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The development of plasmon-enhanced TiO, photocatalysts offers exciting opportunities for the use of visible
light in environmental and energy-related applications. A key parameter that determines their performance is the
size and distribution of the plasmonic metal nanoparticles (NPs), which strongly influence charge separation,
light absorption and interfacial chemistry. In this work, we have systematically investigated the role of Au NPs
size on the structural, electronic and photocatalytic properties of hydrothermally synthesized TiO3 nanorods
(TNR). Au NPs with well-controlled diameters in the range of 10-50 nm were uniformly deposited on the TNR
surfaces, which was confirmed by electron microscopy and elemental mapping. UV-Vis diffuse reflectance
spectra confirmed the absorption of localized surface plasmon resonance (LSPR) in the visible region, with peak
positions depending on both the size of the NPs and the presence of Na-citrate residues from the synthesis.
Supplementary spectroscopic analyses showed that citrate residues altered the surface chemistry, impaired
charge transfer and partially blocked active sites. Photoluminescence and time-correlated single photon counting
measurements revealed that Au decoration effectively suppressed the recombination of electrons and holes and
prolonged the lifetime of charge carriers, while electron paramagnetic resonance spectroscopy showed improved
stabilization of Ti** centers and oxygen vacancies upon visible-light irradiation. Photocatalytic tests, evaluated
by the generation of reactive oxygen species and the degradation of bisphenol A (BPA), showed that the activity
increased with decreasing NPs size. The sample with the smallest Au NPs showed the highest reactivity and
achieved a BPA degradation of ~40 within 4 h. Thus, it clearly outperformed both the larger Au-decorated TNR
and the untreated TNR reference sample. Nevertheless, residual citrate limited the overall efficiency by hindering
charge transport and surface reactivity. These findings provide a pathway for the rational design of more efficient
plasmonic photocatalysts by controlling NP size and removing synthesis by-products.

1. Introduction samples and detected BPA in almost all samples tested, which means

that BPA is widespread [2,3]. High concentrations of BPA have been

The degradation of bisphenol A (BPA) has become a pressing issue in
recent years, as BPA is an antioxidant that is not biodegradable, is highly
resistant to chemical degradation and poses a risk to human and animal
health. One of the most important areas of research is therefore the
development of effective methods for the degradation of BPA in
contaminated wastewater. Around 3 million tonnes of BPA waste are
produced every year, although some sources speak of up to 7 million
tonnes [1]. This shows that the problem is indeed very serious, as BPA is
considered an endocrine disruptor. Researchers at an institute in China
conducted a study on the occurrence of BPA. They analyzed urine
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found in in landfill leachates, reaching up to 17.2 mg/L [4,5]. Conven-
tional water treatment methods cannot completely remove BPA, which
is why advanced oxidation processes (AOPs), such as heterogeneous
photocatalysis, are used [6,7]. Photocatalysis has proven to be a
promising strategy to tackle global challenges such as environmental
remediation. TiO2 has long been recognized as one of the most effective
photocatalytic materials due to its high chemical stability, low cost and
strong oxidizing power under UV irradiation. However, its practical use
is hindered by its large band gap (3.2 eV for anatase) [8-10], which
limits its absorption to only about 3-4 % of the solar spectrum [11,12],
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and by the rapid recombination of photogenerated electron-hole pairs
[13]. To extend its activity into the visible region and improve charge
separation, various modification strategies have been explored, of which
the incorporation of noble metal nanoparticles (NPs), particularly Au.
Au NPs are stable and non-toxic, which is why they have attracted
considerable interest [14,15]. The size and shape of the metal NPs have
proven to be key parameters in the development of TiO,-based catalysts.
One of the most important properties affecting the photocatalytic per-
formance of these materials is the localized surface plasmon resonance
(LSPR), which results from the coherent oscillation of free electrons in
plasmonic NPs and enables a more efficient interaction with the TiO2
support.

The increase in light absorption due to LSPR can be detected by
UV-Vis spectrophotometry, where an increase in absorption occurs (a
peak in the UV-Vis diffuse reflectance spectrum, e.g. for Au/TiO5). This
phenomenon results from changes in the electric field at the surface of
the NP and enables more efficient electron transfer between the metal
and the semiconductor. In larger NPs, the LSPR shifts, which means that
the light spectrum expands to higher wavelengths (red shift), which can
influence the photocatalytic properties of the catalyst. In NPs smaller
than 10 nm, the plasmonic resonance occurs at lower wavelengths
(400-500 nm), while in larger plasmonic NPs (>50 nm) the resonance
shifts towards 600 nm. This changes the ability of the catalyst to absorb
certain parts of the solar spectrum, which affects its performance under
real environmental conditions, e.g. in the degradation of the organic
pollutant BPA. Smaller NPs have a larger specific surface area and
provide more active sites for reactions, which increases the rate of
photocatalytic processes. However, small NPs can also lead to a higher
recombination rate of electrons and holes, which reduces the efficiency
of the catalyst. Larger particles can separate charges more effectively as
they act as electron traps, but they have fewer active sites per unit mass.
In addition, larger NPs can form aggregates that restrict the access of
light to the active sites, further reducing photocatalytic activity. The size
of Au NPs is closely related to the contact distance to the TiO5 support.
For smaller metal NPs (2.8 nm) [16], the contact distance was larger
than the NP diameter, which allowed for better electron transfer and a
larger surface area for the absorption of light and pollutants. This
increased surface area allows for more effective injection of photo-
generated electrons into TiOy when irradiated with visible light, which
increases photocatalytic activity. However, as the size of the NPs in-
creases, the contact distance decreases, which can have a negative effect
on the efficiency of electron transfer [16]. The deposition of smaller NPs
on the catalyst support enables a more uniform dispersion on the TiO5
surface. Some studies have shown that smaller Au particles are more
active compared to larger Au NPs [17,18], but Yoo et al. [19] have
shown that the LSPR effect occurs with larger Au NPs, which is crucial
for extending the lifetime of charge carriers and leads to improved
photocatalytic activity.

Although many studies have reported visible-light photocatalysis in
Au/TiOy systems, particularly for the degradation of bisphenol A,
several key aspects remain insufficiently understood. Most research has
focused on optimising Au loading or correlating average nanoparticle
size with overall activity [20,21], while the interplay between nano-
particle size, surface chemistry, and charge-transfer efficiency has
received much less attention. In particular, the influence of residual
surface ligands from colloidal synthesis routes on the plasmonic and
photocatalytic behaviour of Au/TiO catalysts has not been systemati-
cally addressed. In this work, we systematically investigate the size-
dependent effects of Au nanoparticles on the photocatalytic degrada-
tion of BPA under visible-light irradiation. Au nanoparticles with
controlled sizes (10-50 nm) were synthesized using Na-citrate and
immobilized on TiOy nanorods (TNR). This study uniquely combines
precise control of Au nanoparticle size with a detailed assessment of
residual Na-citrate species, offering a dual mechanistic perspective
rarely explored in previous Au/TiO2 photocatalyst studies. Advanced
spectroscopic analyses provide direct evidence of how surface residues
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influence charge separation, Ti>" stabilization, and plasmon-induced
electron transfer. By correlating nanoparticle size, surface chemistry,
and photocatalytic activity, this work provides new insight into how Au/
TiO4 plasmonic interfaces can be rationally engineered. The findings
offer practical guidance for designing efficient and stable photocatalysts
capable of operating under natural sunlight and in real wastewater
treatment applications.

2. Experimental
2.1. Materials

Sodium hydroxide (NaOH, >98 %, Merck), hydrochloric acid (HCI,
fuming 37 %, <1 ppm free chlorine, Merck), hydrogen tetrachloroaurate
trihydrate (HAuCl4 3H20, 99.99 %, Alfa Aesar), citric acid mono-
hydrate, 99.5-100.5 %, Sigma Aldrich), absolute ethanol (CaHsOH,
>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 (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™. All aqueous solutions used in this work were prepared
with ultrapure water (18.2 MQ cm) and kept in the dark at 4 °C.

2.2. Catalyst synthesis

TNR were prepared by hydrothermal synthesis, as described in our
previous publications [22,23]. Gold NPs of different sizes were synthe-
sized using various approaches, which are described in detail in the
following paragraphs.

The synthesis of Au NPs with an average diameter of approximately
10 nm was adapted from the protocol described by Ojea-Jiménez et al.
[24]. Briefly, 102 mL of 2.45 mM NaOH and 2.1 mL of 0.34 M Na-citrate
were mixed and transferred into a round-bottom flask equipped with a
reflux condenser. The solution was heated to boiling in an oil bath. Upon
reaching the boiling point, 2 mL of 0.066 M HAuCl4-3H,0 was rapidly
injected, resulting in an immediate color change from colorless to black,
followed by a gradual transition to a characteristic wine-red color,
indicating the formation of gold NPs. After completion of the reaction,
the colloidal suspension was cooled to room temperature in an ice bath
and subsequently washed with distilled water to remove excess Na-
citrate, yielding citrate-stabilized gold NPs with a mean diameter of
10 nm, hereafter referred to as Aul.

Spherical gold NPs with distinct diameters ranging from 20 to 50 nm
were synthesized via a multi-step seed-mediated growth method,
adapted from the procedures reported by Bastts et al. and our work
[25,26]. Aqueous stock solutions of Na-citrate (2.2 mM and 60 mM) and
HAuCly-3H20 (25 mM) were first prepared.

Seed preparation: For the synthesis of gold seed NPs, 37.5 mL of 2.2
mM Na-citrate was heated to boiling in a 100 mL round-bottom flask
equipped with a reflux condenser and immersed in an oil bath. Once
boiling, 0.25 mL of the 25 mM HAuCl,-3H20 solution was rapidly added
under vigorous stirring for 1 min, producing a light pink coloration
indicative of seed formation. The reaction mixture was then allowed to
cool to 90 °C at ambient conditions (room temperature).

First growth step (Au2): Once cooled, the seed solution was returned
to the oil bath and maintained at 90 °C, with the stirring rate reduced to
600 rpm. To promote further NP growth, 0.25 mL of 25 mM
HAuCly-3H20 was added, followed by two additions of the same volume
at 10-minute intervals (three additions in total). This step yielded gold
NPs with an average diameter of 20 nm, hereafter referred to as Au2.

Second growth step (Au3): To further increase NP size, a fresh growth
medium was prepared by heating a mixture of 13.25 mL of distilled
water and 0.5 mL of 60 mM Na-citrate to 90 °C. Once at temperature,
this diluted Na-citrate solution was added to the Au2 suspension, fol-
lowed by three sequential 0.25 mL additions of 25 mM HAuCly-3H20 at
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10-minute intervals. This produced NPs with a mean diameter of 31 nm,
designated as Au3.

Subsequent growth steps (Au4 and Au5): The dilution—-growth cycle
was repeated twice more to obtain progressively larger NPs: Au4, with
an average diameter of 37 nm, and Au5, with an average diameter of 53
nm.

Purification: Following the final growth step, all NP suspensions were
purified by repeated washing with distilled water to remove excess Na-
citrate.

A wet impregnation technique was used to deposit Au NPs on TNR.
The preparation procedure was similar to that described in our previous
articles [27,28]. The TNR support was ultrasonically dispersed in 250
mL ethanol for 10 min. Then a suspension of Au NPs was added in an
amount that resulted in a metal loading of 1.0 wt%. The suspension was
then stirred continuously for 20 h. The solvent was then evaporated
using a rotary evaporator and the resulting material was dried at 80 °C
for 18 h. The sample was then calcined at 300 °C for 2 h with a heating
ramp of 150 °C per hour [29]. We prepared five different Au/TiOy
catalysts with different sizes of Au NPs: (i) TNR + Aul, (ii) TNR + Au2,
(iii) TNR + Au3, (iv) TNR + Au4, and (v) TNR + Au5.

2.3. Catalyst characterization

The morphology and chemical composition of the investigated ma-
terials were analyzed using a transmission electron microscope (TEM,
JEM-2100, JEOL Inc.) equipped with energy-dispersive X-ray spectros-
copy (EDXS, JED-2300 EDS) and a scanning electron microscope (SEM,
SUPRA 35 VP, Carl Zeiss) with energy-dispersive X-ray spectroscopy
(SEM-EDXS, Inca 400, Oxford Instruments). For each NP type, TEM grids
were prepared by depositing a few drops of the diluted sample onto the
grid, followed by air drying. NP size distributions were determined from
TEM images using ImageJ software, based on measurements of 100 in-
dividual particles (N = 100). For SEM-EDXS analysis, the powdered
catalysts were attached to aluminum holder with double-sided carbon
tape and gently blown out with compressed air to remove loose parti-
cles. The elemental composition of the photocatalysts was determined
using a CHNS elemental analyzer (2400 Series II, Perkin Elmer, USA).
The Ny-physisorption measurements were carried out with a Micro-
meritics TriStar II 3020 analyzer. Prior to the measurements, the cata-
lysts were degassed under N (purity 6.0) using a Micromeritics
SmartPrep unit at 90 °C for 60 min and 180 °C for 240 min (calcined
samples), or at 80 °C for 1260 min (non-calcined samples). The specific
surface areas (Sggr) were calculated by the Brunauer-Emmett-Teller
(BET) method, while the total pore volume (Vpore) and pore size
(dpore) distribution were determined from the desorption isotherms
using the Barrett-Joyner-Halenda (BJH) method.

The crystallinity and phase composition of the synthesized catalysts
were analyzed by powder X-ray diffraction (XRD) using a PANalytical
X'Pert Pro diffractometer with Cu Kal radiation (A = 0.15406 nm). The
catalysts were scanned over a 20 range of 5-90° with a step size of 0.033°
and a counting time of 100 s per step. The diffractograms were evaluated
using the HighScore Plus software (version 4.9).

UV-Vis diffuse reflectance (DR) spectroscopy was used to analyze the
light absorption properties of the samples at different wavelengths.
Spectra were recorded using a Perkin Elmer Lambda 650 UV-Vis spec-
trophotometer equipped with a Praying Mantis diffuse reflectance
accessory (DRP-SAP, Harrick), to analyze powdered samples. Measure-
ments were performed at room temperature over a wavelength range of
200-900 nm, with a scan rate of 266.75 nm/min.

Photoluminescence (PL) measurements were performed with a Per-
kin Elmer LS 55 fluorescence spectrometer equipped with a solid-sample
holder. The excitation wavelength was set to 300 nm, with excitation
and emission slit widths of 5 nm and 7.5 nm, respectively. The spectra
were recorded between 300 and 600 nm at a scanning speed of 200 nm/
min.

Time-correlated single photon counting (TCSPC) measurements
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were performed using a Horiba Fluorolog-QM spectrofluorometer
equipped with a DeltaDiode™ picosecond pulsed laser light source
(nominal excitation wavelength of 495 nm) and a PPD detector (model
850). The slits in the emission monochromator were set to 8 nm, and the
time window was set to 200 ns with 4096 channels. The emission
response was monitored at 350, 550, and 600 nm. A Ludox SM-30 so-
lution of colloidal silica was used as a reference to determine the in-
strument response function (IRF), which was used to calculate the
lifetimes of the charge carriers with the FelixFL spectroscopy software.

The chemical composition of the samples was also analyzed using
attenuated total reflection Fourier-transform infrared spectroscopy
(ATR-FTIR) on a Perkin Elmer Frontier FTIR spectrometer. Each spec-
trum was recorded as an average of 32 scans with a spectral resolution of
4 cm™! in the 4000-400 cm ™! range.

The surface properties were analyzed using a Pyris 1 TGA instrument
(Perkin Elmer, USA). The samples were first stabilized in air at 40 °C for
5 min. They were then heated to 600 °C under a stream of air at a rate of
10 °C min~! and held at the target temperature for 5 min.

The electron paramagnetic resonance (EPR) measurements were
performed using a benchtop EPR spectrometer (Adani, model CMS
8400) operating at a microwave frequency of 9.4 GHz. The measure-
ments were performed at a central magnetic field of 338 mT, with a
sweep width of 40 or 200 mT, a modulation amplitude of 450 uT, a
microwave attenuation of 15 dB, and a gain factor of 2 x 10%. Each
sample was measured three times consecutively to obtain averaged
spectra. For visible-light illumination, we used a Schott KL 2500 LED
(energy spectrum is shown in Fig. S1) 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

The formation of various reactive oxygen species (ROS) under irra-
diation with visible light was investigated using specific probe mole-
cules. A 200 mg L1 aqueous solution of coumarin (COUM) was used to
monitor the generation rate of hydroxyl radicals (OH®). In addition, an
aqueous ABTS** solution was prepared by dissolving 17.2 mg of 2,2
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
(ABTS*") and 3.3 mg of K»S30g in a 5 mL flask to monitor the generation
of electrons (¢") and superoxide anion radicals (0%).

The reactions were carried out in a glass batch reactor containing 50
mL of the coumarin solution and 10 mg of catalyst. Prior to irradiation,
the suspension was kept in the dark for 20 min to ensure adsorp-
tion—desorption equilibrium. The system was then irradiated with
visible light using a Schott KL 2500 LED light source. Samples were
taken at predetermined time intervals, filtered through 0.2 ym mem-
brane filters, and stored in Eppendorf tubes for analysis. The formation
of 7-hydroxycoumarin (7-OHC), a fluorescent product of the reaction
between OH® radicals and coumarin, was analyzed using a UV-Vis
photoluminescence spectrometer (Perkin Elmer, model LS 55). Before
measurements, the samples were diluted with water and placed in a 10
x 10 mm quartz cuvette. The excitation wavelength was set to 338 nm,
with excitation and emission slit widths of 10 nm and a scan speed of
200 nm min~!. The photoluminescence intensity of 7-OHC was recorded
at 4 = 456 nm.

The same reactor and experimental conditions were used for the
ABTS** assay. Here, 1 mL of the prepared ABTS®' solution was diluted
with ultrapure water in a 50 mL flask. The samples of the aqueous phase
were analyzed by UV-Vis spectroscopy (Perkin Elmer, model Lambda
465) using a TrayCell cuvette (Hellma, dilution factor 5, path length 2
mm). The decrease of ABTS®* and the increase of ABTS absorption peaks
were observed at 415 nm and 340 nm, respectively.

We used BPA as a model pollutant at a concentration of 10.0 mg/L to
investigate the activity of the photocatalysts studied for the degradation
of organic pollutants dissolved in water. The concentration of the added
catalyst was 125 mg/L. The oxidation of the pollutant was carried out in
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a 250 mL batch reactor (Lenz laborglas, model LF60) at a temperature of
25 °C and atmospheric pressure. The temperature was kept constant
throughout the course of the reaction using a cooling device (Julabo,
model F25/ME), while the reaction suspension was continuously
aerated with air at a flow rate of 750 mL/min. After the first 30 min in
the dark, the system was irradiated with visible light (Philips, 150 W,
Amax = 520 nm). Sampling was performed similarly to other catalytic
reactions by filtering the samples through a 0.2 pm membrane filter. The
samples in aqueous phase were then analyzed using an HPLC instrument
(Shimadzu, model LC-40) operating in isocratic mode. The column (100
x 4.6 mm BDS Hypersil C18, 2.4 ym) was thermostatted to 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. Detection was performed
with a PDA detector in the wavelength range between 190 and 350 nm.
The device was calibrated daily in the range of 0-20 mg/L BPA with
reference solutions.

3. Results and discussion
3.1. Characterization of materials

The main objective of this study was to investigate the effects of
different sizes of Au NPs deposited on TNR on photocatalytic activity.
Transmission electron microscopy (TEM) was used to investigate the
size and dispersion homogeneity of the Au NPs (Figs. 1 and 2) on the
TNR support. Modifications of the synthesis protocol enabled the
preparation of Au NPs with a relatively narrow size distribution. The
TEM micrographs and the size distributions of the Au NPs of Aul, Au2,
Au3, Au4 and Au5 are shown in Figs. 1 and 2. The analysis revealed that
the Au NPs maintained their size after deposition on the TNR support,
indicating high colloidal stability, homogeneous distribution on the TNR
support and a well-controlled synthesis process (Table 1). The size dis-
tribution is also uniform for all NPs. The significant size differences
between the samples are also reflected in their optical appearance: the
sample with 10 nm Au NPs (TNR + Aul) had a deep purple colour, while
the sample with 50 nm NPs (TNR + Au5) had a lighter, pink colour (see
Fig. S2).

Quantitative analysis by scanning electron microscopy with energy-
dispersive X-ray spectroscopy (SEM-EDXS) confirmed that the Au
loading in all samples was approximately 1.0 wt% (Table 2). Comple-
mentary CHN elemental analysis revealed an elevated carbon content in
the Au-containing samples compared to bare TNR, suggesting the
presence of Na-citrate residues from the synthesis process, which could
potentially affect the catalytic activity of the material (Table 2). Nitro-
gen adsorption-desorption measurements in Fig. 3 and Table 1 showed
that the bare TNR support had a Sggr of 106 m?/g and a total pore
volume of 0.48 cms/g. After deposition of Au NPs, the Sggr decreased
slightly to 82-91 m?/g, and the Vpore dropped to 0.38-0.41 cm®/g, while
the average dpore (~18.5 nm) remained essentially unchanged. These
findings imply that Au NPs slightly blocked the pores of TNR. Due to the
nature of TiO9, the porosity measured in the samples is most likely
attributable to interparticle rather than intraparticle pores [30]. The
prepared catalysts exhibit N, adsorption—desorption isotherms corre-
sponding to type IV according to the IUPAC classification [31], placing
them among mesoporous materials with pore sizes ranging from 2 to 50
nm. The typical curve shape at p/pp = 1 further indicates the presence of
pores larger than 50 nm, i.e., macropores [32].

X-ray diffraction (XRD) analysis provided further structural insights
(Fig. 4). The diffraction pattern of pristine TNR matched well with the
characteristic peaks of anatase TiOy described in the literature [33],
confirming its crystalline phase. No shifts in peak positions or significant
changes in intensity were observed after the deposition of Au, indicating
that the anatase structure remained stable. In Au-decorated samples
(TNR + Aul to TNR + Aub), additional peaks appeared at ~32° and ~
45°. The peak at ~ 32° is attributed to NaO [34], a residual by-product
from the Na-citrate used in the synthesis of the Au NP, while the peak at
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~ 45° corresponds to metallic Au. The peak associated with Au was
more pronounced in samples with larger NPs. Therefore, the crystallite
size could only be calculated for two TNR + Au samples. In samples TNR
+ Au4 and TNR + Au5 the Au crystallite size was 16.8 nm for both
materials. The anatase crystallite sizes were calculated using the
Scherrer equation for comparative purposes only, as this equation is
strictly applicable to spherical particles, which nanorods are not (see
Table 1).

In order to improve the photocatalytic activity of TNR in the visible-
light range, plasmonic Au NPs were applied to its surface. The bare TNR
has a wide band gap of 3.2 eV (Fig. 5), which leads to optical absorption
only in the UV range. In contrast, the Au-modified samples show a
distinct absorption feature between 500-600 nm in the UV-Vis DR
spectra, which is due to the LSPR of the Au NPs. The absorption peaks
are symmetric and broad, which is consistent with the spherical
morphology of the NPs as confirmed by TEM analysis (Fig. 1). Inter-
estingly, the LSPR peak for TNR + Aul appears at 555 nm, while it is
slightly shifted to the blue at 537 nm for the larger Au-decorated sam-
ples. While an increase in NP size typically leads to a red shift of the
LSPR maximum due to longer plasmon oscillation wavelengths and
stronger dielectric interactions, the opposite trend observed here em-
phasizes the influence of additional factors. In particular, the higher
density of smaller Au NPs on the TNR surface and the presence of re-
sidual Na-citrate ligands alter the local dielectric environment and
enhance the plasmonic coupling between the particles, leading to a
pronounced red shift for TNR + Aul. This observation shows that the
optical properties of plasmonic photocatalysts are determined not only
by the particle size but also by their spatial distribution, surface chem-
istry and interactions with the support, highlighting the complex
interplay of structural and chemical parameters in tailoring the ab-
sorption of visible light.

To further explore charge carrier dynamics, photoluminescence (PL)
measurements were performed with excitation at 300 nm to efficiently
generate e-h" pairs in TNR. As seen in Fig. 6 the Au-modified samples
exhibit significantly quenched PL intensities compared to bare TNR,
indicating suppressed charge carrier recombination. This suppression is
beneficial for photocatalytic activity, as it extends the lifetime of pho-
togenerated charge carriers. Additionally, a slight blue shift in the PL
emission peaks from 3.19 eV (TNR) to 3.25 eV (TNR + Au) was
observed. This shift can be attributed to the suppression of indirect
phonon-assisted transitions in anatase TiO; due to the presence of Au
NPs [35]. However, the observed peak is characteristic of anatase TiO»
[36].

The fluorescence lifetime results from the TCSPC measurements are
shown in Fig. 7 and Table 3. The excitation/emission cycles were
repeated 10,000 times to generate histograms of photon number over
time to allow extraction of decay curves and calculation of lifetimes. The
peak at ~ 25 ns corresponds to the arrival time of the photons at the
detector. To ensure accuracy, the IRF (Instrument Response Function)
was calibrated with a Ludox solution and multi-exponential fits were
performed with Felix FL software. The TCSPC measurements were per-
formed at three emission wavelengths, with the excitation set at 495 nm.
At 350 nm, the bare TNR exhibited a fluorescence lifetime of ~ 0.2 ns,
which is consistent with literature reports for TiOy [37]. Similar life-
times were observed for TNR + Au samples, indicating rapid recombi-
nation of the photogenerated e-h" pairs and confirming that hot
electrons injected from Au NPs into TiOy recombine rapidly, similar to
electrons in bare TiO,. Remarkably, a weak fluorescence response is also
observed in bare TiO; at all three wavelengths, which can be attributed
to the presence of defects and Ti>" centers, as confirmed by EPR analysis
(see below). These defect states can absorb visible light, leading to
emission even in the absence of Au NPs. At 550 nm, the TNR + Au
samples showed broader responses and extended lifetimes from 6.09 to
12.8 ns, depending on the size of the Au NPs. This apparent lifetime
extension is attributed to plasmonic cloud oscillations that influence the
measured signal. In contrast, the measurements at 600 nm reflect the
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Fig. 1. Overview TEM micrographs of Au NPs and Au/TiO, catalysts.
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Table 1

Results of N, physisorption (specific surface area (Sggr), pore volume (Vpore),
and pore diameter (dpore)), XRD (the apparent crystallite size of anatase and the
crystallite size of gold particles were calculated from the diffraction peaks at 25
and 45°, respectively, using the Scherrer equation) and TEM (average size of Au
NPs) analyses of the investigated TNR support and TNR + Au catalysts.

Sample TNR TNR+ TNR+ TNR+ TNR+ TNR+
Aul Au2 Au3 Au4 Aub5

Sper (m%/g) 106 82 87 91 86 85

Vpore (cm®/g) 0.48 038 0.41 0.41 0.39 0.40

dpore (Nm) 18.3 18.7 18.6 18.1 18.4 18.7

“Apparent anatase 19.7 19.7 19.7 19.7 21.3 21.3
crystallite size (nm)

Au crystallite size - - - - 16.8 16.8
(nm)

"Average size of Au - 10 + 20 + 31+2 37 £ 53 +
NPs (nm) 1 2 4 4.5

“Average size of Au - 13 + 22 + 32 + 39 + 52+5
NPs (nm) 1 2 2.5 3

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

b The average size of Au NPs before deposition on the TNR support.

¢ The average size of Au NPs after deposition on the TNR support.

Table 2
Results of SEM-EDXS and C-content analysis of the investigated TNR support and
Au/TiO; catalysts.

Sample TNR TNR + TNR + TNR + TNR + TNR +
Aul Au2 Au3 Au4 Au5
Ti wt. 67.6 57.9 + 66.1 + 61.0 + 62.8 + 61.4 +
% +0.3 0.3 0.3 0.3 0.3 0.3
(0] 32.4 41.0 + 329 + 37.8 + 36.0 + 37.4 +
+0.3 0.3 0.3 0.3 0.3 0.3
Au — 1.1+ 1.0 + 1.2+ 1.2+ 1.2+
0.2 0.2 0.2 0.2 0.2
C 0.2 0.7 0.7 0.5 0.6 0.6

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

intrinsic lifetimes of the hot electrons, which are only minimally influ-
enced by the plasmonic cloud. Importantly, the lifetimes of hot electrons
in TNR + Au samples remain nearly constant (0.31-0.38 ns, Table 3)
over Au NP sizes from 13 to 52 nm (factor 4, Table 1), suggesting that NP
size does not significantly affect recombination dynamics in this range.
Comparison of TNR + Au samples with different sizes of Au NPs revealed
no clear trend in the fluorescence lifetime, suggesting that photo-
catalytic activity is determined by the number of Au NPs on the TNR
surface rather than the lifetime alone. Hot electrons in particular can
participate in surface reactions: while still on the Au NPs, they can react
with molecular oxygen or organic pollutants such as BPA, and after in-
jection into TiOy, they can further interact with oxygen and generate
reactive oxygen species (ROS).

The ATR-FTIR spectra (Fig. 8) provide insight into surface functional
groups and residual species from synthesis. All samples display char-
acteristic bands of TNR, while additional bands at 1585 cm~! and 1389
em ™! correspond to asymmetric and symmetric stretching vibrations of
carboxylate groups [38,39], indicating the presence of residual Na-
citrate. For the TNR + Au samples the peaks are shifted, which we
attribute to interaction of the Au NPs with the carboxyl groups (from
adsorbed Na-citrate). Minor peaks at 2902 em ! and 2982 cm ™! [40] are
also observed in the TNR + Au samples, further confirming traces of
citrate (CH-stretching vibrational modes). Notably, the intensity of these
peaks decreases with increasing Au NP size, consistent with the fact that
larger Au particles were synthesized with lower amounts of Na-citrate.
Furthermore, the ATR-FTIR spectra of the catalysts exhibit a broad
band around 3400 cm™ L, attributed to O-H stretching vibrations, and a
peak at 1640 cm ™, assigned to H-O-H bending. Both features indicate
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the presence of adsorbed water on the surface of bare TNR and TNR +
Au samples.

Thermogravimetric (TG) analysis was performed up to 600 °C to
evaluate the thermal stability of the samples and to detect residual
organic species from the synthesis (Fig. 9). The bare TNR showed a small
weight loss of 2.2 %, which was due to the desorption of physisorbed
water and hydroxyl groups. In contrast, the TNR + Au samples showed
slightly higher weight losses, ranging from 3.2 % for TNR + Aul to 2.7 %
for TNR + Aub. This trend indicates that the samples containing smaller
Au NPs retained more Na-citrate residues (also observed in the CHN
analysis, Table 2) from the synthesis process, which were not completely
removed during drying and calcination. For TNR + Aul, the TG curve
showed a decreasing slope beyond 400 °C, indicating that most of the
organic residues had decomposed at this temperature, although mass
loss continued slowly up to 600 °C. The lowest overall mass loss was
observed for sample TNR + Au5, indicating that fewer organic stabi-
lizers were present in the catalyst. These results are consistent with the
ATR-FTIR spectra (Fig. 8), where citrate-related peaks were more pro-
nounced in samples with smaller Au NPs. To conclude, the TG results
confirm the presence of residual synthesis by-products on the catalyst
surface.

Overall, the above results consistently show the influence of residual
Na-citrate introduced during the synthesis of Au NPs. Smaller Au NPs
required higher amounts of citrate as a stabilizing agent, which explains
the higher carbon content in the CHN analysis, the more intense
carboxylate bands in the ATR-FTIR spectra and the larger weight losses
in TG measurements. The dielectric effect of the adsorbed citrate species
also contributes to the unusual red shift of the LSPR band in samples
with smaller Au NPs, indicating that not only the particle size but also
the chemical environment determines the optical response. These results
highlight that while citrate residues are essential for stabilizing the NPs,
they can alter the structural, optical and potentially catalytic properties
of the TNR + Au materials. Although the total citrate content in the
samples is only about 1 wt%, its influence is considerable, because
catalysis and plasmonic absorption are very surface-sensitive
phenomena.

Electron paramagnetic resonance (EPR) spectroscopy was employed
to investigate the paramagnetic centers in hydrothermally prepared
TNR and in Au-decorated TNR catalysts. To monitor the light-induced
formation of paramagnetic species, the EPR spectra were recorded in
the dark and under irradiation with visible light (Fig. 10) for TNR and
TNR + Au samples at room temperature (RT). In the case of TNR, the P1
signal is assigned to Ti°* ions and may also reflect the presence of ox-
ygen vacancies (P2) [41-43], as already shown by PL analysis (Fig. 6).
The broad P1 + P2 features indicate that most Ti>" centers are located at
the TNR surface [41,44]. In addition, the P4 signal confirms the presence
of bulk Ti®*, originating from hydrothermal synthesis that generates
oxygen vacancies at the surface; charge balancing then requires the
formation of additional Ti>" species. The P3 signal can be attributed
either to the rhombic component of the O3 species [41,45]. The same
spectral response was observed when a yellow optical filter was used
(Figs. S1 and S3a). The emission spectrum of the LED illumination
source (Fig. S1) shows maxima at ~ 450 and ~ 520 nm, corresponding
to photon energies below the TiO, band gap (3.2 eV). This confirms that
TiO4 cannot be directly excited across its band gap under the experi-
mental conditions. Instead, illumination only addresses the Au NPs via
LSPR. The sharp instrumental feature at g=~2.00 was also present in
cavity baseline measurements and therefore does not originate from the
samples. The EPR intensity increases in Au-decorated samples, although
it varies between different samples depending on the presence of Na-
citrate and the size of the Au NPs. Solid-state EPR measurements per-
formed for Na-citrate alone (Fig. S3b) showed that it was unexpectedly
EPR-silent. However, the reaction between Na-citrate and TNR may
result in surface contamination that suppresses the ability of the Ti®*
centers on the surface to participate in visible-light processes. In addi-
tion, Na-citrate may be present at the Au/TNR interface, which
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Fig. 3. a) Nitrogen adsorption/desorption isotherms and b) corresponding BJH pore size distribution for catalysts, with and without gold NPs.

negatively affects the carrier mechanism. Importantly, a comparison of
the EPR spectra of the TNR + Au series shows that the spectral features
are essentially the same, but their relative intensities are slightly
different. In the Au-decorated samples, the P1/P2 resonances appear
enhanced compared to bare TNR. These variations correlate with dif-
ferences in the size of the Au NPs and the amount of residual Na-citrate,
both of which may influence the stabilization or suppression of the Ti**
centers at the surface. Taken together, these observations show that Au
decoration alters the steady-state EPR response, but illumination with
the full LED spectrum or with yellow-filtered light does not significantly
increase the concentration of long-lived Ti®* or vacancy-related centers
compared to the dark state. The presence of Au affects the baseline in-
tensity of Ti®'-related signals, but not their sensitivity to light. This
suggests that plasmonic excitation of Au NPs generates hot carriers, but

that these carriers either recombine on ultrafast timescales or follow
pathways that do not terminate in long-lived EPR-detectable Ti®* or
oxygen-vacancy species. The residual Na-citrate, detected by FTIR and
TG analyses, likely further modulates this behaviour by blocking or
passivating TiOy surface sites. Thus, the EPR results highlight two
important points: (i) Au decoration and surface chemistry affect the
initial concentration of stabilized Ti>" centers, leading to small differ-
ences in intensity within the TNR + Au series, and (ii) visible-light
illumination, whether filtered or unfiltered, does not lead to addi-
tional enrichment of long-lived paramagnetic species at room
temperature.
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Table 3
Results of fluorescence lifetime and y? value for catalysts obtained by TCSPC
analysis.

Sample TNR TNR TNR TNR TNR TNR
+ + Au2 + Au3 + +
Aul Au4 Au5
Fluorescence Aem- 0.26 0.14 0.14 0.13 0.11 0.16
lifetime (ns) =
bl ) 350 1.35 1.09 1.22 1.17 1.15 1.25
nm
Fluorescence Aem- 2.81 7.2 10.6 12.8 9.75 6.09
lifetime (ns) =
%) 550 1.89 1.25 2.04 1.24 211 1.97
nm
Fluorescence Aem- 0.20 0.37 0.33 0.38 0.31 0.38
lifetime (ns) =
%) 600 119 1.22 1.19 115 1.3 1.2
nm

3.2. Catalytic activity

Photocatalytic tests were performed to evaluate the activity of the
materials against model pollutants. Initially, ABTS*" and coumarin
(COUM) reactions were carried out to identify the types of reactive
oxygen species (ROS) generated by the photocatalysts containing Au
NPs of varying sizes. In the ABTS** assay (Fig. 11), the formation of 0%
and e was monitored by measuring the temporal concentration of
ABTS®" at 415 nm [46]. The lowest relative concentration of ABTS®"
was observed for the TNR + Aul sample, which contains the smallest Au
NPs. This indicates the highest generation of e and O3 radicals by this
catalyst. Conversely, the sample with the largest Au NPs exhibited the

Applied Surface Science 720 (2026) 165300

lowest ROS formation.

The COUM reaction, also conducted under visible-light illumination,
enabled detection of OH® radicals through the fluorescent product 7-
hydroxycoumarin (7-OHC), measured at 452 nm [47]. Although this
only accounts for part of the total OH® generated (since other products
cannot be directly measured via fluorescence), the results (Fig. 12)
revealed a similar trend: TNR + Aul exhibited the highest formation of
OH" radicals, while the other samples showed a significantly lower, but
comparable and size-independent behavior.

For the photocatalytic degradation of a model pollutant, BPA at a
concentration of 10.0 mg L1 (similar to levels found in landfill leach-
ates), experiments were conducted over 4 h (Fig. 13). An initial 30-min-
ute dark phase confirmed negligible adsorption of BPA on the catalyst
surface. A control test without catalyst also showed no BPA photolysis
under visible light. After illumination, the bare TNR showed minimal
photocatalytic response, as expected given the large band gap of TiO,
and its inactivity under visible light. However, the low activity of TNR is
attributed to surface defects and Ti®* species, which can easily extend
the light absorption into the visible region. The TNR + Aul catalyst
achieved ~ 40 % BPA degradation, clearly outperforming the other TNR
+ Au samples, which showed similar but significantly lower activity.
Although TNR + Aul achieved ~ 40 % degradation in 4 h, this per-
formance can be considered satisfactory compared to other studies with
the same Au size [21], considering the much lower catalyst loading and
shorter irradiation time in our experiments.

It is important to note that even TNR + Au samples did not display
high photocatalytic efficiency overall. This limitation is most likely
caused by residual Na-citrate used during synthesis, which remains
adsorbed on the catalyst surface. The presence of citrate residues in-
hibits access of pollutant molecules to active sites, thereby constraining
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Fig. 8. ATR-FTIR spectra of Na-citrate, TNR support and TNR + Au catalysts containing 1.0 wt% of Au loading.
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the catalytic response. Despite this, a clear trend was observed where
photocatalytic activity increased as Au NP size decreased, likely due to
the higher number of smaller NPs (as confirmed by TEM analysis, Figs. 1
and 2).

4. Conclusions
Using our synthesis and decoration methods, Au NPs of different

sizes were successfully deposited on TNR. The smallest Au NPs were
obtained in the TNR + Aul sample, while TNR + Au5 contained the

12

largest ones. The Au NPs exhibited a narrow size distribution and
maintained their dimensions after deposition, ensuring high colloidal
stability. This colloidal stabilization was made possible by the presence
of Na-citrate. However, the residual citrate proved to be a critical factor
affecting both surface chemistry and catalytic performance.

Optical characterization confirmed the introduction of plasmonic
properties, with the Au-modified samples exhibiting LSPR in the visible
region. Unexpected spectral shifts were observed, especially in TNR +
Aul, where the red shift of the LSPR band was related to the higher
number of Au NPs and the presence of residual citrate. PL. and TCSPC
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measurements showed that Au decoration suppressed e-h" recombina-
tion and prolonged carrier lifetime. Nevertheless, this effect was not the
primary determinant of photocatalytic activity. EPR spectroscopy pro-
vided further insight into defect-related processes and confirmed the
stabilization of Ti®* centers and oxygen vacancies, both of which
contribute significantly to visible-light activity.

Photocatalytic tests showed a clear size-dependent trend: catalysts
decorated with smaller Au NPs (TNR + Aul) exhibited the highest ROS
formation and the best BPA degradation when irradiated with visible
light. This improvement was attributed to the higher number of small Au
NPs, which act as efficient charge separation and transfer sites. In
contrast, the samples with larger Au NPs showed lower activity,
although they had similar structural and optical properties. These results
strongly suggest that the photocatalytic performance of Au/TNR systems
is primarily determined by the number of Au NPs and not only by the
lifetime.

Despite these promising observations, the overall photocatalytic
activity of the Au/TiO; catalysts remained modest. Residual Na-citrate
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Fig. 13. Photocatalytic degradation of BPA dissolved in water (V = 250 mL, co
= 10.0 mg/L) under visible-light illumination at T = 25 °C in the presence of
pure TNR support and Au/TiO, catalysts (125 mg/L). The first 30 min of the
reaction were dark to eliminate adsorption.

was identified as a limiting factor, adsorbing on the catalyst surface,
hindering charge transfer and blocking access of the pollutant molecules
to the active sites. This underlines the need to optimize post-synthesis
purification (e.g., calcination, washing protocols) or to develop alter-
native capping agents that can be removed more easily without
compromising the stability of the NPs.
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