of highly
energetic UV radiation to trigger the activation of the material, and by
the high recombination rate of charge carriers photogenerated on it,
causing the loss of energy provided by the absorbed photons in the form
of heat (Guo et al., 2019; Nakata and Fujishima, 2012; Schneider et al.,
2014). Over the course of the years, different strategies, such as TiOq
morphology control (Dozzi et al., 2021; Dozzi and Selli, 2013a; Maisano
et al., 2016) or doping with transition metals or p-block elements
(Basavarajappa et al., 2020; Dozzi and Selli, 2013b; Kumaravel et al.,
2019), have been explored to overcome such limitations. Among these,
the deposition of noble metal (NM) nanoparticles (NPs) over the surface
of titanium dioxide represents an attractive strategy which, by forming a
Schottky barrier at the metal/semiconductor heterojunction, is capable
of improving the performance of titanium dioxide in photocatalysis by
dampening the recombination rate of photogenerated charge carriers
(Bowker et al., 2022; Dozzi et al., 2017, 2009). In fact, by trapping
electrons within noble metal nanoparticles, positively and negatively
charged carriers result to be physically separated, thus limiting their
recombination rate within the semiconductor.
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Nonetheless, the efficiency of NM NPs deposition process has been
reported to be heavily influenced by the adopted method (Dimitratos
et al., 2016; Dozzi et al., 2009; Prati and Villa, 2011), with several
different routes, e.g., deposition—precipitation (DP) (Dozzi et al., 2009;
Tsubota et al., 1991; Zanella et al., 2002) and grafting (Dozzi et al.,
2017; Liu et al., 2011), being proposed and investigated by researchers
over the past years. Among them, the photodeposition method have
attracted a lot of attention in photocatalysis. For example, uniquely from
other techniques, photodeposition has been repeatedly reported to
provoke a specific, preferential growth of Au nanoparticles over oxygen-
defective TiO, surface sites, whereas in the case of Pt, NM NPs were
evenly distributed on the surface of the metal oxide semiconductor, their
growth being unaffected by the presence of specific surface defects
(Gong et al., 2008; Kydd et al., 2007; Melvin et al., 2015). Moreover, it
allows for the so-called “structure-directed photodeposition”, i.e., the
deposition of NM NPs on specific crystal facets or peculiar branches on
nanostructured materials (Wenderich and Mul, 2016).

Despite photodeposition has copiously proven to be capable of
yielding enticing semiconductor photocatalyst materials, the fairly
limited understanding of the physical-chemistry underneath an appar-
ently simple photo-induced redox process makes the optimization of
photodeposition in literature still largely empirical (Wenderich and Mul,
2016). In this juncture, studies investigating the effects of experimental
parameters (e.g., solution pH, type of metallic precursor, temperature,
and so on) are fundamental to fine-tune optimized experimental pa-
rameters aimed at obtaining the best cost-effective metal/semi-
conductor composites through photodeposition. Yet, the influence of the
wavelength of the incident light employed during the photodeposition
process has been rarely studied. Thus, we decided to investigate possible
effects induced by the use of light with different wavelength (A) on the
photodeposition of Pt over TiOp, changing the irradiation A by
employing LED lights with different maximum emission (280, 360, 450
and 550 nm). The following study aims at expanding the knowledge
provided by our previously published research, which preliminarily
explored photodeposition of Pt NPs on TiO, and graphite (Kubiak et al.,
2023, 2022), by delving into the effects played by modifying either the
LED-light employed during the photodeposition and the crystallinity of
the TiO, support. In doing so, the photoactivity of the materials was
tested in the photocatalytic degradation of naproxen, used as model
molecule to evaluate the ability of the synthesized composite materials
to photocatalytically degrade recalcitrant pharmaceutical drugs from
contaminated waters.

2. Experimental part
2.1. Materials

Commercial anatase (nanopowder, <25 nm particle size; Sigma-
Aldrich, 99,7%), titanium(IV) isopropoxide (Thermo Scientific, 97 %),
chloroplatinic acid hexahydrate (Thermo Scientific, ACS reagent,
>37.50 % Pt basis), methanol (Sigma-Aldrich, ACS reagent, >99.8 %),
ammonia solution (Fisher Chemical, 25 %), isopropanol (Sigma-Aldrich,
99.5 %), naproxen sodium (Acros, >98 %). All reagents were of
analytical grade and used without any further purification. The water
used in all experiments was deionized.

2.2. Synthesis of TiO2-Pt materials

TiO9-Pt materials were synthesized using the photodeposition
method with LED light. The procedure involved the dispersion of 1 g of
anatase TiO2 in 100 ml of 1:1 water/methanol solution. Subsequently,
300 uL of chloroplatinic acid hydrate (0.1 wt% solution) were added to
achieve a Pt/TiO, ratio of 1 wt%. The mixture was then sealed and
purged with argon for 30 min. The suspension was irradiated for 1 h
with monochromatic LED light with maximum emission at specific
wavelengths, i.e. 280, 315, 365, 450, 550, and 650 nm or with
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polychromatic high-pressure Hg lamp. During the process, a color
change from orange (resulting from the presence of the platinum pre-
cursor) to gray was observed, indicating the successful Pt(IV) photore-
duction to metallic platinum nanoparticles (NPs). The samples were thus
labeled as TiOy-Pt Xnm with X referring to the maximum emission
wavelength (in nm) of the LED adopted during the photodeposition
procedure.

Selected samples were also prepared using amorphous TiO5 synthe-
sized using the method described elsewhere (Siwinska-Stefanska et al.,
2018) and reported in the Supplementary Materials. The so-obtained
samples were labeled as TiO2(Am)-Pt Xnm. Reference samples
(TiO2_Xnm) were synthesized following the same procedure except for
the addition of the platinum precursor.

The light intensity of the Hg lamp on the reactor was measured to be
approximately 20 mW/cm?. The adopted LEDs were thus calibrated to
ensure comparable light intensity (ca. 20 mW/cm?).

2.3. Characterization of fabricated materials

Crystal structure analysis was performed using X-ray diffraction
(XRD) with a Rigaku Miniflex 600 instrument (Rigaku, Japan). Cu K«
radiation (A = 1.5418 A) was used, collecting diffraction patterns in the
20-80° 20 range. The obtained patterns were analyzed using the Rietveld
method implemented in the FullProf suite.

Diffuse reflectance spectroscopy (DRS) was employed to evaluate the
light absorption properties of the oxide materials. The measurements
were conducted using a Jasco V-670 spectrophotometer equipped with a
PIN-757 integrating sphere, using barium sulfate as a reference stan-
dard. Reflectance (R) spectra in the 200-800 nm region, with a 1 nm
spectral resolution, were converted into absorption (A) spectra using the
relation A = 1-R.

The BET specific surface area (SSA), pore volume, and pore diameter
of samples were determined by performing low-temperature nitrogen
sorption measurements on a Quantachrome Autosorb iQ porosimeter
from Quantachrome (USA). Prior to the measurements, the samples
underwent degassing at 120 °C for 4 h. The surface area was determined
using the multipoint BET method by analyzing the adsorption data in the
relative pressure (p/pp) range of 0.05-0.30.

Transmission electron microscopy (TEM) analysis was carried out
with FEI TECNAI G2 F20 electron microscope of the Unitech COSPECT
at the University of Milan, operating at an accelerating voltage of 200
kV, with a Gatan CCD camera allowing high-resolution imaging. Few mg
of the specimens were sonicated in 2-propanol and then transferred as a
suspension on a copper grid covered with a holey carbon film. Micro-
graphs were taken after solvent evaporation, spanning over the whole
region of the sample, to achieve a truly representative statistical map-
ping of the investigated materials.

The actual photodeposited platinum content was determined by ICP-
OES analysis, using a Varian 710-ES ICP optical emission spectrometer
(Varian, USA) upon disgestion in aqua regia (3:1 HCI:HNO3) of 15 mg of
each sample..

X-ray Photoelectron Spectroscopy (XPS) experiments were carried
out using a Specs UHV spectrometer (SPECS, Germany) equipped with a
charge neutralizer. The binding energies were calibrated using the C1 s
peak at 284.8 eV as a reference.

Photoluminescence (PL) analysis was performed using a spectroflu-
orometer (Fluorolog version-3, Horiba, Japan) equipped with a 450 W
high-pressure xenon arc lamp as light source. The excitation spectra for
the precursor were acquired by operating with emission wavelengths at
450 nm and 530 nm. For TiO»-Pt materials, emission spectra were ac-
quired by operating with a 350 nm excitation wavelength. Spectral
resolution and slit width were set to 2 nm and 2 mm, respectively.
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2.4. Photocatalytic activity

2.4.1. Home-made LED-based light source

The LED light source employed during the photocatalytic tests was
based on the combination of single-power LEDs emitting in the 365-370,
380-385, 395-400, and 420-430 nm wavelength ranges (BRIDGELUX,
USA). The diodes were placed on an aluminum heat sink using thermally
conductive glue (AG TermoGlue, Poland), and then connected in series.
Finally, the LEDs were combined with an LED driver (MeanWell,
Taiwan) to give a power of 10 W, which was confirmed using a GB202
wattmeter (GreenBule, China). The emission spectrum of the tailor-
made LED light source is shown in Fig. S1.

2.4.2. Photocatalytic activity test

The photocatalytic activity of homemade samples was tested in
aqueous suspensions, employing naproxen (NPX) as organic and model
pharmaceutical degradation substrate.

The irradiated 0.1 L aqueous suspensions always contained 1 g/L of
photocatalyst and an initial NPX concentration equal to 20 mg/L. The
adsorption/desorption equilibrium of the substrate on the photocatalyst
surface was attained within a black box under magnetic stirring (IKA
Werke GmbH, Germany) for 30 min, before starting irradiation. Stirring
was continued during the photocatalytic runs, irradiating the reaction
mixture with the above-described custom-made LED setup. Portions (3
mL) of the suspension were thus withdrawn from the photoreactor at
different time intervals during the runs and filtrated using a syringe filter
(Macherey-Nagel, Germany). The supernatant was analyzed for residual
NPX content by spectrophotometric analysis at 330 nm, the maximum
absorption wavelength of NPX, employing a UV-2550 Shimadzu spec-
trophotometer instrument. To assess the photocatalytic efficiency of the
investigated materials, the degradation yield (W) was computed using
the following formula:

W(%) = (l —&) © 100% (€D)]
Go

where Cy and C; represent the initial NPX amount and the concentration
of NPX determined upon a fixed irradiation time, respectively.

2.4.3. MS measurements

In order to better identify byproducts deriving from the NPX pho-
tocatalytic oxidation attained with the differently prepared TiO,-based
samples, MS measurements were conducted on selected irradiated
aqueous suspensions (upon proper filtration). The ESI-MS spectra were
obtained using a Bruker amaZon SL (Germany) ion trap equipped with
an electrospray ion source in infusion mode. The sample solution was
introduced into the ionization source at a flow rate of 5 pL min !
through a syringe pump. The instrument was operated in the “enhanced
resolution mode” with a mass range of 50-30000 m/z and a scanning
rate of 8100 m/z per second. The capillary voltage was set to + 4.5 kV,
and the endplate offset was —500 V. The temperature of the ion source
was maintained at 80 °C, while the desolvation temperature was set to
250 °C. Nitrogen was used as the cone gas, while helium was used as
desolvating gas with flow rates of 800 L-h ! and 50 L-h ™!, respectively.
The mass spectrometer was used in both positive and negative ionization
modes.

3. Results and discussion
3.1. Characterization of Pt precursor solution

In order to get insights into the LED-induced photodeposition
mechanism of platinum nanoparticles on TiO5 surface, the light-induced
excitation properties of the Pt precursor solution, adopted during
photoreduction experiments, have been firstly studied. In particular, the
excitation spectrum acquired by fixing the emission wavelength at 530
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nm and reported in Fig. 1a clearly demonstrates that the chosen plat-
inum precursor, HoPtClg, can indeed be efficiently excited over a broad
spectrum of wavelengths, ranging from UV-B to blue light, i.e. two
distinct primary excitation peaks being clearly located at 365 nm and
450 nm. It’s worth reminding that the HyPtClg precursor solution may
also exhibit light absorption at 262 nm, as evidenced by its absorption
spectrum (Fig. S2). Moreover, based on the emission spectrum acquired
at the fixed 450 nm excitation wavelength and reported in Fig. 1b, a
single broad emission band spanning from 480 to 600 nm was observed.

3.2. Characterization of fabricated TiO,-Pt nanomaterials

3.2.1. X-ray diffraction (XRD)

Fig. 2a shows the XRD patterns of bare anatase and TiO3-Pt nano-
materials. Clearly, the 26 positions of the diffraction peaks within the
recorded patterns of all synthesized samples perfectly match those of
pure anatase (card no. 9009086) (Chung et al., 2020; Lin and Wang,
2019). Furthermore, diffraction peaks related to other TiOy crystal
phases such as rutile or brookite were not observed, indicating that the
synthesized materials were fully composed of anatase. Within the TiO-
Pt series, an additional peak was observed at 20 = 39.8° (see Fig. 2b),
which could be attributed to the (111) planes of metallic platinum (card
no. 1011107) (Lakshmanareddy et al., 2019; Ofiarska et al., 2016). The
presence of this additional peak originating from Pt NPs was not
observed in the case of TiO2-Pt 650 nm sample. The presence of Pt NPs
diffraction peaks in the diffraction patterns suggests the effective
deposition of nanocrystalline Pt particles on the materials surface,
possibly organized in clusters large enough to give rise to characteristic
diffraction signals of appreciable intensity. Importantly, no shifts in the
TiO4 pattern peaks were observed upon Pt loading, thus indicating that
Pt is not incorporated into the lattice of TiO5, but rather deposited onto
the oxide surface. Despite the relatively low noble metal content (1 wt%)
in the materials under investigation, the presence of metallic Pt phases is
clearly confirmed through XRD analysis. Typically, the absence of
diffraction peaks related to noble metals in XRD patterns of metal-
modified semiconductors indicates a high level of noble metal nano-
particle dispersion (Bielan et al., 2021; Zielinska-Jurek et al., 2015). This
is significant because even highly crystalline noble metal nanoparticles
in their fully reduced metallic states may not produce diffraction peaks if
they are well-dispersed. This is because the coherent diffraction domain
might be too small to generate a significant diffraction signal.
Conversely, when noble metal nanoparticles are clustered together and
not well-dispersed, the coherent diffraction domain can become the size
of the clusters themselves, resulting in noticeable diffraction peaks in the
patterns. However, XRD patterns of amorphous TiO(Am)-Pt series
samples did not exhibit any Pt diffraction peaks. Instead, the typical
diffraction pattern of nanometer-sized x-ray amorphous TiO; is clearly
observed (Fig. S3, see Supplementary Materials), fully in line with the
data reported by Zhang et al. (Zhang et al., 2008).

Interestingly, the here adopted LED-induced Pt photodeposition
process did not produce any variation, independently on the chosen LED
wavelength, on both the fully anatase TiO; crystalline phase composi-
tion and the ca. 20 nm TiOs crystallites size of the starting TiO5 sample.
At the same time, no appreciable differences have been exhibited by the
XRD patterns of the reference TiOo Xnm samples (see Fig. S4 in the
Supplementary Materials), thus excluding any potential influence solely
exerted on the TiO; crystal structure by the employed photodeposition
procedure upon irradiating with any of the chosen LED wavelengths
(Grabowska et al., 2016).

3.2.2. Diffuse reflection spectroscopy (DRS)

UV-vis absorption spectra of TiO2-Pt Xnm and TiO(Am)-Pt_Xnm
series samples are collected in Fig. 3. Pt-modified powders show the
typical broad, almost constant absorption extending over the entire
visible region. The obtainment of pretty similar DRS spectra indirectly
confirmed the deposition of similar Pt content among the investigated
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Fig. 1. Excitation and emission spectra of HyPtClg solution, viewed from the right.
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Fig. 2. (a) XRD patterns of TiO,-Pt-Xnm series materials; (b) enlarged portion of the samples patterns, showing the peak associated to metallic platinum.

Pt-containing samples, except for the TiO-Pt_650 nm material, whose
spectrum only reveals the presence of an additional absorption band at
approximately 400-450 nm, which can be attributed to the Pt precursor
species adsorbed on the TiO, surface (Guaraldo et al.,, 2015). It is
important to note that this observation aligns with previous findings,
indicating that the use of red light (650 nm wavelength) for the pho-
todeposition process does not result in the reduction of Pt ions into fully
metallic Pt NPs (Alamelu and Jaffar Ali, 2018). At the same time, as
expected, the applied photodeposition process did not alter the band gap
energy of the starting TiO, material.

3.2.3. Specific surface area (SSA) determination

BET surface area values obtained for the TiO,-Pt series samples are
reported in Table S1 in Supplementary Materials, together with their
calculated mean pore volume and size/diameter. Representative nitro-
gen adsorption-desorption isotherms acquired for home-made TiO,-
Pt Xnm series materials can be found in Fig. S5 of the Supplementary
Materials.

The nitrogen adsorption isotherms exhibited characteristic features
of type IV, with a hysteresis loop observed at higher pressure values
(Muttakin et al., 2018). Regardless of the analyzed nanomaterial, the
hysteresis loop exhibited a type H3 behavior, typical of pores originating
from the packing of spherically-shaped -crystallites (Sing, 1982).
Importantly, the process of platinum photodeposition on the anatase
surface did not have any significant impact on the amount of adsorbed
nitrogen, though a slight BET area increase (ca. 4-8 %) was observed for
the TiO2-Pt_Xnm materials compared to the bare anatase and the TiO,-
Pt 650 nm samples. Regardless, all materials were characterized by a
similar SSA, in the 73-82 m? g~! range, allowing to directly compare

their photocatalytic activities without differences in surface exposure
affecting the relative performance of the photocatalysts.

3.2.4. HR-TEM analysis

To understand if the morphology of Pt nanoparticles photodeposited
on TiOy may be somehow influenced by the adopted LED wavelength,
the noble metal particle size distribution (PSD) was thus determined
acquiring high-resolution TEM images, collected in Fig. 4.

Interestingly, both shape and dispersion of Pt NPs anchored on
anatase surface were found to be critically influenced by the LED
wavelength. The irradiation of anatase TiO, with high energy photons
(e.g., 280 nm) allowed the deposition of almost spherically shaped Pt
clusters, with variable sizes ranging from 20 to 60 nm, and composed of
very small noble metal nanoparticles with average diameter of ca. 3.2 +
0.7 nm (Fig. 4a). The use of UV-A radiation (365 nm) guaranteed a more
homogeneous dispersion on TiO; surface of Pt NPs with mean size of ca.
3.4 nm + 0.8 nm. Notably, no noble metal nanoparticle clusters were
detected in the so-prepared sample, suggesting a different photo-
deposition mechanism (Fig. 4b). A quite similar degree of Pt NPs
dispersion on TiO2 was also observed for the material obtained by
irradiating with 450 nm LED light, i.e. TiO2-Pt 450 nm sample exhib-
iting a homogeneous distribution of Pt nanoparticles with mean diam-
eter of 4.0 £ 1.0 nm, although some irregularly (pear-like) shaped Pt
NPs started to appear on the metal oxide semiconductor (Fig. 4c).
However, the use of green light (550 nm) ensured the photodeposition of
Pt NPs with mean diameter of ca. 3.0 + 0.5 nm, which clearly tend to
aggregate forming Pt nanoclusters with quite homogenous/regular size
(i.e. mean diameter of ca. 15-20 nm), apparently embedded between
oxide particles (Fig. 4d).
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Fig. 3. DRS spectra of (a,b) TiO»-Pt_Xnm, and (c) TiO>(Am)-Pt_ Xnm series samples.

Furthermore, in order to investigate the role eventually played by the
TiO4 crystallinity on Pt NPs photodeposition, TiO2(Am)-Pt Xnm series
samples were also examined. The corresponding TEM images can be
found in Fig. S6 of the Supplementary Materials. In particular, only
TiO2(Am)-Pt samples prepared by using 365 and 450 nm LED wave-
lengths exhibited quite diluted Pt nanoclusters (mean diameter of 20
nm), composed of Pt nanoparticles units with ca. 3.1 £+ 0.5 nm size, i.e.
no nanoparticles with Pt in metallic form being observed in the case of
materials prepared by irradiating with other considered LED wave-
lengths (see 3.2.5. section). Moreover, it’s important to underline a key
point: as the HyPtClg precursor is better excited within the blue light
range, the 450 nm wavelength appears more suitable than 365 nm for
photodepositing Pt on amorphous TiOs. Thus, choosing blue-centered
wavelength might be pivotal for achieving an optimized Pt nano-
cluster dispersion on x-ray amorphous TiOs.

When comparing our findings with the existing scientific literature, it
is crucial to highlight some significant differences. Firstly, previous
studies have suggested that the photodeposition process generally en-
ables a homogenous size distribution of noble metal NPs on the whole
semiconductor surface. The dispersion of Pt NPs with homogeneous size
distribution was particularly attained upon irradiation at specific LED
wavelengths (365 nm and 450 nm). Interestingly, as shown in Fig. 4a,
irradiation with high-energy photons at 280 nm can lead to irregular
clustering of Pt nanoparticles. While this specific sample (TiO2-Pt_280
nm) was prepared using monochromatic LED light at 280 nm, similar
effects might be also expected with polychromatic light sources
including high-energy photons (UV-C).

Consequently, to address this important issue, we thus prepared an
additional sample by following the same synthetic procedure, but in the
presence of a polychromatic light source, i.e. a high-pressure Hg-lamp.

TEM images of the so obtained sample, named as TiOs-Pt_poly, are
provided in Fig. 5. Interestingly, the use of a conventional light source,
specifically a high-pressure mercury lamp, led to a quite inhomogeneous
Pt deposition throughout the entire synthesized sample. In particular,
either Pt NPs (mean diameter of 4.0 nm + 0.5 nm) aggregated into
nanoclusters (mean diameter of approximately 25 nm) or dispersed as
single (and almost spherically shaped) units, with mean 3.0 + 0.5 nm
diameter, were observed on the TiO2-Pt_poly sample. So, by considering
our previous observations along with this new finding, it becomes clear
that the irradiation wavelength adopted during the photodeposition
process may strongly affect the anchoring of Pt NPs on TiO5 surface in
terms of both size and shape distribution.

3.2.5. Surface composition analysis

The actual amount of Pt co-catalyst deposited on the photocatalysts
surface was quantitatively determined via ICP-OES analysis (Table 1). In
particular, in the case of crystalline anatase, the here employed LED-
driven photodeposition led to the fixation on the TiO5 surface of the
nominal Pt loading only when irradiating with wavelengths in the
280-550 nm range. Differently, irradiation with 650 nm photons
allowed to anchor only a small fraction of platinum, likely to be ascribed
to residual amounts of adsorbed Pt precursor species rather than to Pt
NPs produced via photoreduction. Interestingly, differently than crys-
talline anatase, a quantitative loading of reduced Pt NPs was never
achieved on amorphous TiO,. Therefore, the crystallinity of the titanium
dioxide support seems to be required in order to gain the complete
loading of Pt NPs by means of the here employed photodeposition with
LEDs.

XPS analysis was used to determine the surface composition and
oxidation state of elements in the TiO,-Pt systems. High resolution XPS
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Fig. 4. TEM images and Pt NPs size distribution of TiO5-Pt Xnm materials irradiated using (a) 280, (b) 365, (c) 450 and (d) 550 nm LED wavelength.

spectra in the Ti 2p and Pt 4f BE regions of the investigated TiO»-Pt
materials are reported in Fig. 6.

First of all, almost identical Ti 2p doublet signals, with two compo-
nents at binding energy (BE) 458.5 and 464.2 eV, assigned to Ti 2p3/2
and Ti 2p, /5, respectively, were recorded with both bare anatase and Pt-
modified samples (Giizelcimen et al., 2020; Jensen et al., 2005). The
absence of any modifications of Ti 2p peaks in terms of both shape and
energy position with respect to the standard ones indirectly exclude any
possible incorporation of Pt into the TiO, lattice structure.

The Pt 4f region spectrum was analyzed and fitted with a doublet,
with a separation of 3.33 eV between the Pt 4f;/, and Pt 4f5,, peaks. The
mainline Pt 4f;/» peak was observed at a binding energy of 71.1 eV,
indicating the presence of metallic platinum on the surface (Haselmann

(=)}

et al., 2020; Zhang et al., 2020). Differently, it is crucial to emphasize
that the obtainment of such XPS Pt peak signal at relatively higher BE
(ca. 73 eV) for the TiO,-Pt_650 nm sample demonstrated the presence of
oxidized platinum in the form of adsorbed precursor on the surface of
such photocatalyst. This finding supports previous research showing
that 650 nm LED light does not reduce the platinum precursor to its
metallic phase.

Interestingly, all the here adopted physico-chemical characterization
techniques (XRD, DRS, TEM and XPS) clearly confirmed the impossi-
bility to deposit Pt NPs on crystalline TiO, by applying the photo-
deposition technique with low energy photons (650 nm). For this
reason, the photoactivity of the TiO»-Pt 650 nm sample will not be
evaluated in any photocatalytic activity test (Section 3.4).
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Fig. 5. TEM images of TiO,-Pt_poly sample, i.e. prepared by using polychromatic high-pressure Hg-lamp.

Table 1
Pt amount (wt.%) deposited on the surface of the investi-
gated photocatalysts, determined by ICP-OES analysis.

Sample ICP-OES
Pt (%)

TiO2-Pt_280 nm 0.9 (+0.1)
TiO2-Pt_315 nm 0.9 (+£0.1)
TiO,-Pt_365 nm 1.1 (£0.1)
TiO2-Pt_ 450 nm 1.0 (£0.1)
TiO2-Pt_ 550 nm 1.0 (£0.1)
TiO2-Pt_650 nm 0.3 (+£0.1)
TiO2(Am)-Pt_365 nm 0.6 (+0.1)
TiO2(Am)-Pt_450 nm 0.5 (+0.1)

Fig. 7 shows XPS spectra obtained for TiO,-Pt materials synthesized
with the use of amorphous TiO». Interestingly, the XPS spectra obtained
in the Pt 4f region for the TiO2(Am)-Pt_365nm and TiO2(Am)-Pt_450nm
samples, following deconvolution, mainly reveal the presence of species
attributable to adsorbed noble metal precursor, although low intense
XPS signals associated to Pt(0) species (ca. 71.1 €V) also confirmed the
presence of small amount of metallic Pt NPs on amorphous TiOs, in line
with HR-TEM analysis.

This finding strongly suggests that the platinum precursor and/or the
semiconductor oxide can be somehow excited, thus ensuring the partial
fixation of Pt NPs even on the surface of amorphous TiO, materials.
However, it is important to note that the efficiency of this process on an
amorphous semiconductor is significantly lower compared to that
occurring on crystalline materials. This is likely attributed to the fact
that amorphous TiO, may be strongly affected by undesired photo-
generated charge carriers recombination, thereby lowering the effi-
ciency of the Pt precursor species photoreduction.

3.2.6. Photoluminescence (PL) spectroscopy

Steady-state PL spectroscopy was preliminary performed to under-
stand if and how the electron transfer paths from the excited semi-
conductor to the Pt NPs may be somehow influenced by the LED
wavelength adopted during the photodeposition process and/or the
crystalline nature of the starting TiO, photocatalyst. Fig. 8 reports the PL
signals of Pt-modified TiOz samples compared to that of the corre-
sponding bare material in terms of intensity and shape profile upon
excitation at 350 nm.

It is necessary to remind that TiO, is an indirect semiconductor, so its
emission signal resulting from the recombination of conduction band
(CB) electrons with valence band (VB) holes is expected to be very weak
at room temperature (Wu et al., 2019). So, fast electron — hole recom-
bination process, being detrimental for the overall photocatalytic effi-
ciency of TiOy-based materials, largely occurs producing heat instead of

radiative emission. Previous works have clearly evidenced that shape,
intensity and dynamic PL profile of TiO2 materials may be somehow
affected by the introduction of localized defect states in the TiO2
structure, e.g. by doping or by applying specific surface treatments
under aerobic or anaerobic conditions (Esrafili et al., 2022). New range
of intra band gap states may behave as trapping sites of photoproduced
charge carriers, thus significantly affecting the overall electron — hole
recombination dynamics and originating more intense and longer-living
PL component (Giannakas et al., 2017). The here investigated TiOy
material exhibited PL signal in the 400 — 450 nm range, which may be
assigned to the radiative recombination of bulk self-trapped excitons at
intrinsic TiOg octahedra of anatase crystal structure (Dudziak et al.,
2021) (Fig. 8a).

All the Pt-containing materials systematically exhibited quite similar
in shape, but less intense PL spectra compared to bare TiO,, as a
consequence of the effective migration of electrons photopromoted in
the TiOy CB (or at defective sites) towards the noble metal NPs (Xie
et al.,, 2014). More interestingly, the largest PL decrease has been
attained by the TiO2-Pt 450 nm sample which, being characterized by
homogeneously and well-dispersed Pt nanoparticles, may exhibit supe-
rior ability in capturing photoexcited electrons from TiO2 compared to
the TiO2-Pt_280 nm sample, where Pt clusters were instead observed.

Similar observations were made for the TiO2(Am)-Pt series (Fig. 8b).
Indeed, the photoluminescent emission of x-ray amorphous TiOq, also in
this case originating from e-h pairs radiative annihilation, clearly proves
that electron-hole pairs are indeed generated to a certain extent upon
irradiation with light of suitable wavelength also in amorphous TiOs.
This result, along with XRD patterns (Fig. S3), suggests that the here
synthesized amorphous TiO may be predominantly composed by very
small (~2 nm size) nanoparticles with a highly distorted shell and a
strained anatase-like core (Zhang et al., 2008). Nonetheless, the PL
emission associated with charge carrier recombination was quenched
upon Pt NPs photodepositon. In this case as well, the TiO2(Am)-Pt_450
nm sample exhibited a relatively more marked PL suppression compared
to the TiO2(Am)-Pt_365 nm material, possibly as a consequence of the
more efficient fixation of metallic Pt on amorphous TiO; surface
attained by using blue light during the photodeposition process (as
demonstrated by the previously reported XPS analyses).

Interestingly, these preliminary results demonstrate that the LED
wavelength adopted during the photodeposition process may also spe-
cifically affect the relative degree of PL suppression, generally attained
with noble metal-containing TiO,-based photocatalysts, thus deter-
mining a peculiar effect on the overall electron-hole recombination
process.
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Fig. 6. High resolution XPS spectra of TiO,-Pt materials prepared using different LED wavelengths.
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Fig. 8. Emission spectra of (a) crystalline and (b) amorphous TiO,-Pt series samples, prepared using different LED wavelengths.

3.3. Proposed mechanism for LED-induced deposition of Pt nanoparticles

Based on the collected data, possible mechanisms of platinum pho-
todeposition as a function of the adopted LED wavelength may be out-
lined. Specifically, UV-C light exposure results in the formation of
differently sized platinum nanoclusters on the anatase surface (Alamelu
and Jaffar Ali, 2018). In particular, the photodeposition method, initi-
ated by high energy photons, corresponds to the already well-
established working mechanism mainly based on the direct photoexci-
tation of the TiO, photocatalyst (Ratliff et al., 2009). This is clearly
demonstrated by the fact that 280 nm-mediated Pt NPs deposition did
not occur on amorphous TiO, materials, i.e. the excitation of noble metal
precursor species contained in the starting aqueous suspension not being
sufficient to ensure the Pt deposition. Nonetheless, the potential effects
directly played by the UV-C light on the anatase surface shouldn’t be
overlooked. In fact, continuous UV light irradiation may directly alter
the surface of titania by introducing new surface defects. Previous work
by Stevanowic et al. (Stevanovic et al., 2012) noted that a photo-
luminescence band near 500 nm can act as a reliable indicator of UV-

triggered shifts in the band structure. Therefore, we also acquired the
photoluminescence spectra of reference TiOy Xnm samples, i.e. anatase
samples exposed to the considered LED wavelengths in the absence of Pt
precursor species (see Fig. S7 in the Supplementary Materials). Inter-
estingly, the data clearly evidenced that only TiO, materials irradiated
with UV and especially UV-C radiation exhibited slightly more intense
PL signals, possibly due to the light-induced introduction of surface
defects, as further confirmed by the partial color change showed by such
materials, turning from white into slightly gray. So, the surface defects
directly introduced by UV exposure can serve as further electron-rich
reactive sites promoting platinum precursors reduction, mirroring the
“key and lock” analogy, which boosts the distribution of platinum
nanoparticles on the TiO; surface (Dessal et al., 2019; Sakthivel et al.,
2004).

Differently, it is important to consider that 315 and 365 nm photons
may promote the simultaneous photoactivation of anatase TiOy and
platinum precursor species (HaPtClg), possibly adsorbed on titania sur-
face (Watanabe, 2017; Yan et al., 2016). Therefore, under such condi-
tions, the deposition of Pt NPs may result from combined mechanisms
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still mainly involving the transfer of photopromoted electrons (upon
direct TiO5 band-gap excitation) from the TiO5 CB to the adsorbed Pt(IV)
species, but also encountering the direct photoreduction of [PtClg]*
complexes upon their photoactivation (Haidry et al., 2023; Sharma
et al., 2016).

Furthermore, effects produced on the photodeposition process by
TiO, irradiation with 450 nm and 550 nm LED wavelengths should be
taken into account. In fact, these wavelengths aren’t within anatase’s
absorption range (Fig. 3), indicating that photons with such energy
impinging on the reaction slurry may directly photoexcite HyPtClg
precursor species, as demonstrated by its excitation spectrum clearly
peaking at 450 nm (Fig. 1). Simultaneously, in line with previous report
(Burgeth and Kisch, 2002) adsorption of HyPtClg species on anatase TiOo
may extend the light absorption properties of the resultant photocatalyst
up to ca. 600 nm, as further supported by the UV-vis absorption spec-
trum of the TiO2-Pt_650 nm reported in Fig. 3a. Interestingly, while the
nominal Pt content was photodeposited on crystalline TiO5 upon irra-
diation at 450 nm, the anchoring of Pt NPs only partially occurred on
amorphous TiO; under the same experimental conditions.

In this scenario, the photoexcitation of Pt precursor species adsorbed
especially on anatase TiO5 may induce the transfer of electrons towards
TiOy CB, while resultant oxidized Pt-precursor species may accept
electrons from hole scavenger molecules, in this case methanol, added in
the irradiated aqueous suspensions (Burgeth and Kisch, 2002.; Macyk
et al., 2003). At the same time, the so-produced oxidized hole scavenger
molecules, generally behaving as strongly reductant radical species, may
also contribute to the noble metal precursor reduction into metallic Pt
NPs. In fact, according to literature reports (Bernardini et al., 2010;
Dozzi et al., 2009; Tantis et al., 2016), such photogenerated species,
thanks to their highly negative redox potential, could either originate
the so-called current doubling effect by injecting electrons into the
semiconductor conduction band, or mediate the reduction of a wide
variety of species adsorbed on the photocatalyst (in this case, adsorbed
Pt precursor species, since the highly reducible O, has been removed
from the reaction environment). Therefore, during the photodeposition
process carried out by irradiation at 450 nm (and probably also at 550
nm for the crystalline TiO5 material), Pt precursor reduction may pro-
ceed on the photocatalyst surface through the action of conduction band
electrons, directly injected by the photoexcited Pt precursor species or
by the photogenerated (and highly reductant) oxidized molecules
derived by the added hole scavenger species (i.e. methanol).

Moreover, it results clear that the efficiency of the here proposed
mechanism may be strongly affected by the TiO; crystallinity. In fact,
amorphous TiOj, possibly dominated by detrimental charge carrier
recombination, may not be sufficiently efficient in capturing and trap-
ping electrons, provided by the reductant species described above,
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which are essential to allow the stabilization of metallic Pt NPs on the
semiconductor surface upon irradiation at 450 nm.

3.4. Photocatalytic activity

The photocatalytic degradation of naproxen, irradiating the photo-
catalysts using the tailor-made LED light source (Fig. S1), was chosen as
test reaction to evaluate the photocatalytic performance of the synthe-
sized TiO,-Pt materials. The obtained data in terms of naproxen degra-
dation efficiency are reported in Fig. 9.

Firstly, among investigated samples, bare, metal-free anatase
exhibited a relatively modest photoactivity compared to Pt-modified
specimens, irrespective of the LED wavelength employed during the
photodeposition synthesis.

However, notable differences were observed among the synthesized
Pt-containing materials. In particular, the presence of Pt clusters on
TiO2-Pt_280 nm led to a less marked photoactivity increase in the photo-
oxidation efficiency of naproxen compared to other LED-light synthe-
sized materials. In particular, TiO,-Pt 315 nm and TiO3-Pt 365 nm
samples exhibited a slightly enhanced photoactivity, possibly attributed
to a better dispersion of Pt NPs on the surface of anatase. Achieving good
interparticle contact is crucial for Pt to serve as active centers for
capturing photogenerated electrons. Interestingly, TiO2-Pt_ 450 nm and
TiO9-Pt_ 550 nm samples exhibited the highest photooxidative activity
for naproxen removal among all the tested materials. These materials
showed satisfactory dispersion of platinum on anatase surface, and the
photodeposition process under visible light (TiO2-Pt_ 450 nm and TiO»-
Pt_550 nm) did not induce any modification to the anatase structure (on
the basis of PL analyses reported above). To provide a comparison,
further naproxen photo-oxidation experiments in the presence of TiOz-
Pt_poly (i.e. the TiO»-Pt material prepared with a high-pressure mercury
lamp) were performed. This particular material exhibited the lowest
efficiency in removing the tested pharmaceutical. The reduced effi-
ciency could be possibly attributed to the not optimized morphology
and/or distribution of platinum NPs, hindering an efficient electron
transfer from TiO5 to Pt NPg (as supported by PL analysis — 3.2.6.
Section).

Amorphous TiO; exhibited negligible photoactivity due to its
inherent structural disorder, which fosters the recombination of charge
carriers (Fig. 9b). Nonetheless, research by Chung et al. (Chung et al.,
2021) has demonstrated that nitrogen modification can activate amor-
phous TiO, within the visible light spectrum. Similarly, Buddee et al.
(Buddee et al., 2011) devised a method involving impregnation with
chromium and iron, resulting in enhanced photocatalytic performance
of amorphous TiOy for methyl blue degradation under both UV and
visible light, outperforming commercial TiO,. Consequently, the
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Fig. 9. Efficiency of naproxen photocatalytic degradation attained with (a) crystalline and (b) amorphous TiO(Am)-Pt materials, using an innovative tailor-made

LED photoreactor.
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observed photocatalytic activity in the oxidation of naproxen employing
amorphous TiO»-Pt composites should not be unexpected (Kattel et al.,
2016). By these means, the presence of Pt nanoparticles facilitates
excitation within the visible light range, prompting the generation of
reactive oxygen species and curtailing recombination rates. The synergy
of these phenomena contributes to the achieved efficiency of approxi-
mately 35-40 % in naproxen degradation after 2 h irradiation.

NPX, a stable organic compound composed of two aromatic rings,
can be degraded by oxidizing species such as ‘O3, OH, and h" generated
during the photocatalytic degradation process using either crystalline or
amorphous TiOy-Pt systems (Ohtani et al., 1997). Aiming at better
investigating the NPX degradation mechanism, the intermediate prod-
ucts formed during the photocatalytic reaction were analyzed using ESI
mass spectrometry (MS).

In the TiO»-Pt photocatalytic system employed in this study, the
degradation of NPX can be proposed as a decarboxylation reaction.
Initially, the attack of ‘'OH radicals occurs at the methyl position of the
naphthalene ring, leading to decarboxylation and the formation of TP1
(m/z 185) and TP2 (m/z 201) intermediates (Eslami et al., 2020). In
another pathway, the oxidation of NPX is initiated by h' and "O3
attacking the carbon atoms with the most positive charge, resulting in
the formation of carbon-centered radical species. These radicals further
undergo decarboxylation and are transformed by ‘Oz into TP1 (m/z 185)
and TP3 (m/z 223) intermediates (Cheng et al., 2012). Additionally,
decarboxylation can occur through valence band holes h™ attack at the C
(1) position, leading to the formation of the TP4 (m/z 158) intermediate
(Muktaridha et al., 2021). Eventually, ring-opening reactions take place,
resulting in the formation of products with m/z values of 134, 148, and
178 (Jiménez-Salcedo et al., 2022). These products further undergo
oxidation and eventually transform into CO3 and H2O. Furthermore, it is
important to note that the degradation pathways of naproxen were
found to be consistent across all the tested materials. Thus, it can be
concluded that the LED wavelength used during the photodeposition
process of platinum solely affects the efficiency of naproxen removal,
without altering the actual degradation pathways. The proposed
pathway for naproxen removal using TiO,-Pt photocatalysts is depicted
in Fig. 10. The obtained ESI-MS spectra are presented in Table S2 in the
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4. Conclusions

In the midst of the LED technology-driven energy revolution, a novel
perspective emerges regarding the deposition of platinum nanoparticles
onto titania using LED light. What sets this research apart is the explo-
ration of the profound impact that different LED wavelengths can exert
on the characteristics of photodeposited Pt NPs on the surface of anatase
TiO, especially in terms of shape and distribution. Furthermore, the
research applied to amorphous TiO, has revealed that specific LED
wavelengths lead to a diluted dispersion of Pt nanoclusters also on such
TiOy material. In particular, the optimal Pt NPs distribution on full
anatase TiO; has been attained upon irradiation with 365 or 450 nm
monochromatic LED light, while the use of 280 or 550 nm provided the
anchoring of clustered Pt NPs. Differently, in relation to amorphous TiO5
samples, the partial deposition of Pt NPs, only in clustered form,
exclusively occurred upon irradiation with 365 or 450 nm photons.
Interestingly, possible mechanisms for platinum NPs photodeposition on
either anatase or amorphous TiO; materials, involving different photo-
activation paths in relation to the employed LED wavelength, have been
reported.

Moreover, comprehensive testing has confirmed the remarkable ef-
ficacy of these TiO,-Pt materials in the photocatalytic degradation of
substances like naproxen. In essence, this study not only offers valuable
insights into the deposition of Pt nanoparticles on titania using LED light
but also elucidates the intricate ways in which various wavelengths
affect the process. This represents a significant contribution to the field,
particularly in the domain of photocatalysis.
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