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Abstract. Au nanoparticles were deposited on the surface of TiO, particles using a photochemi-
cal reduction method. This modification creates a surface plasmon effect that enhances the local
light intensity at the interface of Au and TiO; nanoparticles. Au/TiO; nanocomposites with varying
Au content (0.5%, 1%, 3%, and 5%) were synthesized, resulting in Au nanoparticles of approxi-
mately 2 nm in size uniformly distributed on the TiO;, surface, forming composite particles of the
size ranging from 100 nm to 150 nm. The prepared samples were characterized by infrared spec-
troscopy (FT-IR), X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDX), UV-Vis
absorption spectra, photoluminescence spectra and X-ray photoelectron spectroscopy (XPS). The
photocatalytic activity of the nanocomposites was evaluated. Compared with pure TiO;,, Au/TiO>
exhibited higher activities for methylene blue decomposition. The rate constants of pseudo-first-
order kinetics for Au-modified TiO, with Au contents of 0.5%, 1%, 3%, and 5% were 0.0456,
0.0579, 0.0536, and 0.0484 min~, respectively. These values are 1.66, 2.11, 1.95, and 1.76 times
higher than that of unmodified TiO>.
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1. Introduction

Noble metal nanoparticles (NMNPs) have garnered significant attention from the scientific
community in recent decades due to their unique physicochemical properties arising from their size
and surface plasmon resonance (SPR) [1-6]. While advancements in synthesis techniques have
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enabled the fabrication of NMNPs with tailored shapes, sizes, and compositions, a comprehensive
understanding of their intricate behavior and synergistic interactions within composite materials
remains an active area of research. Among the noble metals, gold (Au) nanoparticles (NPs) stand
out due to their exceptional chemical stability, biocompatibility, and strong SPR absorption in
the visible light region, making them promising candidates for various applications, including
catalysis, sensing, and biomedicine [7-12].

In the realm of environmental remediation, photocatalysis has emerged as a sustainable
and efficient technology for the degradation of organic pollutants. Titanium dioxide (TiO;), a
well-established semiconductor photocatalyst, has been extensively studied due to its low cost,
chemical inertness, and high photocatalytic activity under UV irradiation. However, the practical
application of pristine TiO; is often limited by its wide band gap, leading to UV-only activation,
and the rapid recombination of photogenerated electron-hole pairs, which diminishes its quantum
efficiency [13-16].

To overcome these limitations, significant research efforts have focused on surface modifi-
cation of TiO, with NMNPs, particularly Au NPs, has proven to be an effective strategy for en-
hancing its photocatalytic performance. The incorporation of Au NPs can induce several beneficial
effects: (i) the SPR of Au NPs can enhance visible light absorption and promote the generation of
electron-hole pairs in TiO»; (ii) Au NPs can act as electron traps, effectively reducing the recombi-
nation rate of photogenerated charge carriers; and (iii) the intimate contact between Au and TiO2
can facilitate interfacial charge transfer, further boosting the photocatalytic efficiency [17, 18].

Despite the well-documented benefits of Au/TiO, nanocomposites, a thorough understand-
ing of the relationship between the synthesis method, the resulting physicochemical properties
(e.g., size, dispersion, electronic state of Au NPs), and the photocatalytic activity towards specific
pollutants remains crucial for optimizing their performance. Different synthesis routes, such as
sputtering, chemical reduction, and laser ablation, can lead to variations in the morphology and
electronic structure of the Au NPs, which in turn can significantly influence the photocatalytic
degradation efficiency. Among these methods, photochemical reduction offers advantages such as
simplicity, mild reaction conditions, and the potential for controlled nanoparticle growth.

This work aims to contribute to the fundamental understanding and optimization of Au/TiO,
nanocomposites for environmental applications. By employing a facile chemical reduction method
for the synthesis of Au-modified TiO, this study seeks to meticulously characterize the resulting
material using a comprehensive suite of techniques, including field emission scanning electron
microscopy with energy dispersive spectroscopy (FE-SEM with EDS) to investigate morphology
and composition, Fourier transform infrared spectroscopy (FT-IR) to analyze surface functional
groups, X-ray diffraction (XRD) to determine the crystalline structure, UV-Vis absorption spec-
troscopy to evaluate optical properties, and X-ray photoelectron spectroscopy (XPS) to elucidate
the surface chemical states of the constituent elements. Furthermore, this research will directly ad-
dress the practical relevance of the synthesized nanocomposite by evaluating its photocatalytic per-
formance in the degradation of methylene blue (MB), a common and persistent organic pollutant
in wastewater. By correlating the physicochemical characteristics of the Au/TiO, nanocomposite
with its photocatalytic activity, this study intends to provide valuable insights for the rational de-
sign and development of highly efficient photocatalytic materials for environmental remediation.
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2. Experiment

2.1. Synthesis of materials

TiO, was synthesized using the sol — gel method. The procedure began with the hydrolysis
of Tetrabutyl titanate (TBOT) and absolute alcohol in distilled water. Then, the solution was
continuously stirred for about 2 hours at room temperature, and it was ensured that the temperature
did not change significantly during the hydrolysis process (Fig. 1).

TBOT+H,0 HAuCl,
UV irradiation heating
Au/TiO,
Watering Drying

powder
Fig. 1. Fabrication diagram of Au/TiO; nanocomposite material.

In the next process, an amount of HAuCly solution corresponding to Au mass % is 0.5%;
1%; 3% and 5% were added to the prepared mixture containing TiO, and water. After that, the
entire solution will be exposed to UV light for 3 hours to conduct a reaction to reduce Au>* ions
into Au nanoparticles on the surface of TiO,. The resulting powder is Au/TiO; material that will
be separated by centrifugation at a speed of 4000 rpm and dried at a temperature of 60°C until the
mass remains constant. After the drying process ended, the sample would be finely ground using
a ceramic mortar to separate the particles from each other. Finally, the material was stored in an
esiccator and used for the next steps in the research process.

Images of TiO, nanomaterial and Au/TiO, nanocomposites are shown in Fig. 2. TiO;
nanomaterial is white, after adding HAuCly precursor, the solution has a light yellow color. After
the mixture was exposed to UV light, the color of the TiO, material began to change, showing that
the reduction of Au** ions into Au® began to form. Depending on the content of Au**, the color of
the resulting composite material will be different. The Au0.5%/TiO, sample with the smallest Au
content has pinkish color, the Aul%/TiO, sample has purple-pink color, the Au3%/TiO, sample
has dark purple color, and the Au5%/TiO, sample has blue gray color. This change in color shows
that the content of the Au coating on the TiO, surface increases in the order of Au0.5%/TiO, to
Au5%/TiO; samples.

2.2. Physical methods to study material characteristics

The fabricated TiO, and Au/TiO, materials with different Au content will be studied for
their typical physicochemical properties including surface morphology, crystal structure, optical
absorption ability thanks to various methods. Physicochemical analysis methods such as X-ray
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Fig. 2. Photos of TiO; and Au/TiO, nanocomposite samples with varying contents.

diffraction (Bruker AXS D8 Advance), infrared spectroscopy (FT — IR), scanning electron micro-
scope (SEM), energy dispersive X-ray spectroscopy (EDX), XPS photoelectron, UV-Vis absorp-
tion spectra, photoluminescence spectra.

2.3. Photocatalytic activity

Experiments to study the kinetics and evaluate the ability to decompose methylene blue
(MB) in water environment of TiO», Au/TiO, samples with different concentrations were carried
out in reaction vessels with the same volume. MB solution is 5 ppm and catalyst content is 20
mg/l. Before the photocatalytic reaction is conducted, the sample will be incubated in the dark for
30 minutes and under UV light for 50 minutes, after which the reaction vessel is illuminated with
UV light from a 15 W Philip lamp. The distance from the lamp to the solution surface is 20 cm.
The remaining MB concentration in the solution will be determined by the standard curve method
using a UV-Vis spectrophotometer at 664 nm wavelength.

3. Results and Discussion

3.1. Infrared spectroscopy FT — IR

Figure 3 presents the FI-IR spectra of TiO, and Au/TiO, materials with different com-
positions. The FT-IR spectrum was measured in the wavenumber range from 400 cm™! to 4000
cm’!. The absorption peaks in the range of 3200 cm™! to 3600 cm™' and 1620 cm™! to 1660 cm™!
correspond to the valence vibration and deformation vibration of the O-H bond of the adsorbed
H,0 molecules, respectively on the surface of the material. A broad absorption region with the
maximum peak located at about 715 cm™!, extending from 400 cm™!' to about 1000 cm™! is the
characteristic absorption region of the Ti-O bond of TiO, material.

3.2. X-ray diffraction pattern

Figure 4 shows the X-ray diffraction pattern of the TiO, sample prepared by the sol-gel
method and the synthesized Au/TiO, samples. The peaks of TiO, and Au match the JCPDS
standard data. First of all, diffraction peaks with relatively large widths can be observed. This
proves that the fabricated materials are small in size. Diffraction peaks of Au0.5%/TiO, and
Aul%/TiO, appear at position 20 = 25.3} 37.9; 48.1°, 55.1°corresponding to the (101), (004), (200)
and (211) lattice planes of the anatase TiO, phase. For samples Au3%/TiO; and Au5%/TiO,, an
additional peaks of 38.1°; 44.3 and 64.5 correspond to the (111) plane; (200) and (220) face-
centered cubic crystal lattice of Au. The signal at 38.1"has very strong intensity, which shows that
Au nanoparticles tend to grow strongly toward the (111) plane. Besides, when increasing the Au
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content from 0.5% to 5%, the intensity of the characteristic signal at position 25.3 of TiO, tends
to decrease. Thus, according to the results of the XRD diagram, when TiO, is modified with Au
nanometers, the average size of the material will decrease.

3.3. Scanning electron

microscope

TiO, and Au/TiO; materials with different Au content had their surface structure morphol-
ogy determined by SEM method and are shown in Fig. 5. The structural morphology of the
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Fig. 5. SEM images of materials (a) pure TiO;, (b) Au0.5%/TiO,; (c) Aul%/TiO,; (d)
Au3%/TiO; and (e) Au5%/TiO;.

synthesized materials is shown in Fig. 5. It can be seen that the single-component coating mate-
rials TiO, and the two-component materials Au/TiO; both have a spherical structure. The TiO,
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nanoparticles (Fig. 5a) observed in the image have a relatively small size of about 15-17 nm. For
Au/TiO, nanocomposite materials, the particle size is much larger, about 150 nm (Fig. 5b, c, d
and e) and on the surface, very small Au particles observed are densely distributed on the surface
of TiO; particles.

The Aul%/TiO, material was used as an EDX analysis sample to determine the elemental
composition present in the material, and the results are shown in Fig. 6. In the spectrum, signals
appear at position 0.4 eV and 4.5 eV, respectively of the Ti element and at a position near 0.45
eV a signal corresponding to the O atom appears. In addition, some low intensity signals appear
at position 1.5 eV; 2.1 eV; 8.5 eV and 9.7 eV are typical of the element Au. On the spectrum,
no other signals appear, which proves that the Au/TiO, materials are made by photochemical
reduction method consisting of three elements Ti, O and Au and in addition do not contain any
impurities and other substances.

ull Scale 8720 cts Cursor: 18.708 keV (4 cts) keV|

Fig. 6. EDX spectrum of the Au0.1%/TiO; material.

3.4. UV-Vis molecular absorption spectrum

To further explore the optical property of all synthesized samples, the light absorption ca-
pacity of all synthesized Au/TiO, NPs as well as the pure TiO, was then analyzed. As illustrated
in Fig. 7, the pure TiO, NPs exhibited a strong absorbance during the ultraviolet (UV) light regime
(A <400 nm) due to its visible light inertness in nature. All Au/TiO, NPs exhibited strong ab-
sorption spectrum in the visible light region (A > 450 nm) with the broad absorption features ~
500-600 nm, assigning to the LSPR behavior of deposited Au NPs [19]. The intensity of LSPR
peaks increased as the increase of nominal gold loading up to 1 wt% and dropped slightly after-
ward. A high light absorption might enhance the harvesting of incident light and also promote the
photocatalytic activity.

3.5. Photoluminescence spectra

Figure 8 shows the PL spectra of pure TiO, and Aul%/TiO, at room temperature. The
pure TiO, sample shows a PL peak maximum at ~ 570 nm (black curve). The intensity of the
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Fig. 7. UV-Vis absorption spectra of TiO2 and Au/TiO2 NPs synthesized at different
gold loadings in the range of 0.5-5 wt%.

PL emission of the Aul%/TiO, sample is significantly suppressed compared to that of pure TiO,
(red curve). This result is evidence of Au nanoparticles capturing photoexcited electrons from
TiO, [20] and supplying a recombination route that does not generate PL. As a result, the proba-
bility of excited electrons to radiatively recombine with holes in TiO, is strongly suppressed.
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Fig. 8. Photoluminescence spectra of pure TiO; (black) and Au/TiO, (red) at room temperature.

3.6. X-ray photoelectron spectroscopy

Figure 9 shows the measured spectra of Ti 2p, O 1s, and Au 4f of the material sample.
Ti 2p spectrum of reference TiO», reduced form Ti** can be seen at a binding energy ~ 0.6 eV
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Fig. 9. High resolution XPS spectra of (a) Ti 2p, (b) O 1s and (c) Au 4f for Au/TiO; nanocomposite.

above the Ti** peak with a content of about 33.7%. The high-resolution XPS spectrum of O Is
was deconvoluted into three peaks located at 530.5 eV, 531.5 eV, and 532.6 eV, respectively. The
large intense peak centered at 530.5 eV is related to oxygen in the crystal lattice (Ti-O-Ti bond), in
which another large intense peak centered at 532.6 eV and a smaller peak at 531.5 eV is attributed
to the surface hydroxyl group (Ti-OH) due to oxygen vacancies (OVs) on the surface, indicating
the existence of adsorbed hydroxyl groups or water molecules [8—10]. Matching the Au 4f high-
resolution XPS spectrum of the Au/TiO; material shows that the gold nanoparticles are in only the
metallic state.

A Ti**/Ti** composition of 0.337 in gold-decorated titanium dioxide (Au/TiO,) signifies
a substantial presence of oxygen defects. These defects, along with the gold nanoparticles, play a
pivotal role in enhancing the material's photocatalytic activity by modifying its electronic and op-
tical properties. The presence of trivalent titanium ions (Ti?") in the titanium dioxide (TiO,) lattice
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is intrinsically linked to the formation of OVs. This is a crucial parameter, as the number of OVs
and Ti** centers profoundly impacts the material's ability to absorb light and separate charge car-
riers, which are fundamental steps in photocatalysis. The high concentration of separated charge
carriers in Au/TiO, with a Ti*/Ti** ratio of 0.337 leads to a prolific generation of these reactive
oxygen species, resulting in a significantly enhanced rate of photocatalytic reactions.

3.7. Photodegradation of methylene blue

The UV-light photocatalytic performance of various Au-modified TiO, NPs is shown in
Fig. 10. Evaluation of the prepared samples' photocatalytic activities, based on MB degradation
over time (Fig. 10a), revealed that the 1 at% gold loading in Au/TiO; resulted in the most efficient
MB degradation. This was determined by measuring the reduction in the 664 nm peak intensity
in the optical absorbance spectra. The rate constant (k) for TiO, was 2.75 x 10”2 min! (Fig. 10b).
Notably, the formation of the Au/TiO, composite photocatalyst enhanced activity, increasing rate
constants from 4.56 x 10 min™ to 5.79 x 102 min"! (Fig. 10b). 0.5% Au loading on TiO,
might be below the threshold required to effectively utilize the beneficial roles of Au NPs in
photocatalysis, such as efficient charge separation. However, higher gold loadings (3% and 5%)
led to decreased photocatalytic activity compared to the 1% sample. This reduction is potentially
due to the high gold content facilitating free electron transfer within the gold structure, acting as an
electron sink and thus slowing down the process [21]. But excessive gold might cause shadowing,
hindering light absorption by the photocatalyst NPs [22,23]. The photo-catalytic activity of the
Aul%/TiO, for MB degradation under UV irradiation was also compared with previously reported
materials for MB degradation under different irradiation sources (Table 1).
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Fig. 10. (a) Photocatalytic decolorization of MB solution for the TiO, and Au/TiO, pho-
tocatalysts and (b) their corresponding rate constant under UV-light irradiation.
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Table 1. Comparison of photocatalytic activity from other works related to Au/TiO, or
other nanomaterials on MB degradation.

Nanomaterials  Irradiation source Studied Concentration Degradation
degradation of MB rate (k) Ref.
time (min) (ppm) min~!

TiO, Xenon lamp 90 16 3.16x 107 [24]

Au/TiO; UV lamp (A > 254 nm) 200 2 1.14x 102 [25]

Ag/TiO, UV lamp (A > 254 nm) 200 2 0.71x 102 [25]

Cu/TiO, UV lamp (A > 254 nm) 200 2 1.73%x10%  [25]

Au/TiO, Halogen lamp as the visible light source 250 2 0.65x 102 [25]

Ag/TiO, Halogen lamp as the visible light source 250 2 0.4 x 1072 [25]

Cu/TiO, Halogen lamp as the visible light source 250 2 0.55x 102 [25]

TiO, UV (365 nm) 180 10 1,8 x 10 [26]

Fe304/Si0,/TiO; UV-C (365 nm) 60 4 474 %107 [27]

Au@TiO, Xenon lamp 120 30 0.704 x 1072 [28]

Au/TiO, UV (254 nm) 50 5 5.79 x 102 This work

4. Conclusion

The Au/TiO; nanocomposite material was successfully synthesized by the sol-gel method
combined with the photochemical reduction process. The deposited Au NPs in the investigated
range of 0.5-5 wt%. The process of modifying Au nanoparticles on the surface not only increased
the particle size but also significantly effected on the photocatalytic efficiency of the material. The
Aul%/TiO;, nanomaterial had the best ability to decompose MB in aqueous environment, reaching
100% after 50 minutes of UV irradiation.
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