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HIGHLIGHTS

e TiO, nanorod based noble metal cata-
lysts were synthesized by wet
impregnation.

e Plasmonic Pt, Ag and Au on TiO,
extended the fluorescence lifetime of
catalysts.

e Plasmonic effects enhanced ROS gener-
ation under visible-light illumination.

e Superoxide anion radicals played the
most  significant role in BPA
degradation.

e Pt + TiO, was the most effective due to
the most favourable energy band
distribution.
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GRAPHICAL ABSTRACT

ABSTRACT

This study investigates the improvement of the photocatalytic activity of TiOy-based catalysts modified with
plasmonic metal nanoparticles (PM). Gold (Au), silver (Ag) and platinum (Pt) nanoparticles were uniformly
deposited on TiO2 nanorods (TNR) by a wet impregnation method, achieving a uniform metal loading of 1.0 wt
%, which was confirmed by SEM-EDXS analysis. The size of the metallic particles varied, with Pt being the
smallest (1.5 nm) and Au the largest (45 nm), while all exhibited a uniform distribution over the TiO, surface.
The size of the PM nanoparticles was influenced by the pH of the precursor solutions and the isoelectric point of
the TNR support. Photoluminescence (PL) measurements showed that TNR-Pt exhibited the lowest charge carrier
recombination rate and the highest photocatalytic performance. Tests with reactive oxygen species (ROS) under
visible-light exposure showed that TNR-Pt generated the most superoxide anion (0%) and hydroxyl (OH®) rad-
icals and achieved the highest degradation rate of bisphenol A (BPA). In contrast, TNR-Au showed the lowest
ROS formation and BPA conversion rate. The superior performance of the TNR-Pt photocatalyst is attributed to
its energy band distribution, which accelerates the oxygen reduction reaction. The results show that O3 are the
primary reactive species responsible for the degradation of BPA, with the small size of Pt nanoparticles
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promoting ROS production and pollutant degradation, making TNR-Pt the most effective catalyst among the

solids investigated in this study.

1. Introduction

Industrial development, population growth and climate change are
among the main reasons for the increased consumption of drinking
water. In particular, the development of industry and the increase in
agricultural activities are linked to the discharge of large quantities of
pollutants into the Earth’s water. One of the most widespread pollutants
in the environment is bisphenol A (BPA) [1-3]. Every year, several
million tons of bisphenol waste are produced worldwide [1,4]. BPA is
known as an endocrine disruptor [5,6] and is commonly used in the
production of polycarbonate plastics used as food and beverage pack-
aging [7]. BPA is an antioxidant that is non-biodegradable and highly
resistant to chemical degradation [8]. Even a very low concentration of
BPA (<102 mol/L) can have negative consequences for human health
[9]. From 2010 to 2022, the average BPA concentration in European
freshwater was reported to be approximately 36 ng/L [10]. In a study by
Tappert et al. [11], BPA concentrations in wastewater treatment plant
influents in Germany ranged from 0.33 to 910 pg/L, while significantly
lower values were observed in effluents. Even higher BPA concentra-
tions, up to 17.2 mg/L, were found in landfill leachates [12,13]. This
emphasizes the urgent need for effective BPA removal strategies to
protect the environment and human health.

One of the promising approaches for the BPA degradation are
advanced oxidation processes (AOPs), which have attracted consider-
able interest due to their high efficiency [14]. A common feature of
AOPs is the formation of extremely reactive, non-selective hydroxyl
radicals (OH®) [14,15]. These radicals are among the most powerful
oxidizing agents used in wastewater treatment [16], as they react
immediately and indiscriminately with a variety of organic pollutants.
Among the AOPs, the heterogeneous photocatalytic process stands out
for its effectiveness [17]. It can be carried out under mild operating
conditions, provided that the photocatalyst is stable, inexpensive and
photoactive. Among the suitable candidates is TiO2, which is one of the
most frequently investigated semiconductors for use in the process of
heterogeneous photocatalytic oxidation of pollutants in water due to its
good properties. Despite all the advantages that TiO5 has, there are also
some disadvantages, such as a large band gap and rapid recombination
of the electron-hole pairs (e”-h™) [18]. The solution is to form a heter-
ojunction between TiO3 and the plasmonic metal, which can prevent the
recombination of the e -h™ pairs. These metals enhance light absorption
in the visible region via surface plasmon resonance and promote more
efficient charge separation, thereby improving the overall photo-
catalytic activity [19]. Selected plasmonic nanoparticles (Au, Ag and Pt)
are considered very interesting for use in various fields, such as medi-
cine, biotechnology and also catalysis, with unique properties [20]. Gold
nanoparticles are known as stable, non-toxic particles [21,22], which
are often used for application on TiO3 semiconductor to improve the
catalytic properties and activity of the material. Platinum nanoparticles
have a large surface area, which increases catalytic activity, while their
stability in different environments ensures durability during reactions
[23]. We also opted for silver nanoparticles mainly because of their low
cost [24]. The choice of plasmonic metal is important because the ac-
tivity of the synthesized catalyst depends on it. However, it should be
noted that different plasmonic metals also have a different tendency to
form clusters of different sizes [25].

The size of plasmonic nanoparticles has a significant impact on their
catalytic activity, mainly through their optical properties and the gen-
eration of hot electrons. Research shows that both the absorption and
scattering properties of these nanoparticles are size-dependent, which
affects their efficiency in photocatalytic reactions. Smaller nanoparticles
tend to generate hot electrons more efficiently, which are crucial for

driving chemical reactions [26]. For example, smaller Ag nanoparticles
(6 nm) showed better photocatalytic activity than their larger counter-
parts due to enhanced hot electron generation [26]. Conversely, larger
Au@Pd NPs (up to 120 nm) showed better catalytic performance under
certain conditions, e.g. at elevated temperature, due to improved photon
utilization through scattering effects [27]. While smaller nanoparticles
are often favoured due to their generation of hot electrons, larger
nanoparticles can also be effective under certain conditions. This sug-
gests that the optimal size for catalytic activity may vary depending on
the specific reaction and environmental factors.

Plasmonic metal-based TiO, materials are widely used in photo-
catalytic applications, especially in wastewater treatment. However,
previous research on BPA degradation has mainly focused on TiO2-Au
materials. Studies by Hidayat et al. [28] and Cao et al. [29] have also
investigated the potential of TiO-Ag and TiOs-Pt solid samples for
photocatalysis, but with high catalyst concentration in the reaction
mixture, which may hinder practical applications. This challenge
motivated our current study, in which we attempted to use lower cata-
lyst concentrations and still achieve effective BPA degradation. To better
understand the influence of the different metals on TiO5, we conducted a
systematic study and synthesized the catalysts using a simple wet
impregnation method.

In this study, we aimed to develop and evaluate plasmonic metal-
TiOy nanostructures (TNR-Au, TNR-Ag, TNR-Pt) for the photocatalytic
degradation of BPA under visible light. The catalysts were synthesized
using a simple wet impregnation method and thoroughly characterized
for their morphological, surface, optical, and electronic properties.
Considering the global problem of BPA pollution, we focused on the
degradation of BPA, a persistent organic pollutant, under visible light
illumination using catalysts with lower concentrations. By directly
comparing the influence of different plasmonic metals, this work pro-
vides valuable insights into their role in enhancing the photocatalytic
degradation of BPA and contributes to the development of more effec-
tive materials for sustainable water treatment.

2. Experimental
2.1. Materials

Sodium hydroxide (NaOH, >98 %, Merck), hydrochloric acid (HCI,
fuming 37 %, <1 ppm free chlorine, Merck), gold (III) chloride hydrate
(HAuCly-xH20, ~50 % Au basis, Sigma Aldrich), diamminedini-
tritoplatinum (II) solution (Pt(NH3)2(NO3)2, 3.4 wt% in dilute ammo-
nium hydroxide, Sigma Aldrich), silver nitrate (AgNOs, >99.8 %,
Kemika), absolute ethanol (CoHsOH, >99.5 %, Carlo Erba reagents),
coumarin (COUM, >98 %, Thermo Fisher), 1,1-diphenyl-2-picrylhydra-
zyl (DPPH, Sigma Aldrich), 2,2-azino-bis-(3-ethylbenzothiazoline-6-
sulfonic acid) cation (ABTS®*", >98 %, Sigma Aldrich), potassium per-
sulfate (K2S20g, >99 %, Sigma Aldrich), and bisphenol A (BPA, >99 %,
Sigma Aldrich) were used as received. TiOy precursor DT-51 was
donated from the company Cristal ACTiV™ (Tronox, UK). All aqueous
solutions used in this work were prepared with ultrapure water (18.2
MQ cm, PURELAB Flex, ELGA LabWater, UK) and kept in the dark at
4 °C.

2.2. Catalyst synthesis

Titanate nanorods (TNR) were synthesized via hydrothermal syn-
thesis [30]. In brief, 2 g of a commercial TiO5 precursor (DT-51, Cris-
talACTiV™), consisting of more than 99 wt% anatase TiOj, was
dispersed in an aqueous sodium hydroxide solution (10 M). The mixture
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was transferred into a Teflon-lined autoclave and maintained at 130 °C
for 24 h. After cooling, the resulting precipitate was separated by
centrifugation at 600 rpm and washed thoroughly several times with
0.1 M HCI and ultrapure water until neutral pH was reached. The pu-
rified material was then calcined at 500 °C for 2 h in air, using a heating
ramp of 120 °C per hour, to obtain the final TNR product.

Plasmonic metal (PM) nanoparticles were deposited on the TNR
surface using a modified wet impregnation technique based on our
previously reported procedure [31]. The TNR support was ultrasonically
dispersed in ethanol for 10 min. To this suspension, one of the following
metal precursor solutions was added: (i) 10 mM HAuCly, (ii) 10 mM
AgNO3 aqueous solution, or (iii) 3.4 wt% Pt(NHg3)2(NO3), solution in
dilute ammonium hydroxide. The amount of precursor was adjusted to
achieve a nominal metal loading of 1.0 wt%. The mixture was
magnetically stirred continuously at 400 rpm for 2 h, after which the
solvent was removed by rotary evaporation and dried at 80 °C for 18 h.
The final calcination was carried out at 300 °C for 2h ina 5 % Hy/95 %
Ny gas mixture with a heating ramp of 150 °C per hour [32]. The pre-
pared TiO,-PM catalysts were TNR with gold nanoparticles (referred as
TNR-Au), TNR with silver nanoparticles (referred as TNR-Ag) and TNR
with platinum nanoparticles (referred as TNR-Pt). The materials were
calcined using a Nabertherm chamber furnace (Germany, model LV 5/
11/P330).

2.3. Catalyst characterization

The measurements of No-physisorption were carried out with a
Micromeritics TriStar II 3020 analyzer. Prior to the measurements, the
catalysts were degassed with Ny (Messer, purity 6.0) using a Micro-
meritics SmartPrep unit, first at 90 °C for 1 h, then at 180 °C for 4 h. The
Brunauer-Emmett-Teller (BET) method was used to determine the spe-
cific surface area, while the pore volume and pore size distribution were
determined from the desorption isotherms using the Barrett-Joyner-
Halenda (BJH) method. The crystallinity and phase composition of the
synthesized catalysts were investigated by powder X-ray diffraction
(XRD) analysis using a PANalytical X'Pert Pro diffractometer with Cu
Kal radiation (A = 0.15406 nm). Scanning was performed in the 20
range between 5 and 90°, with a step size of 0.033° and a step time of
100 s.

Morphological and compositional analyzes were performed using the
transmission electron microscope (TEM, JEM-2100, JEOL Inc.) and the
scanning electron microscope (SEM, SUPRA 35 VP, Carl Zeiss) equipped
with an energy-dispersive X-ray spectrometer (EDXS, Inca 400, Oxford
Instruments). For TEM analysis, the samples were ultrasonically
dispersed in ethanol and applied to amorphous carbon support grids. For
SEM-EDXS analysis, the powdered catalysts were attached to an
aluminium holder with double-sided adhesive tape and then carefully
purged with a stream of air to remove the residual amount of samples
that were not attached to the carbon tape.

Zeta potential measurements of the tested materials were performed
at 25 °C using a Malvern Panalytical Zetasizer (model Ultra Red)
equipped with ZS EXPLORER software and a multipurpose titrator
(MPT-3). The pH of the suspensions was adjusted between 2 and 9 using
0.25 M sodium hydroxide (NaOH) and 0.25 M/0.025 M hydrochloric
acid (HCl) aqueous solutions.

The UV-Vis diffuse reflectance spectra (UV-Vis DR) of the analyzed
catalysts were recorded in the range of 200 to 900 nm using a UV-Vis
spectrophotometer (Perkin Elmer, model Lambda 650) equipped with a
Praying Mantis DRP-SAP accessory from Harrick. The scan rate was set
to 266.75 nm per minute and measurements were performed at room
temperature. Photoluminescence (PL) measurements of solid samples
were performed using a Perkin Elmer LS 55 UV-Vis fluorescence spec-
trometer. The excitation wavelength was 300 nm, the excitation slit was
5 nm, the emission slit was 7.5 nm and the scan speed was set to 200 nm
per minute over a wavelength range of 300 to 600 nm. A spectrofluo-
rometer (Horiba, model Fluorolog-QM 75-22) equipped with a
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picosecond photon detector (Horiba, model PPD 850) was used for time-
correlated single photon counting (TCSPC). The width of the excitation
and emission slit was set to 8 nm and a DeltaDiode pulsed laser source
with an excitation wavelength of 495 nm was used (Fig. S1). The
response was measured at emissions of 350, 520, 550 and 600 nm. A
Ludox SM-30 colloidal silica solution was used as a reference to deter-
mine the instrument response function (IRF), which was used to calcu-
late the lifetimes of the charge carriers using the FelixFL spectroscopy
software. The Ludox solution is ideally suited for this purpose due to its
rapid light scattering and negligible fluorescence and ensures accurate
measurement of the system’s response over time.

X-ray photoelectron spectroscopy (XPS) was used to analyze the
composition and chemical state of the sample surfaces. For this purpose,
a Thermo Scientific ESCALAB Xi+ instrument with a monochromatized
Al K-alpha source (1486.6 eV) with a spot size of 650 pm was used. For
each sample, broadband spectra (at an analyzer pass energy of 80 eV)
were collected for each sample to determine the elemental composition.
For quantitative and chemical state analysis, high-resolution spectra (at
a pass energy of 20 eV) were collected for the following photoelectron
lines: C15s,01s, Ti2p, Ag 3d, Au 4f, Pt 4f and valence band regions. The
charging of the sample surface was compensated using the automatic
charge equalization system built into the device. The maximum of the Ti
2ps3/2 peak at 458.7 eV was used as an internal reference for fine
adjustment of the energy scale. A Shirley baseline was used to determine
the peak areas. In the case of Au 4f and Pt 4f, the background of the
metal-free TNR sample was subtracted from the spectra. The ratio of the
elements was calculated from the integral intensities of the XPS lines
using the sensitivity factors specified by the manufacturer. The errors in
the quantitative analysis (elemental composition) were estimated in the
range of +10 %. All spectra were processed using Avantage software,
including determination of valence band maxima (VBM).

2.4. Evaluation of the photocatalytic activity

To evaluate the generation of reactive oxygen species (ROS) under
visible light, three different probe reactions were used: (i) a 200 mg/L
aqueous solution of coumarin (COUM) was used as a probe, with the
formation of 7-hydroxycoumarin (7-OHC) indicating the presence of
OH* radicals [33], (ii) a 40 pM solution of (2,2-diphenyl-1-picrylhy-
drazyl) (DPPH) in water:ethanol mixture (1,1, v/v) to monitor the e,
h*, OH® and O% species [34-37], and (iii) an aqueous solution of
ABTS®" prepared by dissolving 17.2 mg of 2,2-azino-bis(3-ethyl-
benzothiazoline-6-sulphonic acid) salt (ABTS*") and 3.3 mg of K,S,0g in
5 mL of ultrapure water to monitor e~ and O3 production [36].

For the COUM-based reaction, 10 mg of the prepared catalysts were
added to 50 mL of the COUM solution in a 100 mL glass batch reactor.
The suspension was magnetically stirred at 400 rpm and allowed to
stand in the dark for 20 min to establish adsorption equilibrium. The
mixture was then externally irradiated using a Schott KL 2500 LED
(Germany) visible light source. Aliquots were taken at specific time in-
tervals, filtered with a 0.2 pm membrane filter and analyzed with a
Perkin Elmer LS 55 UV-Vis photoluminescence spectrometer in a 10 x
10 mm quartz cuvette. The excitation wavelength was set to 338 nm, the
excitation and emission slits to 10 nm and the scan speed to 200 nm per
minute. The intensity of the photoluminescence of the produced 7-OHC
was measured at A = 456 nm [33].

For the DPPH assay, only 1 mg of the catalyst was suspended in 50
mL of DPPH solution under the same illumination and mixing condi-
tions. The changes in DPPH concentration over time were monitored by
UV-Vis spectra (Perkin Elmer, model Lambda 465) using a quartz
cuvette with an optical path length of 10 mm; for quantitative purposes,
the absorbances at the peak maxima at A = 523 nm were considered
[371.

For the ABTS®" measurements, 1 mL of the prepared stock solution
was diluted with 50 mL of ultrapure water. The absorbance changes at
415 and 340 nm were monitored with a TrayCell cuvette (Hellma,
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Fig. 1. a) Nitrogen adsorption/desorption isotherms of the TNR support and the catalysts TNR-Au, TNR-Ag and TNR-Pt; b) corresponding BJH pore size distribution.
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Table 1

Comparison of N, physisorption (specific surface area (Sggr), total pore volume
(Vpore) and average pore diameter (dpore)), XRD and SBH results. The apparent
crystallite size of anatase was calculated using the Scherrer equation from the
diffraction peaks at 25°.

Sample TNR TNR-Au TNR-Ag TNR-Pt
Sger (m?/g) 106 105 106 108
Vpore (cm®/g) 0.48  0.47 0.48 0.47
dpore (nm) 18.3 17.9 17.4 17.1
Apparent anatase crystallite size (nm) 17.4 17.4 17.4 17.4
Average metal nanoparticles size (nm) - 45 5 1.5
SBH (eV) - 0.09 0.11 0.14

dilution factor 5, light path 2 mm) by recording UV-Vis spectra [36].
The experimental setup and operating conditions for the measurements
were the same as for the two previous experiments.

To evaluate the photocatalytic degradation of bisphenol A (BPA), a
model organic pollutant, a 10 mg/L BPA solution was prepared (initial
pHppa = 6.1). Physicochemical properties of BPA are listed in Supple-
mentary information. The experiments were performed in a batch glass
slurry reactor (Lenz Laborglas, model LF60) at a constant temperature of
25 °C (Julabo, model F25/ME) and atmospheric pressure. The suspen-
sion contained 125 mg/L catalyst with 250 mL of BPA and was
magnetically stirred at 600 rpm, with a continuous air supply of 750 mL/
min. After 30 min of dark equilibration, visible light (halogen lamp,
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Philips, 150 W, Apax = 520 nm, irradiation flux equal to 0.53 W/cm?)
was used. The energy spectra of the light sources used are shown in
Fig. S1 of the Supplementary information. The collected liquid-phase
samples were filtered through a 0.2 pm membrane filter and analyzed
for temporal BPA concentration using an HPLC instrument (Shimadzu,
model LC-40) in isocratic mode. The column (100 x 4.6 mm BDS
Hypersil C18 (2.4 pm)) was thermostated at 30 °C. The mobile phase
consisted of a mixture of methanol and ultrapure water (70 %, 30 %, v/
v) at a flow rate of 0.5 mL/min. Detection was performed with a PDA
detector in the wavelength range between 190 and 350 nm. The in-
strument was calibrated daily in the range of 0-20 mg/L BPA using
reference solutions. At the end of the photocatalytic oxidation of BPA,
the total organic carbon (TOC) content was measured using a Shimadzu
TOC-L CPH/CPN analyzer (calibrated routinely in the range of 0.1-10
mg/L C) to determine the extent of mineralization of BPA.

To ensure the reliability and reproducibility of our photocatalytic
results, all experiments were performed in triplicate.

3. Results and discussion
3.1. Structural properties of the catalysts
Information on the specific surface area (Sggr), the total pore volume

(Vpore) and the average pore diameter (dpore) of the analyzed materials
was obtained by N physisorption (see Fig. 1 and Table 1). Table 1 shows
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Fig. 2. XRD diffractograms of the TNR support and the TNR-PM photocatalysts. The solid vertical lines belong to anatase TiO5 (JCPDS 00-021-1272) and the dotted

lines to the plasmonic metals.
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Table 2

Results of SEM-EDXS elemental analysis of the TNR and TNR-PM catalysts.
Sample TNR TNR-Au TNR-Ag TNR-Pt
Ti wt% 49.8 + 2.0 53.5+21 54.7 £ 3.3 51.9 + 3.0
(0] 50.2 £ 2.0 45.7 +£ 2.1 44.3 £ 3.3 47.1 £ 3.0
Au - 0.8+0.1 - -
Ag - - 1.0 £0.1 -
Pt - - - 1.0+ 0.1

that the obtained values were the same for all investigated materials,
which is a first indication that the deposited PM were deposited on the
surface of the TNR support and thus the morphological properties of the
investigated solids are mainly dominated by the properties of the TNR.
Due to the nature of TiO, the porosity measured in the samples is most
likely interparticle rather than intraparticle pores [38]. The prepared
catalysts exhibit Ny adsorption-desorption isotherms corresponding to
the type IV isotherm according to the IUPAC classification [39], which
places them among the mesoporous materials with pore sizes ranging
from 2 to 50 nm. The typical curve shape at p/p° = 1 indicates that the
catalysts also contain pores with a size of more than 50 nm, i.e. mac-
ropores [40].

The XRD diffractograms of the analyzed materials are illustrated in
Fig. 2 and show the same profile, regardless of whether and which PM
was deposited. The expressed peaks are characteristic of the anatase
form of TiO,, leading to the conclusion that the synthesized TNR support
consists only of the crystalline anatase phase. Since the Scherrer
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equation is used to calculate the crystallite size of spherical particles (by
calculating the volume of the single crystallite) and the TiO5 synthesized
in this study was in the form of nanorods, we can only estimate the
apparent size of the anatase crystallites using the XRD technique
(Table 1). The average apparent size of the TiO, anatase crystallites was
17 nm for all materials analyzed. This confirms the results of the Ny
physisorption analysis, from which we concluded that the PM were
deposited only on the surface of the TNR support. Small peaks were
visible for the Au-doped catalyst, probably because the Au nanoparticles
were larger and their crystallites were easier to observe with XRD
analysis and their size were 9 nm. Peaks for Ag and Pt were not visible in
the XRD diffractograms because the contents of the plasmonic metals
were below the detection limit of the XRD analysis [41]. Furthermore,
the absence of Ag/Pt XRD peaks can be attributed to the good distri-
bution of the PM particles over the TNR surface and/or the small size of
the PM particles obtained.

Using TEM analysis, we were able to view microscopic images of the
synthesized TNR and TNR-PM catalysts (see inset in Fig. 3). The tech-
nique confirmed that the TNR were indeed defined nanorods with a
uniform size of 80 nm in length and 8 nm in width (measured on TEM
micrographs, not shown here). The plasmonic metals were uniformly
distributed over the TNR catalyst support and their morphology was
almost spherical. The size difference between the individual metals was
large, as the Au aggregates were much larger than the Ag and Pt
nanoparticles (Fig. 3, Table 1). Especially for the latter, it is known that
its particles are always up to 5 nm in size [42,43], which was also
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confirmed in our study (see average particle size in Table 1). The particle
size distribution of Au-NP in the prepared TNR-Au sample was broader,
and several of the measured Au nanoparticles were larger than 100 nm.
In contrast, the size distribution of Ag and Pt particles was extremely
narrow. Au nanoparticles usually have a larger diameter, which was also
observed by Verma et al. [32]. High-resolution TEM (HR-TEM) images
(Fig. 3) reveal a clear interface (IF) between TiO, and the deposited
metal nanoparticles, confirming the formation of a heterojunction.
Additionally, the presence of twin boundaries (TB) in the metallic do-
mains indicates a high crystallinity and a potential influence on electron
transport or catalytic activity. Despite the different sizes of the plas-
monic particles on the TNR support, the final conclusions remained
similar or identical (see Supplementary information). Finally, the results
of the SEM-EDXS analysis showed that the loading of the plasmonic
metals was 1.0 wt%, which corresponded to the nominal loading. The
experimentally measured contents of Ti, O and Au/Ag/Pt are listed in
Table 2. Fig. S2 illustrates the spatial distribution of these elements in
the synthesized catalysts.

The zeta potential as a function of pH was measured for the TNR
catalyst support. As the pH value increases, the zeta potential decreases,
as can also be seen in Fig. 4. The isoelectric point (IEP) is the pH of the
suspension at which the net charge of a catalyst surface becomes zero.
The IEP of TNR was measured to be 5.82, which is close to the literature
data (6.0 for anatase TiO [44,45]). The solutions of the precursors have
different pH, which affects the size distribution of PM particles on the
TNR surface. The solution of the Au precursor had a lower pH than the
IEP of TNR and the Pt precursor had a higher pH. The pH of the Ag

precursor solution was close to the IEP of TNR. The literature states that
the pH of the precursor solutions is very important as a pH below the IEP
leads to larger metal particles on the TNR surface and vice versa. The
same trend was seen in our samples, as the largest metal clusters were
formed by Au (average 45 nm), whose precursor solution had an acidic
pH, while the pH of the Pt precursor solution was basic and the resulting
particles were the smallest (average 1.5 nm).

3.2. Chemical and optoelectronic properties of the catalysts

The UV-Vis DR spectra for TNR-PM catalysts are shown in Fig. 5. The
spectra show light absorption in the UV and visible range. The light
absorption below 400 nm was attributed to the presence of TiO; in the
samples. In the TNR-Au sample, a hump is visible at a wavelength of 550
nm, which is due to the LSPR effect expressed by the plasmonic prop-
erties of the Au nanoparticles. According to the literature [46], the LSPR
effect of Ag particles with a diameter of less than 10 nm occurs at a
wavelength of about 400 nm. In our case, the hump in the TNR-Ag
sample is not visible in the visible range, as the average Ag diameter
is also less than 10 nm (5 nm on average). Interestingly, the TNR-Pt and
TNR-Ag samples have a higher absorption in the visible-light range.
Electronic excitations from filled s-states below the Fermi level to empty
states above the Fermi level are possible and are referred to as intraband
transitions [47]. The band gap for the TNR sample is 3.2 eV, which
agrees with the values given in the literature for anatase TiOy [48,49].

The charge carriers generated in a photocatalyst can be used, for
example, for the generation of ROS and so on. However, if they are not
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Fig. 6. Photoluminescence (PL) solid-state spectra of the catalysts investigated.

consumed in any of the reactions, they tend to recombine and generate
energy in the form of photoluminescence. A high PL intensity in the
solid-state PL curves of a photocatalyst is an indication of a high charge
carrier recombination rate of the photocatalyst under investigation. This
is a known disadvantage of TiO,-based photocatalysts in particular. The
addition of PM to TiO should reduce the PL intensity, as the recombi-
nation of charge carriers should be hindered by the migration of charge
carriers between TiO5 and PM. Fig. 6 shows the solid-state PL spectra of
the materials we analyzed. The peak at 3.15 eV in the PL spectrum of the
bare TNR is characteristic of the anatase TiO5 [50]. For the TNR-PM
catalysts, a blue shift was observed in the range from 3.15 eV to 3.25
eV, which is due to the fact that the metal ensembles selectively suppress
phonon-assisted indirect transitions in anatase TiO, [51]. The peak at an
energy of 2.9 eV indicates the lowest indirect transition I'yp, — Xj4. The
peaks in the PL spectra between 2.7 and 2.3 eV are characteristic of
defects in the TNR carrier, oxygen vacancies and shallow trap levels
(labelled in Fig. 6). The results of the PL measurements for the samples
with the addition of plasmonic nanoparticles show a lower intensity as
there is less emitting recombination in the samples. This improvement
contributes to an improved photocatalytic activity of the TNR-PM
photocatalysts compared to pure TNR (see below).

The results of the fluorescence lifetime are shown in Fig. 7. The
measurements were performed with a TCSPC setup in which the exci-
tation/emission process was repeated 10,000 times to create a histo-
gram of photon counts as a function of time. The histogram represents
the temporal distribution of the incoming photons and allows us to
extract the fluorescence decay curve and determine the fluorescence

lifetime. The peak values observed at 25 ns correspond to the time
required for the photons to reach the detector. The areas under the decay
curves varied between samples, with a larger area indicating a longer
fluorescence lifetime reflecting a slower recombination of excited states.
To accurately determine the lifetimes, the instrument response function
(IRF) of the system was measured. For this purpose, the Ludox solution
was used, which allows a precise calibration of the temporal response of
the system. The lifetime (calculated with a multi-exponential fit
approach using the Felix FL software) of the TNR support was approx-
imately 0.2 ns, measured at the 350 and 600 nm emissions. A similar
measurement was also performed in the study by Santhosa et al. where
the average lifetime of TiO, was reported to be 0.1 ns [52]. In our case,
very similar fluorescence lifetimes were observed for the TNR-PM
samples measured at 350 nm (see Table 3 for details). In this case, the
samples were excited at 495 nm to activate surface plasmon resonance
of the PM. The photogenerated e~ were transferred across the Schottky
barrier to the TNR support, where they rapidly recombined with h™. This
fast recombination process, monitored through emission at 350 nm,
resulted in a short fluorescence lifetime. However, the lifetime results
shown in Table 3 are consistent with the results of the radiative emission
(Fig. 6), which show that the longest lifetime (0.18 ns) and the lowest
level of photoluminescence were obtained with the TNR-Pt sample. In
contrast, TCSPC measurements of TNR-PM samples at 520 nm showed a
much broader response attributable to the LSPR effect, and the lifetime
apparently extended from 3.9 to 6.85 ns, depending on the PM used.
This extended lifetime is probably due to the oscillation of the plasmonic
cloud and its influence on the measured data. The actual lifetime,
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Table 3
Results of a fluorescent lifetime and 2 value for catalysts obtained by TCSPC
analysis.

Sample TNR TNR- TNR- TNR-
Au Ag Pt

Fluorescence lifetime hem. = 350 0.26  0.14 0.16 0.18
(ns) nm

(=) 1.35  1.36 1.24 1.23

Fluorescence lifetime Aem. = 520 2.81 5.35 3.93 6.85
(ns) nm

(=) 189 1.57 1.62 1.42

Fluorescence lifetime Aem. = 600 0.20 0.39 0.39 0.38
(ns) nm

(=) 119 111 1.09 1.08

measured at 600 nm, is only influenced by the recombination of hot
electrons, as the plasmonic cloud has a negligible influence at this
wavelength. As mentioned above, spherical Ag nanoparticles typically
absorb light at wavelengths around 400-450 nm. However, when they
are deposited on a support with a higher refractive index, such as TiOa,
the absorption peak shifts to wavelengths of around 450-500 nm. This
shift is due to interactions between the nanoparticles and the substrate,
which influence the plasmonic resonance [53]. For this reason, in
addition to the emissions for the TNR-Au and TNR-Pt samples, the
TCSPC measurements performed with the pulsed laser source at 495 nm
also showed emission signals for the TNR-Ag catalyst associated with the
recombination of hot e~ at wavelengths up to 600 nm, indicating the
gradual decay of the plasmonic wave that disappears at higher wave-
lengths. For TNR-PM samples, a tailing effect was observed at 520 and
550 nm (Fig. S3), which is characteristic of the prolonged recombination
times induced by the plasmonic resonance. In addition, the TNR support
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itself also prolonged the lifetime measured at 520 nm compared to 350
or 600 nm. This is to be expected since the emission at 520 nm depends
primarily on trap-assisted recombination. At 600 nm, the lifetime of the
TNR-PM catalysts was extended compared to bare TiO,. The samples
with deposited PM exhibited a longer lifetime (Table 3), confirming that
the PM improves the performance of the TNR catalysts by enhancing
charge separation and reducing recombination rates, which is also
confirmed by solid-state PL. measurements (Fig. 6).

For the XPS analysis, measurements were carried out on three
different areas of the sample surface. The homogeneous nature of the
sample ensured consistent quantitative data across all measurements
and confirmed the uniformity of the surface. The survey spectra and
high-resolution spectra for Ti 2p, Au 4f, Ag 3d and Pt 4f are shown in
Fig. 8. Characteristic peaks for C1s, O 1s, Ti 2p, Ti 3p and Ti 3 s were
observed for all samples, with consistent profiles reflecting the uniform
composition of the surface. The fitted O 1 s and C 1 s spectra of the TNR
catalysts are shown in SI in Fig. S4. A prominent peak of 358.7 eV was
observed in all catalysts analyzed, indicating the presence of Ti(IV)
throughout. This binding energy is consistent with the literature values
[54] for Ti(IV) species, which supports the assignment. Despite the
relatively low metal concentration, the PM peaks were clearly visible in
the spectra, demonstrating the sensitivity of the XPS technique. The Au
4f; 5 peak was observed at 83.1 eV, shifted to a lower binding energy
compared to bulk Au (83.95 eV). Similarly, the Ag 3ds,, peak at 367.6
eV and the Pt 4f; /5 peak at 70.8 eV were also shifted to lower binding
energies compared to bulk Ag (368.2 eV) and bulk Pt (70.98 eV),
respectively. These shifts could be due to e” transfer from the TiO,
support to the nanoparticles [55,56]. Interestingly, the metallic peaks
exhibited different degrees of asymmetry, which could provide infor-
mation about the electronic environment of the metals. The Pt 4f; , peak
was clearly asymmetric, the Ag 3ds,» peak showed only slight
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analyzed catalysts.

asymmetry, while the Au 4f;,, peak appeared symmetric, which is
characteristic of bulk metallic Au. The Schottky barrier (SB) forms at the
interface between the PM and TiO, and influences the transfer of hot
charge carriers between the contacted metal and the semiconductor. The
SB height (SBH) is calculated as the difference between @y and y [57].
@u represents the work function of Au and y is the e™ affinity of the TNR
catalyst. The positions of the valence band maxima (VBM) are shown in
Fig. 9, and the calculated SBH values of the investigated samples are
listed in Table 1. In principle, a low SBH value is preferable for the
transfer of e~ from the plasmonic metal to the TiO3 support. A high SBH
value can lead to an accumulation of e~ at the SB, which increases the
probability of their recombination with the hot h" generated in the

plasmonic metal. This recombination reduces the availability of e~ to
generate reactive oxygen species (ROS) or to directly degrade organic
pollutants dissolved in water. However, it is important to note that the
high SB also hinders e~ transfer from TiO, to the PM nanoparticles. The
TNR-PM catalysts exhibited SBH values of ~0.1 eV, indicating that SBH
had no significant effect on their differential catalytic performance
(more details below).

The energy band distribution of the catalysts derived from UV-Vis
DR and XPS data is shown in Fig. 9 (inset). For information, the positions
of the VB were determined from XPS measurements (VBM), while the
band gap energies were derived from UV-Vis DR spectra, and the CB
potentials were then calculated as the difference between VBM and band
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Fig. 9. Determination of the VBM of pure TNR and TNR-PM photocatalysts. The inset shows the energy band distribution for all catalysts.

gap. These results are crucial for understanding the effectiveness of the
catalysts. The calculated CB potentials of the catalysts ranged from
—0.58 eV to —0.79 eV, while the VB potentials ranged from 2.53 eV to
2.69 eV. The standard reduction potential for the redox pair O/0% in
aqueous media is —0.16 eV [58,59]. It is known that materials with a CB
potential that is more negative than the O5/0% reduction potential
enable a faster oxygen reduction reaction. On this basis and taking into
account the facts described above that (i) the radiative emission is
lowest for the TNR-Pt sample (Fig. 6) and (ii) the recombination of the
generated hot electrons is independent of the plasmonic metal particles
deposited on the TiO, support (Table 3), we assume that the TNR-Pt
catalyst has the highest catalytic activity among the analyzed TNR-PM
samples due to its most negative CB potential.

3.3. Photocatalytic activity of the investigated materials

The photocatalytic activity of the investigated materials was first
tested for the ability of the materials to generate ROS and charge carriers
by illuminating aqueous solutions of DPPH, COUM and ABTS*' con-
taining the investigated materials with visible light. We also tested the
photocatalytic activity of the solids with the organic model pollutant
bisphenol A (BPA).

3.3.1. Generation of ROS under visible-light exposure
The results of the DPPH reaction test, in which the relative concen-
tration of DPPH was measured at 4 = 523 nm, are shown in Fig. 10a and
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demonstrate the ability of the investigated TNR-PM catalysts to generate
e, h™, superoxide (0%") and hydroxyl radicals (OH®). The colour of the
DPPH and catalyst suspension changed from violet to yellow, which is
due to the transition of DPPH to a semi-stable free radical. It can be seen
that the fastest degradation of DPPH occurs in the reaction with the
TNR-Pt catalyst, where complete degradation occurs in 16 min. In
contrast, the slowest DPPH degradation was achieved in the presence of
the TNR-Au sample, where the complete degradation of DPPH was five
times slower.

The results of the COUM reaction tests shown in Fig. 10b give us an
insight into the ability of the catalysts investigated to generate OH®
radicals in the presence of TNR-PM photocatalysts under illumination
with visible light. The oxidation of COUM by OH® radicals leads to the
formation of products, one of which is the fluorescent component 7-
OHC. The trend of 7-OHC formation again shows that most OH® radi-
cals were formed in the TNR-Pt sample and the fewest in the TNR-Ag
sample. This time the rate of OH® radical formation over the TNR-Au
sample was enhanced, which is most likely due to the fact that the Au
nanoparticles are larger and consequently have a stronger metallic
character. The COUM reaction occurs after the formation of the inter-
mediate HyOy, which decomposes most rapidly in the presence of a
metal. The larger the metal, the faster OH® radicals are formed via H,O».
Some formation of OH® radicals was also observed in the TNR sample,
which could be due to the presence of defects on the surface of TiO,. To
directly and accurately confirm the presence of localized surface plas-
mon resonance effects in an aqueous suspension, the micro-scale
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obtained in the presence of TNR and TNR-PM photocatalysts to monitor the generation of e~ in the conduction band and the formation of superoxide anion radi-

cals O3

reaction was recorded using the COUM probe as a trap for OH® radicals
in a UV-Vis spectrophotometer with a well-defined light source. The
reaction took place in a cuvette containing 2 mg of the plasmonic cat-
alysts and 3 mL of the COUM solution, with stirring for 24 h. The sus-
pension was illuminated with 4 = 550 + 2 nm for all synthesized
photocatalysts for the entire duration of the experiment. The results in
Fig. S5 show that the plasmonic effects leading to hot electron genera-
tion occur in the presence of all TNR-PM samples. As expected, the trend
is similar to the reaction with COUM (Fig. 10b), where the concentra-
tions of 7-OHC were higher due to the particularities of the reactor set-
up. The results thus confirm that the TNR-Pt sample has the highest
efficiency in generating OH® radicals.

The monitoring of ROS formed in the ABTS®* reaction was con-
ducted at room temperature in a 50 mL glass reactor illuminated with
visible light. During the reaction, the formation of e~ and O3 was
monitored. From the trends shown in Fig. 11, we can conclude that most
e~ and O3 were formed in the presence of the TNR-Pt sample and the
least over the TNR-Au sample. No formation of O3~ was observed for the
TNR support, which was expected since TNR is not active under visible
light. The reaction with ABTS®" confirms that the energy bands play an
important role in the oxygen reduction reaction (Fig. 9, inset), as the
TNR-Pt sample with the most negative CB potential showed the largest
formation of O3

In the TNR-Pt sample, the recombination of the e”-h" pairs are the
slowest, which is confirmed by the lifetime measurements (Figs. 6 and 7,
Table 3). Consequently, this sample also exhibits the highest formation
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of ROS. In comparison, differences in the lifetimes and recombination
rates were observed in the TNR-Au and TNR-Ag samples, with recom-
bination occurring faster in the TNR-Ag sample. Due to the faster
recombination, the utilization of h™ is limited, which leads to a lower
formation of OH® radicals compared to the TNR-Au sample. On the other
hand, the formation of O radicals is more pronounced in the TNR-Ag
sample because Ag more readily donates e” to the conduction band of
TiO9, which promotes the oxygen reduction reaction and the formation
of O3 radicals.

In our recent study [60], it was reported that the formation of O%
radicals in the presence of plasmonic Au/TiO; catalysts illuminated with
visible light strongly depends on the electronic properties of the mate-
rials. In particular, it has been experimentally demonstrated that the
oxygen reduction reaction (ORR) cannot take place if the Schottky
barrier is too high, as the photogenerated hot electrons cannot be effi-
ciently transferred to the conduction band of TiO2, where the ORR takes
place. However, if the Schottky barrier is sufficiently low, as is the case
for the TNR-PM catalysts investigated in this study, electron transfer is
no longer restricted by the interface. Instead, the formation of O3 rad-
icals is primarily determined by the conduction band potential of the
photocatalysts. Of the materials investigated, the TNR-Pt catalyst ex-
hibits the most favourable CB position for oxygen reduction and enables
more efficient e transfer than the TNR-Ag and TNR-Au samples. This
indicates that, in addition to the Schottky barrier effect, the energetic
orientation of the conduction band also plays a decisive role in deter-
mining the photocatalytic activity.
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Table 4
Comparison of pollutant degradation with TiO, based materials.
Sample Pollutant degradation Pollutant initial Catalyst concentration Metal loading Metal particle Main oxidizing Reference
concentration (mg/L) (mg/L) (wt%) size species
(nm)
TiO,/UV-C 98 % of BPA in 120 min 5.0 120 - - OH* [61]
under UV
Au/P25 80-83 % of BPAin 24 h 66.8 1000 0.3-0.7 11-14 No info [62]
under Vis
TiO2-Au/ 50 % of 2,4 DNP in 120 min 20.0 1000 1.0 No info No info [63]
W1 under UV
Ag-TiO, 94.42 % of BPA in 180 min 10.0 2000 No info No info OH* and 03~ [28]
NPs under Vis
Ag@TiO, 95.8 % of BPA in 110 min 5.0 200 2.0 Different sizes h" [64]
under Vis
SA-Pt/TiO, 70 % of DMMP in 120 min 80.0 1500 1.0 No info OH® and O3~ [29]
under Vis
TNP + Pt 100 % of BPA in 80 min 10.0 125 1.0 5-7 No info [65]
under Vis
TNR-Au 50 % of BPA in 240 min 10.0 125 1.0 45 03 This study
under Vis
TNR-Ag 80 % of BPA in 240 min 10.0 125 1.0 5 03 This study
under Vis
TNR-Pt 100 % of BPA in 240 min 10.0 125 1.0 1.5 03 This study
under Vis
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Table 5

Results of carbon elemental analysis for the catalysts TNR and TNR-PM catalysts.
TCfresh stands for the carbon value before and TCgpen; for the carbon value after
the reaction to degrade the BPA pollutants.

Sample TNR TNR-Au TNR-Ag TNR-Pt
TCfresh % 0.5 0.4 0.5 0.7
TCopent 0.6 0.7 0.9 11
TOC 7.56 41.11 68.89 97.78
TOCu 5.96 36.34 62.52 89.81
TOCx 1.6 4.77 6.37 7.97

3.3.2. Photocatalytic oxidation of BPA dissolved in water

The results of the degradation of the water-dissolved pollutant BPA
carried out in the presence of the synthesized catalysts are shown in
Fig. 12. Under the given operating and reaction conditions, no disap-
pearance of BPA in the photolysis run and no adsorption of BPA in the
dark phase (grey area) of any of the tested materials was observed. The
photocatalytic activity of the bare TNR support can be attributed to the
presence of Ti®" species on the surface or to the surface defects. The
TNR-Pt catalyst exhibited the highest activity and achieved complete
degradation of BPA within 4 h of visible-light illumination, which is
consistent with the results of ROS formation. The TNR-Ag sample ach-
ieved almost 80 % degradation after 4 h of visible-light exposure, while
the efficiency of the TNR-Au sample for BPA disappearance was 50 %. In
such a short time span, the tendency of the reactions and the differences
between the efficiencies of the individual samples can still be clearly
recognized. In agreement with the comments above, the rate and effi-
ciency of photocatalytic BPA degradation were most likely not influ-
enced by the SBH, as all SBHs measured (Table 1) were almost identical.
The TNR-Pt catalyst, which is the most active solid for BPA degradation,
was also able to produce the largest amount of oxidants for wastewater
treatment, as shown by the results of ROS formation (Figs. 10 and 11).
TEM analysis showed that the smallest metal Pt particles were deposited
on the TNR support, which contributed to a better activity of the TNR-Pt
material compared to the TNR-Ag and TNR-Au samples. We have pre-
pared a comparative Table 4 that clearly shows the properties of our
material in comparison with previously published studies with similar
materials. The table shows that our material achieves very high effi-
ciency even at much lower concentrations used in pollutant degradation
reactions.

Finally, Fig. 12 (inset) shows the TOC removal data after completion
of the BPA oxidation reaction (i.e. at t = 240 min). It can be seen that the
TOC results obtained are comparable to the BPA degradation trends.
Table 5 shows the results of the carbon elemental analysis for the
analyzed catalysts before and after the BPA degradation reaction. Based
on the elemental analysis results, we calculated the TOC mineralization
(TOCp) and TOC accumulation (TOC,) values. The degree of minerali-
zation is lower in all samples compared to the degradation trend of the
pollutant BPA, but TOCy; accounts for most of the total TOC, which is
satisfactory.

4. Conclusions

The aim of the study presented here was to investigate the influence
of different PM, namely Au, Ag and Pt, on the chemical, optoelectronic,
structural and photocatalytic properties of the TiO2-PM catalysts (TiO2
was present in the form of TNR), where the plasmonic metals were
deposited by the same wet impregnation technique regardless of the
plasmonic metal used. The results of the SEM-EDXS analysis showed that
the actual loading of the PM was about 1.0 wt%, which corresponds to
the nominal loading. The average particle size of the deposited plas-
monic metals varied depending on the type of plasmonic metal, with the
smallest diameter occurring for the Pt particles (1.5 nm) and the largest
for Au (45 nm), although all plasmonic metals analyzed showed good
uniform distribution on the TNR surface. The different sizes of the metal
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particles also correlated with the pH values of the precursor solutions
and the IEP of the TNR. The fluorescence lifetime was extended by the
addition of PM on the TNR support, which improved the catalytic
properties, consistent with the solid-state PL measurements that showed
lower carrier recombination rates on the TNR-PM samples. However, the
TNR-Pt samples showed the lowest recombination rates. The COUM
reaction, performed in a cuvette illuminated at 550 nm, confirmed the
ability of the TNR-PM catalysts investigated to generate ROS through
plasmonic properties and the plasmonic effect of the PM used. The ROS
formation tests also confirmed the ability of the investigated TNR-PM
catalysts to generate charge carriers, i.e. O3 and OH®, when illumi-
nated with visible light. The TNR-Au sample showed the lowest charge
carrier generation and BPA conversion rate. In contrast, the TNR-Pt
sample with the smallest plasmonic nanoparticles showed the highest
formation rates of O3 and OH® radicals and also the highest BPA
degradation rate. The reason for the high formation of O3 radicals in the
TNR-Pt sample lies in the arrangement of the energy bands, while the
SBH has no significant influence as it was the same for all three photo-
catalysts with PM. From the results of ROS formation and photocatalytic
oxidation tests, we conclude that O3 radicals are the primary ROS
responsible for the oxidation pathway and degradation of the model
organic pollutant BPA on the surface of the investigated TNR-PM cata-
lysts. In summary, the most active TNR-PM solid is the Pt catalyst, which
has the smallest particles on the catalyst surface, the most favourable
energy band distribution and consequently forms more ROS, leading to a
very successful degradation of BPA. Importantly, all TNR-PM catalysts
maintained their photocatalytic performance over three consecutive
degradation cycles without any significant decrease in activity. This
confirms their excellent stability and recyclability, which is particularly
important for real-world applications. Pt is more expensive, but its
outstanding efficiency and proven reusability make it a promising
candidate for practical wastewater treatment.
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