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In this study, we investigated the influence of TiO5 supports on the structural and catalytic properties of TiOy +
Au catalysts (1 wt% Au) using anatase TiO3 nanorods (TNR, Sger = 106 mz/g) or nanospheres (TNP, Sgrr = 86
m?2/g). The majority of Au particles in the prepared TiO, + Au catalysts were in the range of 20-30 nm, with
slight differences observed between the TNR + Au and TNP + Au samples. It is noteworthy that the addition of
Au did not significantly change the specific surface area and crystallinity of the TiOy supports. Evaluation of
photocatalytic activity using ABTS** cation oxidation, DMPO/DMSO spin trapping and bisphenol A (BPA)
degradation under visible-light illumination showed different behaviour of TNR + Au and TNP + Au catalysts.
The TNR + Au catalyst produced mainly e’, while the TNP + Au catalyst exhibited efficient O3 production, which
was confirmed by electron paramagnetic resonance spin trapping analyses. Conversely, due to its high Schottky
barrier height (SBH) and the properties of the Au nanoparticles, the TNR + Au catalyst could not facilitate an
oxygen reduction reaction but effectively produced e as it reduced ABTS®*. The results show that the degra-
dation of BPA in the presence of the TNR + Au photocatalyst occurs through the involvement of e” and a small
amount of hydroxyl radicals (OH®). Comprehensive characterization techniques provided insights into the

intricate relationships between catalyst structure, composition and catalytic activity.

1. Introduction

Heterogeneous photocatalysis, which utilizes the synergistic prop-
erties of the semiconductor titanium dioxide (TiO3), has proven to be a
highly effective advanced oxidation process (AOP) for wastewater
treatment. TiO3 is one of the most commonly used semiconducting ox-
ides for the removal of hazardous pollutants from wastewater. The TiO5
catalyst has many advantageous properties, e.g. low cost, low toxicity,
high stability, availability and high photocatalytic activity [1]. How-
ever, its main disadvantage lies in its wide band gap (3.0-3.4 eV) and the
fast recombination rate of the charge carriers. The width of the band gap
depends on the morphology of TiO,. It is known that TiO5 occurs in
nature in three polymorphic forms: rutile, brookite and anatase [2].
Rutile is stable at higher temperatures, brookite usually occurs in min-
erals with an orthorhombic crystal structure and anatase is stable at low
temperatures. In this study, anatase TiO, was used, which is known to be
the most active form [3]. TiO», a well-established photocatalyst, exhibits
various morphologies, including nanospheres, nanorods, nanowires,
and nanotubes [4-6]. The applications of anatase are difficult because
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the quantum power is low and UV light is required to trigger its catalytic
activity [7]. The wide band gap restricts the catalytic activation of TiO;
to UV light and so it can utilize only 5 % of the solar spectrum. The
strategic deposition of plasmonic metal nanoparticles (e.g. Au nano-
particles (NPs)) on anatase TiO5 surfaces is promising to harness visible
light and near-infrared radiation from the solar spectrum. In particular,
the integration of TiOz with gold (Au) in the form of TiO3 + Au catalysts
has shown remarkable potential for the utilization of visible light for
efficient pollutant degradation. Au NPs have been widely used in
nanotechnology, because of their stability, biocompatibility, non-
toxicity, robustness and minimal oxidation tendency [8].

A Schottky barrier (SB) is formed at the interface between the metal
(Au) and the semiconductor (TiO3). The Schottky barrier height (SBH) is
very important, as it influences the mobility of the plasmon-induced
“hot electrons” at the Au/TiO; interface and consequently the cata-
lytic efficiency [9,10]. Moon et al. [11] found that the activity of the Au/
TiO9 material for catalytic reactions is better when the SBH value is
lower. A study by Wang et al. [12] shows that decreasing the SBH not
only improves the transfer of conduction band (CB) electrons (e) from
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TiO5 to Au upon UV excitation of TiO5 but also facilitates the migration
of hot ¢ from plasmonic Au to TiO, upon visible-light irradiation. Zerjav
et al. [13] confirmed in their article that the Au/TiO, sample with the
lowest SBH was the most effective in combating pollutants, while the
study of Slapnicar et al. [14] points to completely different conclusions,
although the basic chemistry is the same. This requires further in-depth
studies to explain the differences in the behaviour of the photocatalysts
in question.

The photocatalytic activity of TiOz + Au materials is strongly
influenced by various factors (e.g. form of TiO, and Au, synthesis
method, Au loading and Au size). Each form imparts different optical
and electronic properties to TiOy + Au, which affect its performance in
photocatalytic processes. TiOy + Au catalysts are used for various ap-
plications, including the degradation of pollutants in water. One of the
well-known and globally prevalent contaminants is bisphenol A (BPA),
which is an endocrine disruptor commonly found in plastic food and
beverage packaging. BPA is an antioxidant that is non-biodegradable
and highly resistant to chemical degradation, posing a risk to human
and animal health [15]. Several studies have shown that TiO; + Au
catalysts successfully remove BPA from water when used in the AOP
[16]. Two types of primary oxidation mechanisms are known. In indirect
oxidation, hydroxyl radicals (OH®) is formed following the reaction
between a water molecule adsorbed on the catalyst surface and h",
followed by the reaction of OH® with an organic molecule such as BPA.
In contrast, direct oxidation takes place at the surface of the semi-
conductor, where adsorbed organic molecules react with a valence band
(VB) hole (k") [17].

The overall aim of this study is to systematically explore and eluci-
date the influence of the TiO3 + Au synthesis and the effect of TiO5 and
Au shapes and sizes on the optical, electronic and photocatalytic prop-
erties of TiOz + Au catalysts in the context of wastewater treatment. We
present a thorough investigation of TiOz + Au catalysts, varying the
TiO4 shapes and keeping the Au loading at 1.0 wt%. We focus on Au in
this study because it is an ideal plasmonic partner for TiO; in wastewater
treatment due to its advantageous properties such as biocompatibility,
non-toxicity, robustness and minimal oxidation tendency. Due to the
different correlations between SBH value and catalyst activity (in the
aforementioned studies [11-14]), we decided to investigate in detail the
processes that influence catalyst activity. With this study, we aim to
make a valuable contribution to the development and optimization of
TiO2 + Au catalysts for wastewater treatment and pave the way for
improved efficiency and selectivity in pollutant degradation. The results
of this study are of great significance to the broader field of plasmonic
photocatalysis as they provide a nuanced understanding of the role of
TiO2 morphology in shaping the performance of TiOy + Au catalysts
under visible-light irradiation.

2. Experimental
2.1. Materials

TiO4 precursor DT-51 was provided by the company CristalACTiVT™.
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), absolute ethanol
(C2HsOH, >99.5 %, Carlo Erba reagents), coumarin (COUM, >98 %,
Thermo Fisher), 2,2-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid)
cation (ABTS®", >98 %, Sigma Aldrich), potassium persulfate (K2S,0sg,
>99 %, Sigma Aldrich), 5-5-dimethyl-1-pyrroline-N-oxide (DMPO,
>98.0 %, Sigma Aldrich) dissolved in dimethyl sulfoxide (DMSO, >99.9
%, Sigma Aldrich), 2,2,6,6-tetramethylpiperidine (TEMP, >99 %, Sigma
Aldrich) and bisphenol A (BPA, >99 %, Sigma Aldrich) were used as
received. All aqueous solutions used in this work were prepared with
ultrapure water (18.2 MQ cm) and stored in the dark at 4 °C.
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2.2. Catalyst synthesis

In this research, we used titanate nanospheres (TNP) and titanate
nanorods (TNR). TNP were commercially available TiO; precursor (DT-
51, CristalACTiV™). TNR were prepared by hydrothermal synthesis
[18,19]. For this purpose, 2 g of DT-51 was dispersed in an aqueous
sodium hydroxide solution (10 M). The suspension was heated at 130 °C
for 24 h in a Teflon-lined autoclave. After 24 h, the resulting precipitate
was separated by centrifugation and washed thoroughly several times
with 0.1 M HCI and ultrapure water. The obtained material (TNR) was
calcined for 2 h at 500 °C in air with a heating ramp of 120 °C per hour.

For the TNR + Au sample, the preparation procedure (wet impreg-
nation technique) was similar to that used by Verma et al. [20]. The TNR
support was ultrasonically dispersed in ethanol for 10 min, and then an
Au precursor (HAuCly) was added in an amount that resulted in a metal
loading of 1.0 wt%. The suspension was stirred continuously for 21 h
and then evaporated using a rotary evaporator. The obtained material
was dried at 80 °C for 18 h. The sample was then calcined for 2 h at
300 °C in a gas mixture of 5 % Hy/95 % N with a heating ramp of 150 °C
per hour [20]. The wet impregnation technique was also used in the
synthesis of TNP + Au sample. Here, the TNP was added to an aqueous
solution of the Au precursor and stirred for 20 h. The solution was dried
at room temperature for 12 h. The next step was calcination at 300 °C for
2 h with a heating ramp of 300 °C per hour.

2.3. Catalyst characterization

The materials used in the study were analyzed using a transmission
scanning electron microscope (TEM, JEM-2100, Jeol Inc.) and a scan-
ning electron microscope (SEM, SUPRA 35 VP, Carl Zeiss) equipped with
an energy-dispersive X-ray spectrometer (SEM-EDXS, Inca 400, Oxford
Instruments) to determine their morphology and composition. To pre-
pare the samples for TEM, they were briefly sonicated in ethanol, while
the samples for SEM-EDXS were attached to an aluminum holder with
double-sided carbon tape and then purged with a stream of air to remove
any residual material. Inductively coupled plasma optical emission
spectroscopy (ICP-OES) analysis was performed on the synthesized
catalyst samples to determine the Au content using a Variam 715-ES ICP
optical emission spectrometer.

A Micromeritics TriStar II 3020 analyzer was used to determine the
structural properties by means of Ny physisorption. Prior to the mea-
surements, the catalysts were degassed with a Micromeritics SmartPrep
unit at 90 °C for 60 min and 180 °C for 240 min with N5 gas (purity 6.0).
The specific surface area was determined using the Brunauer-Emmett-
Teller (BET) method, while the Barrett-Joyner-Halenda (BJH) method
was used to calculate the total pore volume and pore size distribution
from desorption isotherms.

The crystallinity and phase composition of the catalysts were
analyzed by powder X-ray diffraction (XRD) using a PANalytical X’Pert
Pro diffractometer with Cu K radiation (A = 0.15406 nm). Scanning
was performed in the 26 range between 5 and 90°, with a step increment
of 0.033°.

Zeta potential measurements of the tested materials were performed
at 25 °C using Malvern Panalytical’s Zetasizer Ultra (MPT-3) equipped
with ZS EXPLORER software and a multipurpose titrator with 0.25 M
sodium hydroxide (NaOH) and 0.25 M/0.025 M hydrochloric acid (HCI)
to adjust the pH from 2 to 9.

The UV-Vis diffuse reflectance (UV-Vis DR) spectra of the analyzed
catalysts were measured with a UV-Vis spectrophotometer (Perkin
Elmer, model Lambda 650) equipped with a Praying Mantis, DRP-SAP
accessory from Harrick. Measurements were taken at room tempera-
ture at a scan rate of 266.75 nm per minute and covered the wavelength
range between 200 and 900 nm. Spectralon© was used for background
correction.

A Perkin Elmer UV-Vis fluorescence spectrometer LS 55 was used to
measure the photoluminescence (PL) of the solid samples. The excitation
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Fig. 1. SEM micrographs of TNR and TNP samples and TEM micrographs of TNR + Au and TNP + Au samples with the corresponding experimental SAED pattern.

The dark spherical nanoparticles represent the Au NPs.

wavelength was set to 315 nm and the analyzed wavelength range was
adjusted from 300 to 600 nm.

A Perkin Elmer FTIR spectrometer (model Frontier) was used for the
ATR-FTIR measurements. Each spectrum was an average of 32 scans
with a spectral resolution of 4 cm ™! over a range of 4000 and 400 cm L.

X-ray photoelectron spectroscopy (XPS) was used to analyze the
powder samples. A Supra + device (Kratos, Manchester, UK) with an Al
K, excitation source was used for this purpose. The powder samples
were attached to the carbon tape on the Si wafer. A charge neutralizer
was switched on during the measurements. The spectra were recorded at
a transmission energy of 20 eV and an acceptance angle of 90°. The
spectra obtained were analyzed with the ESCApe 1.5 software (Kratos).

An X-band Adani CMS8400 EPR spectrometer was used to obtain the
solid-state paramagnetic resonance (EPR) spectra at room temperature.
Mg(II)/MgO powder was used as a standard to determine the uncer-
tainty of the measurements. All powdered samples were filled into
quartz sample tubes and inserted into the EPR spectrometer (9.4 MHz
microwave frequency). The measurements were centered at 338 mT,
with a sweep width of either 40 or 200 mT and a mod. amplitude of 450
uT, a power attenuation of 15 dB and a gain value of 2 x 10%. The sweep
time was set to 180 s and 6 scans were averaged to obtain the EPR
spectra. For visible-light illumination, we used a Schott KL 2500 LED
light source and irradiated the samples through the side channel of the
EPR spectrometer for 15 min before measuring the spectra.

2.4. Evaluation of the photocatalytic activity

We prepared an aqueous ABTS' solution to measure the light-
induced production of e and reactive oxygen species (ROS), i.e. super-
oxide anion radicals (03%), by dissolving 17.2 mg of 2,2-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) salt (ABTS*") and 3.3 mg of
K2S20g in 5 mL of ultrapure water to monitor the formation of e and O3~
[21]. We added 10 mg of the prepared catalysts to 1 mL of ABTS®" so-
lution diluted in 50 mL of ultrapure water. We stirred the mixture at 400
rpm in a 100 mL glass batch reactor. The suspension was first stirred in
the dark for 20 min to establish sorption equilibrium. We then switched
on a Schott KL 2500 LED visible-light source and collected and filtered
samples of the liquid-phase at specific time intervals. The ABTS®"
aqueous-phase samples were analyzed by measuring UV-Vis spectra
(Perkin Elmer, model Lambda 465) with a TrayCell cuvette (Hellma),
where we followed the decrease and increase of the ABTS®* absorption
bands at 415 and 340 nm, respectively [21].

To determine the tendency for O3~ generation, spin trapping ex-
periments were performed with DMPO dissolved in DMSO as solvent.
Measurements of the corresponding spin adduct (DMPO-O37) were
performed using a 100 pL liquid flat cell (Fluorochem, model WG-
808_Q) and an Adani CMS8400 EPR spectrometer. The illumination
source for the visible light in all cases was the Schott KL 2500 LED lamp.
The center field was at 337.00 mT (sweep width 10 mT) with a mod.
amplitude of 200 uT and a power attenuation of 15 dB (gain value of 4 x
10%). The initial concentration of DMPO was 4 g/L and that of the
catalyst 2 g/L, respectively. The DMSO/catalyst suspension was stirred
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Table 1

Results of N, physisorption (Sggr, Vpore and dpore), XRD (the apparent crystallite
size of anatase was calculated from the diffraction peak at 25°, using the
Scherrer equation), TEM (average size of Au NPs) and XPS (SBH) analyses of the
investigated TNR support and TiO, + Au catalysts.

Sample TNR TNR+Au TNP  TNP + Au
Sper (m?/8) 106 101 88 74

Vpore (cm®/g) 0.48  0.45 031 0.29

dpore (nm) 183 179 142 14.2
“Apparent anatase crystallite size (nm)  17.4 17.4 21.3 21.3
Average size of Au NPs (nm) - 22.8 36.9 —

SBH (eV) - 0.33 - 0.22

# The apparent values were calculated because the TNR support is non-
spherical.

vigorously (400 rpm) and purged with air (100 mL/min) for 15 min
before being used to form the DMPO/DMSO/catalyst suspension and
filled into the 100 pL liquid flat cell for in situ measurements. TEMP in
ultrapure water (18.2 MQ cm, Purelab Flex) was used as a solvent to

a)

Applied Surface Science 695 (2025) 162923

investigate the possible 10, formation. The flat cell, EPR spectrometer
and visible-light source were the same as in the DMPO experiments. The
experiments were performed ex situ with a suspension of TEMP (1 g/L)
and catalyst suspension (1 g/L) under stirring (400 rpm) and air flow
(100 mL/min). After visible-light illumination, 50 uL of the suspension
was transferred to the flat liquid cell and measured three times. For all
TEMP experiments, measurements were centered at 337.00 mT (sweep
width 7 mT) with a mod. amplitude of 200 uT and a power attenuation
of 18 dB (gain value of 1 x 103).

An aqueous solution with a concentration of 10 mg/L BPA was used
to study the process of photocatalytic degradation of this organic
pollutant. The concentration was chosen according to the European
Commission and the United States Environmental Protection Agency,
according to which BPA is classified as toxic at the value of 1.0 to 10 mg/
L [22].The BPA oxidation experiments were carried out in a 250 mL
glass slurry reactor (Lenz Laborglas, model LF60) at a constant tem-
perature of 25 °C (Julabo, model F25/ME) and atmospheric pressure. A
catalyst concentration of 125 mg/L was used. The mixture of BPA and
catalyst was stirred at 600 rpm during the experiment and purged with

0 T T T T
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b)

0 10
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Fig. 2. Particle size distribution of Au ensembles over the TNR support in catalyst samples a) TNR + Au and b) TNP + Au.
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Table 2
Results of “SEM-EDXS and “ICP-OES analysis of the investigated TNR and TNP
support and TiO, + Au catalysts.

Sample TNR TNR + Au TNP TNP + Au
Ti wt.% 54 + 2.0 52.7 + 2.4 53+1.2 55.8 + 2.0
o) 46 £ 2.0 46.4 + 2.3 47 £ 1.4 43.1 +£2.2
°Au - 0.9+0.1 - 1.1 +0.01
“Au 0.92 1.03

# Analysis conditions: voltage 15 keV, ZAF correction method. The instrument
was calibrated with an analytical mono-block from MAC.

Y Shi et al. [63] have shown that the Au weight percentages determined by
SEM-EDXS and ICP-AES analyses in TiO, + Au catalysts agree very well. This
confirms the application of the SEM-EDXS method to evaluate the Au loading in
the investigated photocatalysts. The SEM-EDXS measurements were performed
in area scan mode at ten randomly selected spots.

air at a flow rate of 750 mL per minute. After a dark phase of 30 min,
illumination with visible light (Philips, 150 W, Apax = 520 nm) was
started. To analyze the samples, the liquid-phase samples were collected
and filtered through a 0.2 ym membrane filter before being analyzed

a)
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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 maintained
at a temperature of 30 °C, and a mixture of methanol and ultrapure
water (70 %: 30 %, v/v) was used as the mobile phase at a flow rate of
0.5 mL/min.

3. Results and discussion
3.1. Catalyst characterization

The nanoscale crystallites in the synthesized catalysts were analyzed
using transmission electron microscopy (TEM). The microscopic images
of the analyzed TNR + Au catalyst (Fig. 1) show that TiO, is present in
the form of rod-shaped anatase nanoparticles of uniform size. The
diameter of the TNR was measured to be 70 nm in length and 8 nm in
width. In contrast, the TNPs have an ellipsoidal shape with a length of
30 nm and a diameter of 20 nm, whereby the crystallite phase is also
anatase (SEM micrographs in Fig. 1). The microscopic TEM images also
show that the Au particles in both TiOz + Au samples are spherical and
evenly distributed over the entire surface of the TiO,. The average size of
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Fig. 3. a) Nitrogen adsorption/desorption isotherms and b) corresponding bjh pore size distribution for catalysts, comparing those with TNR or TNP support.
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Fig. 4. XRD diffractograms of the TNR and TNP support and catalysts con-
taining 1.0 wt% of Au loading. Solid vertical lines belong to anatase TiO»
(JCPDS 00-021-1272).

the Au particles is shown in Table 1. We measured the size of more than
100 Au particles (some of them are shown in Fig. S1) and generated the
particle size distribution shown in Fig. 2. The Au sizes were calculated
using the ImageJ program. In the case of the TNR + Au sample, most
particles are about 25 nm in size, but smaller particles and particles up to
80 nm in size were also observed. In the case of the TNP + Au sample,
most of the Au particles are also around 25 nm in size, but particles up to
110 nm in size were also found. The TNP + Au sample therefore has a
wider particle size distribution (reason for this is the correlation be-
tween pH and isoelectric point (IEP), explained below) than the TNR +
Au sample, but for both TiO3 + Au samples analyzed, the majority of
particles are in the same size range between 20 and 30 nm. The results of
the SEM-EDXS and ICP-OES analyses (Table 2) show that the actual
loading of TiO, with Au is very close to the nominal loading of 1.0 wt%.
The EDXS analysis also proves that the sample contains only Ti, O and
Au and no other Au precursor residues or impurities were present.

N, physisorption measurements (Fig. 3) were carried out for all
analyzed materials. The results show that the specific surface area
(Sper), pore volume (Vpore) and pore diameter (dpore) of TiO2 + Au
catalysts are mainly determined by the morphological properties of the
TiO2 support in both cases (Table 1), which proves that the TiOy sup-
ports are stable during the synthesis procedures of TiO5 + Au catalysts
and that the pores of TiO, supports are not blocked by Au. Naniwa et al.
[23] investigated the influence of Sggr on the photocatalysts activity.
They showed that TiO, photocatalysts with different Spgr exhibited
increased activity at larger Sggr, although this was not uniform across all
samples.

The XRD results confirm the presence of anatase TiO, in all four
materials analyzed (Fig. 4). The anatase peaks are consistent with the
standard positions documented in the literature [24]. The peak in-
tensities remain the same for all samples, regardless of the presence of
Au. This indicates that the deposition of Au does not affect the TiO,
surface and there are no recognizable peak shifts. The uniform intensity
also suggests that both TNR- and TNP-based materials have similar
crystal sizes and degrees of crystallinity. The anatase crystal sizes were
determined from the width of the (101) diffraction peak at 25° using the
Scherrer equation. The calculated anatase crystallite size for TNR and
TNR + Au samples was 17.4 nm (Table 1). However, it should be noted
that this is an apparent crystallite size as the Scherrer equation is
designed for spherical particles and TNR has a non-spherical
morphology. For the TNP and TNP + Au samples, the anatase crystal
size was determined to be 21.3 nm. This slight increase compared to
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Fig. 5. The change of zeta potential depending on pH of suspension for
all catalysts.

TNR-based catalysts is reasonable given the inherent differences in the
sizes and shapes of the catalyst bases. The lack of Au diffraction peaks in
the XRD diffractograms is attributed to the fact that either the Au
loading is below the detection limit of the XRD method and/or the Au
crystallite size is below 10 nm and the peak is not detectable in the noise
signal [25].

The zeta potential as a function of pH for the analyzed samples is
shown in Fig. 5. The zeta potential decreases with increasing pH and lies
between 30-40 mV and —40 mV. The IEP is the pH value of the solution
at which the net charge of a catalyst surface becomes zero. In the
literature, the IEP of anatase TiO, was found to be 6.0 [26]. IEP values of
5.82 and 4.93 were determined for the TNR and TNP support. The lower
IEP value of the TNP support compared to the IEP value of the TNR
support was due to the deprotonation of the TNP surface [27]. For the
TiOy + Au samples, it is assumed that the observed differences in the
IEPs are due to different synthesis procedures of the TiO5 + Au catalysts.
It should be noted that the pH of the TNR and Au precursor mixture was
neutral during the synthesis of the TNR + Au catalyst, while the pH of
the TNP and Au precursor suspension was acidic during the synthesis of
the TNP + Au sample, which affected the size distribution of Au particles
on the catalyst surface. The results obtained are in agreement with the
research findings of Yazid et al. [26] who reported that the preparation
of Au-containing solids at a pH below the IEP leads to the formation of
larger Au particles (TEM sizes in Table 1).

The UV-Vis DR spectra of the analyzed samples are shown in Fig. 6a.
To facilitate interpretation, the spectra are divided into two regions. The
first region below 400 nm, the so-called UV region, shows significant
light absorption in all four samples. This absorption is attributed to the
presence of TiOg, which is known for its light absorption in the UV
range. The higher UV absorption observed in TNR and TNR + Au sam-
ples compared to TNP and TNP + Au solids can be attributed to differ-
ences in morphology and optical properties. In particular, the elongated
structure of the nanorods improves light scattering, leading to improved
absorption, as previously reported in studies on TiO; nanostructures
[28]. Consequently, TiO, is only excited and catalytically active in the
UV range. The measured band gap energies (Kubelka-Munk model) were
determined to be 3.19 eV for the TNR sample and 3.25 eV for the TNP
sample and are in good agreement with the values reported in the
literature for anatase TiO, [29,30]. The second part of the UV-Vis DR
spectra of the investigated TiO2 + Au catalysts shows a pronounced peak
in the wavelength range from 500 to 600 nm. This peak is attributed to
the localized surface plasmon resonance (LSPR) effect caused by Au NPs
on the surface of the TiO,. The unique oval shape of the peak indicates
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Fig. 6. a) UV-Vis DR spectra of the TNR support and catalysts containing 1.0 wt% of Au and b) solid-state photoluminescence (PL) emission spectra of the

investigated materials.

that the Au NPs have a spherical morphology, a feature confirmed by
TEM analysis. Remarkably, no peak shift is observed in the visible re-
gion, indicating a uniform size of the Au NPs. This uniformity is also
confirmed by the particle size distribution shown in Fig. 2, which shows
that the majority of Au NPs fall in the 20-30 nm range.
Photoluminescence (PL) is a non-destructive technique for analyzing
semiconductors in the bulk. Since the recombination of charge carriers
strongly influences the activity of the catalysts, the PL intensity of a solid
used for heterogeneous photocatalysis should be low, which means a
low recombination rate of charge carriers. The PL spectra of the
analyzed catalysts are shown in Fig. 6b. A decrease in PL intensity is
observed for the TiOz + Au samples compared to TiOg, indicating the
existence of an active interface between the metal and the semi-
conductor [31]. The peak at 3.17 eV corresponds to anatase TiO3, while
the shift to 3.25 eV in the TiO2 + Au samples indicates a blue shift due to

the suppression of indirect phonon-assisted transitions in anatase by Au.
The peak at an energy of 2.9 eV represents the lowest indirect transition
I'1p — Xia. The presence of Au NPs leads to fewer recombination events,
which improves the photocatalytic performance. Additional peaks at
2.34, 2.55 and 2.7 eV are associated with shallow trap levels, oxygen
vacancies and defects in the TiOy support [32]. The shallow trap levels
were created by minor imperfections in TiO, and may arise as a defect
during the synthesis process and heat treatment. The presence of oxygen
vacancies states between the VB and CB in the TiOy structure may
contribute to the appearance of the visible light absorption [32].

The measured ATR-FTIR spectra show a similar behaviour for all
samples examined (Fig. S2). The absorption peaks in the 3200-3600
em ™! and 1630-1660 cm™! ranges are correlated with the O-H
stretching vibration mode of water and the bending of water [33]. The
peaks have a lower intensity in samples with Au, which is due to the
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Fig. 7. Fitted a) Ti 2p, b) O 1 s and c) Au 4f spectra of catalysts.

reduction of the hydroxyl groups (Ti-OH) through the calcination pro-
cess. The intensity and frequency of the IR bands in the 1250-900 cm !
range are sensitive to the type of crystalline TiO5 composition and the
physically adsorbed water content [34].

The results of the XPS analysis are shown in Fig. 7, which shows the
spectra of Ti 2p and Au 4f. In the case of titanium, the XPS spectra of Ti
2p are characterized by double peaks. In the spectra in Fig. 7a, two peaks

appear for all samples at the binding energy 458.7 eV, representing the
Ti 2p3/ and at 464.3 eV, representing the Ti 2p; /» states of Ti*" [35].
According to the literature on the standard binding energy of Ti 2p3 /3 in
TiO,, Ti" is normally at 457.7 eV and Ti*' at 459.5 eV. The Ti 2ps/2
peak for samples with Au is located at 0.3 eV more negative binding
energy. This could indicate that the TNR + Au and TNP + Au samples
are partially reduced, with Ti** being formed [36]. The peak at 530 eV is
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typical for the oxygen of the Ti-O bonds in TiO; [37], with all four peaks
at a binding energy around 530 eV (Fig. 7b), which is the characteristic
peak for the bulk oxide (O3) in the TiO; catalysts [38]. In Fig. 7c we
compare the Au 4f spectra of the samples TNR + Au and TNP + Au. The
peaks are at 83.3 and 86.9 eV, representing Au 4f;,» and Au 4fs/o,
respectively. This could be attributed to the metallic Au(0). The Au 4f; 5
peaks were at more negative binding energies than the expected position
of 84.0 eV for bulk Au (fitted spectra in Fig. 7¢). It has been previously
reported that the shift of the peak to more negative binding energies
could be due to e transfer from the support to the nanoparticles [39].

The SB forms at the interface between Au and TiO5 and monitors the
transport of charge carriers at this interface. The SBH was calculated
using the following equation:
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where @y stands for the work function of Au and y for the e affinity of
the TNR catalyst support. The SBHs were listed in Table 1. The SBH for
the TNR + Au sample was 0.33 eV and for the TNP + Au catalyst 0.22 eV
(Fig. 8). The TNR + Au sample with the smaller average Au NPs had a
higher SBH. The SBH values in both cases were between 0.1 and 1.0. The
lower SBH value for the TNP + Au sample was attributed to the high
density of oxygen vacancies in TiOy due to the amorphous structure
[40].

To elucidate the different photocatalytic behavior of TNR + Au and
TNP + Au photocatalysts, we performed EPR solid-state measurements
at room temperature. For pure TNP (Fig. 9a), we can observe the char-
acteristic signals corresponding to Ti®" ions (P1) and an indication of O-
vacancies (P2) [41]. The calculated g-values (Table S1) are slightly
higher than expected [41], which could be due either to the delocal-
ization of the unpaired e or to the settings of the instrument used. In
addition, we observe a possible rhombic signal for O3 species (P3(g2)) or
oxygen-centered h'-trapping at the surface [41-44]. As can be seen, the
P1(gll) and P2 signals are merged (superimposed) due to the partial
heterogeneity of the sample and the instrumental limitation. In addition,
pure TNP support probably contains only a small amount of O-va-
cancies, making them difficult to detect at room temperature. However,
from the shape of the peak, it can be concluded that the Ti>* species are
mostly internal [45]. This is also reflected in the P5 and P6 signals,
which correspond to the internal Ti3" of the particles [42,44]. Another
possibility is that the peaks correspond to Ti cations located at crystal-
lization defects or substitutional Ti** in hydrated anatase [43]. Since the
shape of the P1(g1L) signal indicates the presence of internal Ti®*, we
can probably also assign the P5 and P6 signals to the same species. In
addition, we observe the S1 signal originating from a low sulfur content
from the manufacturer’s synthesis procedure [46]. The addition of Au
NPs (TNP + Au sample) changes the shape of the EPR spectra compared
to pure TNP. Firstly, we can now clearly observe the presence of O-gaps
(P2) and increased P1(gl.l), P5 and P6 signals for Ti®*. This indicates
that the impregnation of Au NPs on the TNP support generates more Ti>"
and O-vacancies and thus more defect sites. The shape still suggests that
most of the Ti" is in the bulk, but some amount could also be present on

Bsp = Bm— X (€8] the surface of TiO5 [45,47]. What we also observe is the absence of the
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Fig. 9. Solid-state room-temperature EPR spectra of a) TNP + Au and b) TNR + Au photocatalysts under dark and illuminated conditions.
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S1 peak. This can either be due to the overlapping of the peaks or the
impregnation method has removed the sulfur impurities. On the other
hand, impregnation with Au NPs does not change the P3 peak. Another
observation is the slight decrease in the g-values for the P1 and P2 sig-
nals in the TNP + Au sample compared to pure TNP. This indicates that
the unpaired e responsible for the EPR signal are more localized. Since
the addition of Au NPs creates defects and their presence causes a
disturbance in the charge migration, the electrons could localize around
the Au NPs. Since the Au NPs are probably connected to the support via
the Ti>* and O-vacancies (defects), the e are localized there. Therefore,
we can observe the slight decrease in the g-values for the P1 and P2
signals. The illumination with visible light does not change the EPR
spectra because the thermal effect at room temperature does not allow
the observation of carrier generation.

Interestingly, the TNR + Au photocatalyst generates different EPR
signals than the TNP + Au photocatalyst. Fig. 9b also shows that the
pure TNR support has an EPR spectrum that differs from the EPR spec-
trum of the TNP support. In particular, the P1 + P2 peaks are broader,
indicating that most of the Ti®* is located on the surface of the TiO,
[41,47]. However, we still observe the P5 signal, which confirms the
presence of internal Ti>". This is due to the hydrothermal synthesis of
TNR from TNP, which generates O-vacancies on the surface. Thus, to
achieve charge neutrality, additional surface Ti°t is generated. The
presence of surface Ti>" on the TNR support was also confirmed by the
high-resolution Ti 2p spectra (XPS analysis). Moreover, the S1 peaks are
not present as the sulphur impurities were removed by the hydrothermal
treatment. For the pure TNR support, we now also observe the P3(gl)
signal, in addition to the P3(g2) signal that we observed in the EPR
spectrum of the TNP support. The addition of Au NPs also has a profound
effect in the case of the TNR + Au photocatalyst. What we observe first is
the decrease of the peak belonging to the O-vacancies and the loss of the
Ti®* sites on the surface as the peak intensities change. This indicates
that the Au NPs interact with the Ti>* at the O-vacancies and form a
close contact, and that the internal Ti®* content increases. This is
different from the case of the TNP + Au photocatalyst, where the
impregnation method introduces O-vacancies. We did not observe any
significant changes in the g-values compared to the pure TNR support,
indicating that the impregnation of Au NPs does not affect e” delocal-
ization. The reason for this could be the new signal P4, which spread
over the measurement range and masked the slight changes in proper-
ties. In order to measure this new peak completely, we had to extend the
measurement range (Fig. S3). As can be seen in Fig. 8a, the TNP + Au
sample does not contain any new signals in this extended measurement
range. However, the new signal (P4) for the TNR + Au sample has a g-
value of approx. 2.266 (maximum at approx. 299 mT) and a line width
of 33.2 mT. The corresponding Ti>* and O-vacancies signals remain
intact and overlap with the new P4 peak. The overwhelming intensity
and shape suggest that we are indeed measuring the ferromagnetic
resonance [48,49] of Au NPs, which likely originates from reduced Au
centers from the HAuCly precursor, namely A ([Xe]4f145d10651) and/
or Au?t ([Xe]4f**5d°) [50]. Since the XPS results indicate that only Au®
is present, we can assume that no or little Au>" is present and that the
corresponding signal originates from the Au® species [51]. For Au NPs to
exhibit ferromagnetic or superparamagnetic behaviour, spin-orbit
coupling and crystal distortion are important parameters; other prop-
erties must also be appropriate. In particular, the magnetic behaviour
depends on the dimensions of Au at the atomic level and the charge state
[52]. If all properties are correct, a few crystals can undergo a physical
reorientation due to an applied field and exhibit low ferromagnetic
properties. If the quantity is large enough, this can even be observed at
room temperature [53], as we have done. That the Au NPs in the case of
the TNR + Au photocatalyst might have suitable properties for a mag-
netic response could be concluded from the lower SBH (0.22 eV) than in
the case of the TNP + Au sample (0.33 eV). Another aspect is that the
TNR + Au photocatalyst also contains non-functionalized Au NPs, which
are only a few nm in size (1-5 nm, TEM hysteresis) and are known for a

10

Applied Surface Science 695 (2025) 162923

1.00 4
0.95 4
0.90 4
0.85 4
5 080
©
0.75 4
0704 —e—TNR
TNR+Au
0654 —— TNP
—e— TNP+Au
0.60 T T T T T T T T T
0 20 40 60 80 100 120
Time (min)

Fig. 10. Relative concentration of ABTS"" as a function of time obtained in the
presence of investigated photocatalysts under visible-light illumination.

possible intrinsic ferromagnetic behavior [52,54]. Since we can observe
this phenomenon even at room temperature, we can conclude that we
have a sufficiently high amount of atypical Au NPs in the TNR + Au
sample. This is consistent with the UV-Vis DR measurements where we
observe the highest LSPR “hump”, indicating a more intense LSPR effect
in the TNR + Au sample. Since this effect is related to the size and
number of suitable Au NPs susceptible to the quantum effect, we can
tentatively conclude that a large amount of atypical Au NPs are indeed
present in the TNR + Au sample. From the shape and width of the P4
signal, we can further infer that it resembles systems with ferromagnetic
interactions, suggesting the occurrence of structural defects [55-57].
Similar to the intrinsic ferromagnetism of Fe ions, the interaction of
AuNP across F-color centers (i.e., O-vacancies) could generate the strong
ferromagnetic signal (P4) due to the emergence of magnetic ordering
over short distances [49]. The width of the signal could indicate that the
magnetic properties are due to dipole-dipole interactions, which
dominate over the exchange interactions in the dark because they are
superimposed on the Zeeman interactions. If the exchange interactions
were dominant, we would observe a decrease in linewidth as they
average the local magnetic fields around the centers [58]. Since we
observed a decrease in the signal for O-vacancies in the TNR + Au
sample compared to the pure TNR support, this could indicate that the
Au NPs are indeed interacting with these centers. However, we have to
say that the Au NPs on the TNR can be considered as defects/disorders of
e delocalization in the TNR support. When illuminated with visible
light, the intensity of the P4 peak remains the same, similar to the TNP
+ Au photocatalyst. Again, this is probably due to the overwhelming
thermal effect at room temperature, which masks the photogeneration
of e". Another possibility would be that the TNR + Au sample could not
generate e” under illumination due to the different properties of the Au
NPs; however, we observed the LSPR effect in the UV-Vis DR mea-
surements, which means that the thermal explanation is likely the cor-
rect one.

3.2. Evaluation of the photocatalytic activity

In the ABTS®" reaction we measured the production of ¢ and the
formation of O%. Fig. 10 shows the relative concentration of the ABTS®*
cation as a function of time under visible-light illumination. The trend of
ABTS"" reaction was similar for the samples without Au, TNR and TNP.
For these two samples, no e and O35 generation was observed under
visible light. The trend was also the same for the TNR + Au and TNP +
Au samples, independently of size of catalysts support. The consumption
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photocatalysts.

of ABTS®" was low, indicating that not many O3 radicals were formed in
the presence of these catalysts under visible-light illumination. Based on
the results shown in Fig. 10, one would expect both TiO, + Au photo-
catalysts to have the same activity for BPA degradation; however, as
explained below, this was not the case.

Since in the case of the ABTS®" scavenging experiments both e and
0% are responsible for the reduction of the ABTS*" complex, we per-
formed the EPR spin-trapping analysis to distinguish between the active
species. Using DMSO as a solvent, we stabilized the O35 species and
formed the DMPO-O5 adduct (1:1:1:1 quartet). As can be seen in
Fig. 11a, the TNR + Au catalyst does not generate a signal for the DMPO-
0% adduct. On the other hand, the TNP + Au photocatalyst shows the
formation of the DMPO-0O3 adduct, measured after 30 min of irradiation

11

with visible light. The width of the peaks can be attributed to the DMPO-
OCHj3 adduct formed by the reaction with the solvent (DMSO) under
visible-light illumination, or to the interactions of O with DMPO-0%
[59]. The difference between TNR + Au and TNP + Au materials can be
seen even more clearly in Fig. 11b, where the area obtained by double
integration of the EPR spectra is plotted against the illumination time.
The TNP + Au photocatalyst shows a steady increase in the DMPO-O%
adduct formed over time. However, the TNR + Au photocatalyst does
not generate an EPR signal at either illumination time point or it is at
least below the detection limit. The reason for this could be the higher
SBH in the case of the TNR + Au photocatalyst (0.33 eV) compared to
the TNP + Au photocatalyst (0.22 eV). As a consequence, in the case of
the TNR + Au material, the SBH is too high for the photogenerated e to
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jump into the CB of the TNR, and they remain in the Au NPs. On the
other hand, the lower SBH of the TNP + Au material is favourable for the
injection of e into the CB of TNP. This means that the TNP + Au pho-
tocatalyst can form O3 under visible-light illumination and that both e
and O% are responsible for its ABTS®' reduction. From the facts
described above, it can also be concluded that the oxygen reduction
reaction takes place predominantly on the surface of the TiOy support.

The photocatalytic oxidation of the model pollutant BPA dissolved in
water took place in the glass reactor with constant stirring and air
purging. Fig. 12 illustrates the results of the reaction and shows the
change in relative concentration as a function of time. The first 30 min of
the reaction took place without illumination to investigate the adsorp-
tion of BPA on the catalyst surface. During this dark period, the BPA
concentration remained constant in all four catalyst samples, indicating
a lack of BPA adsorption. As a lack of BPA adsorption and photolysis, the
experiment without illumination and photocatalyst was done as a proof
of the concept (Fig. S4). The degradation of BPA in the presence of TNR
and TNP supports was minimal, which can be attributed to the presence
of Ti** species on the surface and surface defects. In particular, the

Visible light
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hydrothermally synthesized TNR material showed more surface defects
compared to the commercial TNP, indicating that it is better able to
degrade the pollutant BPA. The catalysts TNR + Au and TNP + Au
degrade BPA more strongly compared to the TNP and TNR samples. It
follows that the addition of Au to the surface increases the photo-
catalytic activity. However, the BPA degradation over the TNP + Au
sample is higher (almost 60 %), which also shows a higher efficiency in
the EPR measurements. In contrast, the BPA degradation achieved in the
presence of the TNR + Au sample is only 40 %. Based on the Sggr results,
a higher degradation would be expected in the presence of the TNR + Au
catalyst. However, since Sgg is not the only factor determining photo-
catalytic activity, other factors, such as SBH, are crucial. The higher SBH
in the TNR + Au sample can lead to inefficient charge transfer, while in
the TNP + Au solid a more favorable SBH promotes increased photo-
catalytic activity.

EPR results prove that the BPA degradation in the case of the TNR +
Au photocatalyst must be due to the interaction of e with the BPA
molecule, in addition to the small amount of OH® radicals formed from
the h* in TNR. In agreement with the scavenging and spin-trapping
experiments, we propose the charge carrier mechanism presented in
Fig. 13, which differs for both photocatalysts. The TNP + Au material
exhibits a straightforward mechanism. Since the TNP component does
not produce charge carriers and a narrow interface is formed between
TiO9 and Au NPs [19], the generated hot e of Au NPs can be injected into
CB of TNP as the SBH is suitable. The hot e in the CB of TNP can first
generate O3 (oxygen reduction reaction), which can attack BPA directly,
or indirectly form OH® radicals, which attack BPA. Since both ROS are
quite strong, this explains the high BPA degradation under visible-light
illumination. On the other hand, the TNR + Au photocatalyst behaves
differently, even though the basic chemistry (TiO2 + Au) is the same. As
can be seen in Fig. 6b, the TNR + Au photocatalyst exhibits the lowest PL
signal of all materials, which means that it has the lowest tendency for
radiative recombination of charge carriers. This indicates that the pho-
togenerated e and h' could still be utilized to degrade organic pollutants
even if they do not form O3. This is probably possible due to the
different properties of Au NPs in the examined photocatalysts. The LSPR
effect (Fig. 6a) shows a slightly higher intensity (“hump”) in the case of
TNR + Au sample, which could indicate a higher amount of LSPR-
capable Au NPs. Since the TNR + Au photocatalyst does not form 0%,
it requires a large amount of formed charge carriers (e’) to achieve the
degradation of organic pollutants (ABTS®" reduction). The TNR + Au
catalyst have a larger surface area available for distribution, which

Visible light
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Fig. 13. The proposed charge carrier mechanism for TNR + Au and TNP + Au photocatalysts under visible-light illumination.
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results in good charge separation. The generation of charge carriers in
the TiO, component (TNR) is also a plus, as it contains small amounts of
Ti%", which can utilize visible light.

The energy band distribution of catalysts is important for their
effectiveness. For the TNR support, the CB potential is —0.3 eV and the
VB potential is 2.89 eV, while for the TNP support the calculated CB
potential is —0.19 eV and the VB potential is 3.06 eV. After impregna-
tion, the trend is similar for the TiOy + Au supported catalysts. For the
TNR + Au sample, the CB potential is —0.59 eV and the VB potential is
2.56 eV, and for the TNP + Au sample, the CB potential is —0.36 eV and
the VB potential is 2.84 eV. The standard reduction potential for the
redox pair Op/0% in aqueous media is —0.16 eV [60]. From the latter
data, the logical conclusion would be that the TNR + Au catalyst is more
active, since the CB potential is more negative than the O,/0% potential,
and therefore the oxygen reduction reaction should be faster compared
to the TNP + Au catalyst. However, in our case, the oxygen reduction
reaction only takes place in the case of the TNP-supported Au catalyst,
which means that the energy bands of the materials do not play a
decisive role. The reason for the better activity of the TNP + Au catalyst
is therefore most likely due to the difference in SBH. Since we have not
observed any generation of O3 in the TNR + Au material and the SBH is
quite high (0.33 eV), we can tentatively assume that the Egermi of Au NPs
(location of hot holes (hj)) and CB of TNR are appropriately aligned,
which enabled the “Z-scheme” to take place [61]. Due to the high SBH,
some e cannot be extracted to the TiOg, but recombine predominantly
with hj; within the Au NPs. Such recombination is intrinsic to plasmonic
systems and is widely recognized as one of the key factors limiting the
efficiency of hot carrier utilization [62]. However, as the Ti%* content in
the TNR support is still low, the concentration of the generated e is
estimated to be low, which limits the effectiveness of the “Z-scheme”.
This term is used in a broader sense to describe the plasmon-mediated
transfer of hot carriers, which is similar to the directional flow of
charges in a “Z-scheme”: i) energetic hot e generated in Au can over-
come the SB and transfer to the conduction band of TiO5 and ii) the hj;
left in Au can recombine with e from the valence band of TiO,,
completing the cycle. This plasmon-mediated process mimics the “Z-
scheme” in terms of charge flow and redox reaction enhancement.

The photogenerated h* remaining in the VB of TNR support can form
OH* radicals, which attack the BPA molecule. The formation of OH®
radicals for the pure TNR support and the TNR + Au photocatalyst was
observed in the COUM scavenging experiments (Fig. S5). These exper-
iments also support the assumption of the “Z-scheme”, as the formation
of OH® radicals was only slightly increased for the TNR + Au photo-
catalyst compared to the pure TNR support. This is probably due to the
partial “Z-scheme” mechanism, which allows better utilization of h" in
the VB of the TNR support. Since the properties of the TNR + Au pho-
tocatalyst are not favourable for the formation of O%, the OH® radicals
generated by the h™ in the VB of the TNR support (minority) and the e in
the Au NPs (majority) attack the BPA and form radical intermediates
that further degrade the organic compounds. Since the e are less potent
than O3 or OH® radicals, the TNR + Au photocatalyst performs photo-
catalytically worse than the TNP + Au photocatalyst, which can
generate O3 . However, in reactions in which e’ play the decisive role, the
TNR + Au photocatalyst would probably perform better than the TNP +
Au material.

The change in the expected BPA photooxidation activity of the TNR
+ Au sample can also be explained by the different properties of the Au
NPs, i.e. the ferromagnetic character of the Au NPs. This affects the
mechanism of charge carrier transfer, so that the TNR + Au photo-
catalyst performs worse than the TNP + Au photocatalyst, which has the
correct Au NPs properties for the reaction under investigation. The main
improvement from the addition of Au NPs in the TNR + Au photo-
catalyst is probably the improved charge separation in the TNR support,
which allows a higher generation of OH® radicals than in pure TNR,
enabled by the Ti®* present in the TNR support. Since the Au NPs have
different properties, the e” generated by LSPR cannot reduce the oxygen
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to O3 (DMPO/DMSO0), but they can attack the BPA molecule directly, as
seen in the ABTS®" experiments (utilization of the e). However, this
limits the overall activity of the TNR + Au photocatalyst, although some
properties (Spgr, energy band distribution) indicate a potentially higher
activity compared to TNP + Au sample. The decisive factors were the
BPA degradation pathway (mainly via O%") and the excessively high SBH
value, which hinders the formation of O3 radicals on the TNR + Au
catalyst.

4. Conclusions

In this study, we investigated two TiOp-based Au catalysts deposited
on TNR and TNP. The TNR were prepared from commercially available
TiOy (TNP) by hydrothermal synthesis. In both cases, the Au NPs were
deposited on the TiO, surface by wet impregnation with a longer mixing
time. For both synthesized catalysts, the maximum size of the Au par-
ticles was in the range of about 20-30 nm. All characterizations
confirmed the differences between the two TiO5 + Au catalysts, indi-
cating that the shape of the TiO5 is important.

Degradation of BPA dissolved in water took place under visible-light
illumination, with both TNR and TNP supports showing some activity,
which is due to the defects being more numerous on the surface of the
TNR support. The photocatalytic tests with the TiO, + Au samples
showed large differences in BPA degradation. From the results of the
formation of ROS in the ABTS®' reaction, we can conclude that the
formation of e and O% is very similar for both catalysts. Larger differ-
ences were observed in the EPR spin trapping analysis, where the results
indicated that O% is an important ROS for BPA degradation in the case of
the TNP + Au catalyst. For the TNR + Au photocatalyst, the DMPO/
DMSO spin-trapping experiments have shown that it cannot produce 0%
via the oxygen reduction reaction due to the unsuitable SBH and the
inappropriate properties of the Au NPs, but it can produce e’ as it reduces
ABTS®**. This means that O% is not involved in the process of liquid-
phase BPA degradation in the presence of this solid. It has been shown
that visible-light triggered BPA degradation in the case of the TNR + Au
photocatalyst occurs via the interaction of e in the Au NPs with the BPA
molecule, in addition to the small amount of OH® radicals formed by the
h* in the VB of the TNR support, which leads to the formation of radical
intermediates that further degrade the organic compounds.

The results obtained underline the importance of comprehensive
characterization techniques to elucidate the complex relationships be-
tween catalyst structure, composition and catalytic activity. Through a
better understanding of the mechanisms underlying pollutant degrada-
tion, our study contributes to the development of more efficient and
customized photocatalytic materials for environmental remediation.
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