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Decorated titanium oxide with

Ag nanoparticles as an efficient
photocatalyst under visible light: a
novel synthesis approach

Noor H. Abbas?, Reza Rasuli'** & Parvaneh Nakhostin Panahi?**

A novel approach for synthesizing Titanium Oxide nanoparticles (NPs) using the rotating electrode

in arc discharge method was developed by focusing on enhanced photocatalytic activity. Utilizing a
rotating electrode as a third electrode in the arc discharge process enables us to synthesize defective
titanium oxide, which facilitates the effective decoration with Ag NPs. Silver-decorated Titanium

Oxide (Ag/Titanium Oxide) NPs were synthesized via a photoreduction process, improving visible light
response through surface plasmon resonance which introduces new energy levels near the conduction
band. The Ag/Titanium Oxide NPs exhibited high degradation of Rhodamine B dye, achieving 98%
removal under visible light, attributed to the efficient charge separation. Scanning electron microscopy
(SEM) revealed uniform morphology and size distribution and X-ray diffraction (XRD) also identified the
crystalline phases (anatase and rutile). X-ray photoelectron spectroscopy (XPS) confirmed the chemical
states and successful silver deposition. UV-visible spectroscopy along with photoluminescence (PL)
analysis determined the optical properties. BET surface area measurements indicated enhanced
surface area, supporting improved photocatalytic efficiency. These results highlight the potential of Ag/
Titanium Oxide composite in designing advanced photocatalysts for environmental applications.
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Water pollution is a serious global concern, containing hazardous materials like dyes, pesticides, oils, medicines,
and other organic molecules. Nevertheless, the dye industries produce about 70% of pollutants that should be
treated through eco-friendly and efficient technologies. Among organic-based dyes, cationic dyes threaten the
health and life of living things. Rhodamine B dye is a high molecular weight and refractory dye that causes
oxidative stresses on cells and tissue liver, resulting in cancers, and when exposed in large amounts over a short
period, it results in acute poisoning!~3. Novel technologies have been proposed for the remediation of dye-
contaminated wastewater, such as membranes, coagulation, electrolysis, absorbent materials, photocatalysis,
and so on. Among the different techniques, photocatalysis is a promising method for eliminating pollutants
from wastewater using the renewable and sustainable energy of the sun*®. A photocatalyst in the presence of
light produces active species such as hydroxyl radicals, hole, and superoxide radicals that attack organic-based
molecules’. A photocatalyst logically should be inexpensive, green, accessible, narrow bandgap (Eg), high specific
BET surface area (Sp;.), low charge recombination rate, and high light absorption capability. Nevertheless, more
photocatalysts have some drawbacks that need to improve their properties through different strategies such as
elemental doping, coupling to other photocatalysts, changing morphology, etc. Hence, novel synthesis methods
can play a determining role in obtaining the desirable photocatalysts®1°.

Titanium Oxide is one of the most popular and effective photocatalysts with a wide bandgap (E, ~ 3 eV
for rutile, and ~3.2 eV for anatase), making pure Titanium Oxide active under UV irradiation!}!2, ’i%he wide
application of Titanium Oxide is attributed to advantages: such as low production costs, robust physio-chemical
stabilities, corrosion resistance, high UV-light-driven reactivity, and strong oxidizing agent with a large S;..'>'*
However, Titanium Oxide has limitations in terms of its photocatalytic efficiency due to its wide bandgap (E
= 3.20 eV). Some approaches including crystalline modification, surface improvement, and coupling to other
photocatalysts are reported to fortify and even extend light-capturing capability in the visible range!>~!7.

A prevalent strategy for the wide bandgap problem is non-zero-valent metals such as Ag® that could extend
the absorption band to the visible light region. Non-zero-valent metals like Ag® act as Schottky junction catalysts
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that excite electrons toward molecules as well as its localized surface plasmon resonance (LSPR), allowing
light-to-chemical energy transformation in a photocatalytic reaction'®!. Moreover, Ag® has better stability
against oxidation in comparison to other active metals?*~2°. Therefore, photocatalysis using Ag/Titanium Oxide
nanocomposite can be considered as a photocatalyst for various chemical reactions under visible light. Titanium
Oxide and Ag can elevate the charge separation/transport performances and the light absorption activity, helping
to enhance light-driven wastewater remediation than pure Titanium Oxide. In these photocatalytic mechanisms,
the UV-photo-excited electrons in the Titanium Oxide transform to Ag for progressing photocatalysis*.
However, the use of silver in photocatalysts presents both advantages and environmental concerns, particularly
regarding the potential leaching of silver ions into water bodies. While silver is known for its antimicrobial
properties and can enhance the photocatalytic efficiency of materials like titanium dioxide, the release of
silver ions into aquatic environments raises significant ecological issues. Silver ions can be toxic to a variety of
aquatic organisms, disrupting ecosystems and potentially bioaccumulating in the food chain. This leaching can
occur due to environmental factors such as pH changes, temperature fluctuations, and the presence of organic
matter, which may facilitate the dissolution of silver from the photocatalytic material. Therefore, while silver-
enhanced photocatalysts can effectively degrade pollutants and improve water quality in controlled applications,
careful consideration must be given to their long-term environmental impact, necessitating the development of
strategies to mitigate silver leaching and ensure the sustainability of such technologies.

The synthesis of Schottky junction catalysts using visible-sensitized titanium dioxide semiconductors
poses significant challenges, particularly in producing defective titanium dioxide that can effectively support
the growth of metal nanoparticles, such as silver (Ag®), which can enhance photocatalytic activity®®. Existing
methods often do not optimize the defect density in titanium dioxide, which is crucial for enhancing catalyst
performance?®?. Our novel synthesis method utilizes the arc discharge technique in a deionized (DI) water
medium to produce titanium dioxide nanoparticles with an increased defect density. This enhancement facilitates
the effective growth of silver nanoparticles, resulting in a robust Schottky junction. The hybrid material that
emerges leverages the plasmonic resonance of the metallic NPs on titanium dioxide, significantly improving
photocatalytic performance and addressing the limitations of previous synthesis approaches. Furthermore,
the scalability of the arc discharge synthesis method represents a notable advancement in producing defect-
rich titanium dioxide nanoparticles, which are essential for high-performance catalysts in various real-world
applications®*-33. As the demand for such catalysts continues to grow, the ability to efficiently produce these
nanoparticles on a large scale becomes increasingly critical. This method not only meets industrial requirements
by enabling substantial production quantities but also ensures consistent quality and performance across
different batches. By integrating this scalable synthesis technique into existing production processes, industries
can significantly enhance their capacity to develop innovative catalysts. This advancement has the potential
to contribute to more sustainable and effective solutions in key areas such as environmental remediation and
energy conversion, ultimately supporting the transition toward a more sustainable future. In addition, the cost
analysis of photocatalyst production via the arc discharge method suggests that while the initial setup and
energy costs are high, the potential for high yield and purity can lead to cost-effectiveness over time. To ensure
economic viability for large-scale environmental applications, it is crucial to optimize energy efficiency and
reduce operational costs while meeting market demand.

In this study, we employed a novel method by using the rotating electrode as the third electrode in the arc
discharge process. Resulting Titanium Oxide NPs exhibit prose and defective Titanium Oxide promising to
decorate with Ag NPs. We investigated the effects of the incorporation of Ag NPs with different concentrations
on photocatalytic performance. The resulting Ag/Titanium Oxide NPs display distinct photocatalytic behaviors,
attributed to special physicochemical properties, which are explored by various analytical methods.

Experimental

Materials

To fabricate the photocatalysts, the following materials were used: three Titanium metal rods (with 20 cm length
and 5 mm diameter (99.9%)) as arc discharge electrodes. Silver Nitrate anhydrous (AgNO,, 99%) prepared from
Merck company. Rhodamine B dye (RhB, > 95%) from Mojalali Co. (Iran). DI water obtained from Ultra2pure
device. All experiments were used without further purification steps.

Photocatalysts synthesis

Synthesis of titanium oxide NPs

Three Ti rods were used in the arc discharge process. One rod was connected to the cathode and the second rod
was connected to the anode at an angle of 45° with a 5 mm distance. The ends of the electrodes were immersed
in 700 mL of DI water; then, the third rod was connected to a rotary motor with 800 rpm, which was placed in
the interval between the cathode and anode rods. Afterward, a DC current with a value of 30 A and a voltage
of 15 V was applied. The third rotating electrode connected the anodic and cathodic electrodes, creating an arc
discharge between these electrodes in DI water. This arc discharge process was repeated 4 times. In this process,
Titanium Oxide NPs were produced by melting the surfaces of the rods due to arc current and immediately
oxidized. The color of the aquatic medium forms a nearly dark blue color due to the produced Titanium Oxide
NPs*!**, The experimental conditions of 30 A, and 15 V were chosen to optimize the synthesis of Titanium Oxide
nanoparticles with enhanced defects. The 800 rpm speed ensures effective mixing and control over particle size,
while the 30 A current provides sufficient energy for vaporizing Titanium and generating defects essential for
silver nanoparticle growth. A voltage of 15 V between fixed electrodes maintains a stable arc discharge, ensuring
consistent nanoparticle production and influencing their morphology.
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Synthesis of Ag/Titanium oxide

100 mL of AgNO, solution with the desired amount of silver (0.2, 0.4, 0.6, and 0.8 g) was gradually added to the
prepared Titanium Oxide suspension under continuous stirring. Immediately, the Titanium Oxide NPs began to
precipitate due to strong electrostatic interactions between the positively charged Ag* and the Titanium Oxide
surfaces. This led to the nucleation and growth of Ag* on the Titanium Oxide surface. Then, the mixture was left
to stand under ambient laboratory conditions without light exposure for 1 day. Following this step, the obtained
mixture was split into two samples. The first sample was irradiated with a UV-A lamp (Philips, 6 W) for 2 h,
while the second sample was exposed for 10 h. We name these irradiated samples according to UV irradiated
time as the Ag/Titanium Oxide (2 h) and Ag/Titanium Oxide (10 h), respectively®. This irradiation process
helped the Ag* ions reduction on the Titanium Oxide NPs defects as shown in Fig. 1. Finally, the prepared
samples were collected, and dried at 100 °C.

Characterization
The X-ray diffraction experiments were carried out by Bruker D8 (USA) using Cu-Ka radiation (A = 1.54 A). The
crystallite sizes were calculated using the Scherrer equation:

kX
b= B cos(0) )
where D, k, A, B, and 0 are the average crystallite size, the Scherrer’s constant (0.89-0.9), the X-ray wavelength,
the full width at half maximum (FWHM), and the Bragg angle, respectively. Field Emission Scanning Electron
Microscopy (FESEM; MIRA3, Tescan, Czech) was used to study the surface morphology of photocatalysts;
in addition, the surface composition and distribution of the elements detected by Energy-Dispersive X-ray
Spectroscopy (EDS). Transmission electron microscopy (TEM) images of the composite were obtained
to investigate the particles size. The instrument used was a JEOL 100CXII operating at 200 kV. The X-ray
photoelectron spectroscopy (XPS) studies were performed using a NEXSA (Thermo Scientific) spectrometer
with an Al X-ray source. The UV-vis Spectrophotometer (UV-vis 700, OPTC Co., Iran) was used to measure
the removal efficiency of RhB (R (%)). The photoluminescence (PL) spectra of samples were obtained by a
Perkin-Elmer spectrophotometer (LS 45, USA). Brunauer-Emmet Teller (BET) and Barrett-Joyner-Halenda
(BJH) were utilized to determine the Sy, pore size, and pore volume via the N, (g) adsorption-desorption
method. Electrochemical impedance spectroscopy (EIS) was performed using the Radostat 10 multi-channel
system from Kian Shar Danesh.

Photocatalytic tests measurement

The photocatalytic activity was examined by the degradation of RhB under visible light. Experimental details are
as follows: the photocatalyst (0.03 g) was dispersed into 50 mL of RhB solution (20 ppm) in a glass beaker. The
prepared suspension was stirred for 30 min in dark conditions; subsequently, it was irradiated under a Xenon
lamp (55 W). Every 1 h, 5 mL of suspension was taken from the reaction beaker and centrifuged to remove
the particles. Afterward, the residual dye concentration in the upper transparent solution was determined by
measuring the dye solution’s absorbance at the wavelength of 553 nm by a UV-vis spectrophotometer. Finally,
the photocatalytic degradation efficiency of RhB was calculated from the Eq. 1:

Degradation efficiency (R (%)) = [1 - (i—f) } x 100 (2)

where A, represents the initial concentration of RhB, A, is the concentration of RhB at time intervals®®".
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Fig. 1. The schematic of the synthesis process of Ag/Titanium oxide using the arc-discharge method.

Scientific Reports |

(2025) 15:8207 | https://doi.org/10.1038/s41598-025-92864-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Results and discussion

Morphology and structure

The XRD was utilized to determine the crystalline phase of the prepared samples. Figure 2 shows the diffraction
patterns of the Titanium Oxide and Ag/Titanium Oxide NPs. The results in Fig. 1 indicate the presence of anatase
and rutile phases in the prepared Titanium Oxide. The characteristic diffraction peaks at 20 = 25.3°, 37.3°,
53.8°, 54.9°, 62.4°, and 75.2° are assigned to anatase phase, which are indexed to the (101), (004), (105), (211),
(204), and (215) crystal planes, respectively. The diffraction peaks located at angles 27.5°, 36.3°, 40°, 41.3°, and
43.2° are assigned to (110), (101), (200), (111), and (210) crystal planes of rutile phase, respectively. The results
correspond to the JCPDS card No. 00-021-1272 for the anatase phase and the JCPDS card No. 00-021-1276 for
the rutile phase*®*%. From Eq. 2 the average crystalline size of Titanium Oxide NPs determined from the (101)
band for anatase is calculated as 28.4 nm, and the (011) index of rutile gives 21.2 nm. Similarly, the Ag/Titanium
Oxide (2 h) shows diffraction peaks for the anatase and rutile phases, while the diffraction peak (111) of the Ag
NPs is added to the pattern which gives the average crystalline size of 22 nm. In addition, other diffraction peaks
are seen for the Ag/Titanium Oxide (10 h) at 38.2°, 44.7°, 64.4°, and 77.4°, which are respectively attributed to
the (111), (200), (220), and (311) indexes of the Ag NPs according to JCPDS card No. 04-0783 34, According to
Eq. 2, the average crystalline size of the Ag in Ag/Titanium Oxide (10 h) is calculated as 21 nm.

The size and morphological features of the prepared samples were investigated using FE-SEM. As shown
in Fig. 3a, and b Titanium Oxide NPs have spherical coral-like shapes with a size of less than 20 nm. Results
show a porous surface of Titanium Oxide NPs in clusters without any secondary structure. The size distribution
histogram for Fig. 3b shows the particles in the 15-20 nm range. Figure 3c and d for the Ag/Titanium Oxide (2 h)
show a large amount of Ag on the Titanium Oxide caused more aggregation than the sample of Ag/Titanium
Oxide (10 h) as depicted in Fig. 3e and f. Results show that increasing the photoreduction time Ag* reduction
to Ag® makes the surface of Ag/Titanium Oxide (10 h) softer and more spherical than the previous sample. The
EDS pattern of the prepared samples in Fig. 4a and b shows the weight and atomic percentages of Ag, Ti, and
0¥, showing successful preparation.

Figure 5 presents the TEM images of the Ag/Titanium Oxide (10 h) composite and size distribution
histogram. The TEM images also confirm the formation of nanoparticles.

XPS analysis was conducted to investigate the electronic state and chemical composition of the prepared
samples as illustrated in Fig. 6. The surface chemical composition and electronic states were examined with
calibrating peak positions by use of the C 1s core level at 285 eV as the reference binding energy. Figure 6a shows
the survey spectrum of Titanium Oxide and Ag/Titanium Oxide. As shown the characteristic peaks for Ti 2p, O
1s, and C 1s are observed for both samples. Specifically, peaks at the binding energy of 458.3 eV, 367.2 eV, and
529.5 eV are attributed to Ti 2p, Ag 3d, and O 1s, respectively. However, an additional peak in the Ag/Titanium
Oxide spectrum confirms the presence of Ag and the successful incorporation of Ag into the Titanium Oxide
substance®?*4,

Figure 6b displays the high-resolution XPS spectrum of Ti 2p for Titanium Oxide. The two intense peaks at
464.0 eV and 458.3 eV are observed, corresponding to Ti 2p, , and Ti 2p, ,, respectively. The peak separation
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Fig. 2. The XRD pattern of the synthesized samples, (a) Titanium Oxide, (b) Ag/Titanium Oxide (2 h), (c) Ag/
Titanium Oxide (10 h).
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Fig. 3. FE-SEM of the synthesized samples (a, b) Titanium Oxide, (¢, d) Ag/Titanium Oxide (2 h), (e, f) Ag/
Titanium Oxide (10 h).

of 5.7 eV confirms the presence of Ti**. Additionally, a low-intensity peak at 457.5 eV indicates Ti*", suggesting
some Ti*" reduction to Ti****. For Ag/Titanium Oxide (Fig. 6e), a shift with a value of 5 eV was observed in the
spectra due to the incorporation of Ag NPs. The peaks for Titanium Oxide shifted to the lower binding energies
(462.3 eV and 456.3 eV for Ti*") and new peaks emerged at 460.4 eV and 455.0 eV, attributed to Ti**. This shift
indicates the presence of oxygen vacancies and strong interactions between Ti and Ag, which likely results from
the formation of Ti-O-Ag bonds within the Ag/Titanium Oxide. The shift also can be due to electronic charge
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Fig. 4. EDS and elemental dot-mapping spectrum of: Ag/Titanium Oxide, (a) 2 h, (b) 10 h.

transfer between Titanium Oxide and metallic Ag, with an overlap of their 3d orbitals*>*®. Figure 5c and f
exhibit the high-resolution O 1s spectra. For Titanium Oxide, peaks centered at 529.7 €V, 530.0 eV, and 531.8 eV
correspond to lattice oxygen, Ti-O, and Ti-OH groups, respectively. In contrast, the Ag/Titanium Oxide sample
shows two primary peaks at 527.7 eV and 529.7 eV, indicating alterations in the oxygen environment. The Ag 3d
spectra in Fig. 6d exhibit peaks at 365.8 eV and 372.0 eV, with a spacing of 6.2 eV, consistent with Ag 3d, , and
Ag 3d,,, indicating Ag*. Additionally, distinct peaks at 367.3 eV and 373.3 eV, separated by 6.0 eV, confirm the
presence of metallic Ag (Ag®) within the Ag/Titanium Oxide composite*’~*.

The UV-vis spectroscopy was used to study the optical properties of the prepared samples. As shown in
Fig. 7a the as-prepared samples exhibit a broad absorption spectrum in the wavelength region below 410 nm.
This can be attributed to the band-band electron transition of the Titanium Oxide NPs, consistent with its band
gap energy of 3.2 eV. The strong peak at around 247 nm is attributed to the intrinsic structure of Titanium Oxide,
showing excellent UV-light absorption. At the UV-vis spectrum of Ag/Titanium Oxide, the broad absorption
in the range of 340-600 nm is ascribed to the localized surface plasmon resonance (LSPR) effect of Ag NPs. The
Ag NPs deposition on Titanium Oxide causes a redshift in the absorption edge that can improve photocatalytic
performance in the visible region®. The Ag/Titanium Oxide (10 h) has an absorption edge at 440 nm matching
the band-gap energy of 2.8 eV which is lower than Titanium Oxide (3.2 eV). The low band-gap energy means
that less activation energy is required for electron-hole separation®!.

The PL spectra of semiconductors are shown in Fig. 7b. The PL spectrum demonstrates the charge
recombination behavior, and a weak PL peak is attributed to the good separation of hole and photoelectron.
The Titanium Oxide NPs exhibit a highly intense and extensive PL band at 365 nm, showing faster electron-hole
recombination than other samples. As shown, the PL emissions of the Ag/Titanium Oxide samples were almost
extremely suppressed due to the presence of Ag NPs on the surfaces of the Titanium Oxide that can trap electrons
to inhibit the electron-hole recombination. According to Fig. 7b, the band intensity of Ag/Titanium Oxide (10 h)
is lower than Ag/Titanium Oxide (2 h). Consequently, the pronounced charge separation is observed for the Ag/
Titanium Oxide (10 h) composite>~>3,

To evaluate the resistance of the nanocomposite to electron transfer, EIS measurements were conducted
(Fig. 7c). Comparative measurements were also performed on the prepared Titanium Oxide nanoparticles. The
linear sections of the curves indicate Warburg impedance, which is associated with the diffusion of sodium
ions into the bulk of the electrode. The charge-transfer resistance (Rct) for the Ag/Titanium Oxide (2 h) was
measured at 15.83 Q, significantly lower than the value for Titanium Oxide (49.13 Q). This reduction in R ,
indicates improved electron transfer and higher efficiency of the nanocomposite in photocatalytic applications.
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Fig. 5. TEM images and size distribution histogram of the Ag/Titanium Oxide (10 h).

Furthermore, the Solid Electrolyte Interphase resistance (Rs) for Ag/Titanium Oxide (10 h) was found to be 4.45
Q, which is lower than that of Ag/Titanium Oxide (2 h) (15.83 Q). This decrease in R also suggests enhanced
electronic and ionic conductivity in the photocatalyst. Overall, the results indicate that the synthesis time has
a significant impact on the electrochemical properties of the nanocomposite and can contribute to improved
performance in various applications.

The BET and BJH are utilized to calculate the S,;.;. and the pore-size distribution of samples, respectively.
Figures 8 and 9 exhibit the characteristic plot of N, adsorption-desorption isotherm and the pore size distribution
curve of the as-prepared samples. As shown in Fig. 8, the hysteresis loops are the isotherm type-IV with the
Brunauer-Deming-Deming-Teller. The hysteresis loop of Titanium Oxide NPs at relative higher-pressure range
of 0.5-0.9 shows the absorption nature of the NPs, which is often found in agglomerated NPs. The corresponding
pore-size distribution of the samples is shown in Fig. 9. As shown, the pore-size distribution graphs specified
that Titanium Oxide NPs have a moderately broadened distribution®>>*. According to Table 1, the BET surface
area of Titanium Oxide NPs was calculated to be 40.6 m?/g, while the S, of Ag/Titanium Oxide (2 h) decreased
(12 m?/g) due to the aggregation process caused by the presence of Ag. However, for the Ag/Titanium Oxide
(10 h) sample, the BET surface area increases (203 m?/g) probably due to the uniform distribution of Ag NPs
which causes the aggregation decrease. As seen, there is a large surface area and a lesser average pore diameter
for Ag/Titanium Oxide (10 h) in comparison with Ag/Titanium Oxide (2 h) as advantageous for enhancing

adsorption performance®.

Photocatalytic activity

The RhB was used to measure the photocatalytic activity of the prepared samples. The absorption intensity at
the wavelength of 553 nm was used as a reference and the photocatalytic tests were done within 300 min. At
first, we prepared several samples with different concentrations of Ag agents in a Titanium Oxide solution and
exposed them to UV radiation for 2 h. Figure 10a shows the photocatalytic degradation efficiency of RhB for
Ag/Titanium Oxide composites with different amounts of Ag. According to Fig, pure Titanium Oxide NPs did
not exhibit strong photocatalytic activity under visible light, giving a degradation rate of about 8%. In contrast,
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Fig. 6. XPS spectra of: (a) survey; (b, ¢) Titanium Oxide; (d-f) the Ag/Titanium Oxide NPs.

decorated samples with Ag (i.e. Ag/Titanium Oxide samples) improved the degradation rate, confirming the
synergetic effect of Ag. The Ag/Titanium Oxide composite with the amount of silver 0.4 g exhibited the most
photocatalytic activity and RhB degradation.

When the silver content exceeds 0.4 wt%, there is a noticeable decline in photocatalytic activity. This reduction
can be attributed to several factors related to the physical characteristics of the silver particles formed on the
Titanium Oxide surface. As the amount of silver increases, it tends to aggregate and form larger, non-uniform
particles. These larger particles can significantly diminish the effective active surface area of Titanium Oxide,
which is crucial for facilitating photocatalytic reactions. A smaller active surface area means fewer sites are
available for the adsorption of reactants, ultimately leading to a decrease in the overall photocatalytic efficiency.
Additionally, the aggregation of silver into larger particles can block active sites on the Titanium Oxide surface.
This obstruction not onlylimits the availability of these sites for catalytic reactions but also restricts the penetration
of light, which is essential for activating the photocatalytic process. When light access is hindered, the excitation
of electrons in the Titanium Oxide is reduced, further impeding the photocatalytic reactions. Therefore, while
silver deposition can enhance photocatalytic activity at lower concentrations, exceeding the optimal level leads
to adverse effects that compromise the overall effectiveness of the Titanium Oxide photocatalyst.

Next step, Ag/Titanium Oxide (Ag: 0.4 g), as the optimum sample, was exposed to UV radiation for 10 h to
investigate the effect of UV duration. The degradation results are shown in Fig. 10b. As seen, the degradation
efficiency is proportional to UV duration because of the amount of produced silver. The degradation rate of the
Ag/Titanium Oxide (10 h) sample is more than that of the Ag/Titanium Oxide (2 h). The Ag/Titanium Oxide
(10 h) sample shows a synergistic effect in the porous channels, which leads to more oxidation and reduction
processes as well as high degradation of the dye. The production rate of reactive oxygen species depends primarily
on incident light, which can give the degradation rate of 98% for RhB>. The XPS analyses showed the presence of
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Fig. 7. (a) The UV-vis spectrum, (b) PL spectra of the prepared photocatalysts with the excitation
wavelength =275 nm, (c) EIS spectra of the prepared samples.

oxygen vacancies in the Ag/Titanium Oxide composite. The oxygen vacancies can act as electron traps, helping
to reduce the recombination rate of electron-hole pairs. By capturing electrons, the lifetime of charge carriers
prolongs and allows them to participate in redox reactions. Our results offer that photocatalytic activities of Ag/
Titanium Oxide enhanced remarkably by forming a Schottky junction®”.

Total organic carbon (TOC) was determined to study the mineralization of small aromatic compounds
produced from the photodegradation of RhB dye. An efficiency of 86% were achieved for mineralization of RhB
by Ag/Titanium Oxide composite (10 h). It shows that the degraded RhB dye is broken down into CO, and H,O
at the end of the photocatalytic process, highlighting the complete mineralization attributes of the Ag/Titanium
Oxide composite.

Photo-degradation mechanism

Scavenger tests were conducted to identify the individual contributions of active species in the photocatalytic
degradation of RhB. The isopropyl alcohol (IPA) was employed for quenching ‘OH, benzoquinone (BQ) for
‘0,7, and ammonium oxalate (AO) for h*, which are generated during light irradiation process. As shown in
Fig. 11, the addition of isopropyl alcohol, benzoquinone, and ammonium oxalate decreases RhB degradation,
suggesting that h*, 'OH, and ‘O, all play significant roles for the degradation of RhB over the Ag/Titanium
Oxide composite. Moreover, the obvious decrease of the degradation efficiency after adding isopropyl alcohol
indicates that hydroxyl radicals (OH) are the main active species of the photocatalytic process of Ag/Titanium
Oxide towards RhB.

Based on the results of scavengers, a possible mechanism was proposed for the degradation of RhB over
the Ag/Titanium Oxide composite. The mechanism is illustrated in Fig. 12. Upon irradiation with visible light,
electron-hole pairs are photoinduced in the metallic Ag nanoparticles due to the localized surface plasmon
resonance (LSPR) effect. The photogenerated electrons efficiently transfered to the conduction band (CB) of
Titanium Oxide due to the Schottky barrier at the Ag/ Titanium Oxide interface. These electrons are subsequently
trapped by oxygen molecules (O,), leading to the generation of superoxide radical ions (‘O,”). Meanwhile, the
holes present on the surface of the Ag nanoparticles not only directly oxidize pollutants but also oxidize water
(H,0) to produce hydroxyl radicals (OH). These reactive radical species play a crucial role in the oxidation of
organic pollutants. Furthermore, the well-defined interfaces between Ag and Titanium Oxide facilitate rapid
interfacial electron transfer, significantly reducing the recombination rate of photoinduced electrons and holes,
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as illustrated in Fig. 7b. This efficient charge separation enhances the photocatalytic activity of the system,
making it more effective for environmental applications*°.

The photocatalytic activity of the Ag/Titanium Oxide composite was also evaluated by removing other dyes
such as direct red, congo red, and green malachite, and the results are presented in Fig. 13. As shown in this
figure, Ag/Titanium Oxide has a high photocatalytic activity for the removal of different dyes under visible light
irradiation.

Kinetic studies

The kinetic of RhB removal by Ag/Titanium Oxide photocatalyst has been evaluated. The graphs of concentration
(C-C,) versus time (zero order), InC/C, versus time (first order), and 1/C-1/C versus time (second order) are
shown in Fig. 14. Kinetic constants of RhB removal by Ag/Titanium Oxide sample are presented in Table 2.
According to Table 2, the synthesized Ag/Titanium Oxide composite strongly adheres to pseudo-first-order
kinetic behavior in photocatalytic studies.

Recyclability
The recyclability of photocatalysts is crucial for practical applications. Therefore, the photostability of the Ag/
Titanium Oxide composite was investigated by cycle removal experiments of RhB under identical conditions.
After each removal cycle, the Ag/Titanium Oxide was recovered by simple filtration, washed with distilled water,
and dried at 80 °C. The removal results of RhB using the reused Ag/Titanium Oxide after four regeneration
cycles are shown in Fig. 15. It was found that the removal efficiency of RhB partially decreased (about 12%)
after four cycles of the experiment. This decrease can be attributed to the partial loss of catalyst mass during the
washing process.

In the final stage, several similar works in the field of dye pollutant removal using Ag/TiO, are referenced
in Table 3. As can be seen, synthesized Ag/Titanium Oxide photocatalyst have shown better color removal
performance than previous Ag/TiO, photocatalysts in the literature.
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Specific surface area
Sample (m?g™!) Total pore volume (cm>- g~!) | Average pore diameter (nm)
Titanium oxide 40.6 0.1 10.5
Ag/Titanium oxide (2h) | 12 0.045 14.4
Ag/Titanium oxide (10 h) | 203 0.27 53

Table 1. The BET surface area, pore volume and average pore size of the photocatalysts.

Conclusions

In this study, we developed a method to synthesize visible-light-active Ag-decorated Titanium Oxide NPs. Using
a rotating electrode in the arc discharge method, and AgNO, as the precursor for silver decoration, the Ag/
Titanium Oxide Schottky junction was prepared. We found the optimal concentration of Ag (0.4 g), which gives
the best photocatalytic activity, and found that the duration of UV exposure plays a crucial role in increasing
the Sy of the prepared sample (Ag/Titanium Oxide (10 h)). Photocatalytic degradation of RhB under visible
light demonstrated remarkable efficiency and results showed 96% and 98% degradation by Ag/Titanium Oxide
(2 h) and Ag/Titanium Oxide (10 h), respectively. The kinetic studies showed that the Ag/Titanium Oxide
composite strongly adheres to pseudo-first-order kinetic behavior. Further investigation into the reaction
mechanism via trapping tests confirmed that hydroxyl radicals are the main active species responsible for the
photocatalytic degradation of Rhodamine B. These findings emphasize the potential of Ag/Titanium Oxide NPs
for environmental remediation, offering a promising pathway for the development of advanced photocatalysts
activated by visible light.
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Visible Light

Fig. 12. Schematic illustration of the charge separation and transfer in the Ag/Titanium Oxide NPs under
visible light irradiation.
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Oxide (10 h).
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Titanium oxide y=0.0059x | 0.9205 | y=0.0003x | 0.9217 |y=2E-05x | 0.9229
Ag/Titanium oxide (2h) |y=0.0734x | 0.9744 | y=0.0106x | 0.9416 | y=0.0037x | 0.7976
Ag/Titanium oxide (10 h) | y=0.0818x | 0.9034 | y=0.0123x | 0.9872 | y=0.005x | 0.7432

Table 2. Kinetic constants of RhB degradation by the titanium oxide, Ag/Titanium oxide (2 h), Ag/Titanium
oxide (10 h).
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Fig. 15. The recyclability of the synthesized Ag/titanium oxide (10 h) photocatalyst.

1 Ag/TiO, Xenon RhB 90 6
2 Ag/TiO, Xenon RhB 91 57
3 | Ag/TiO, Visible-light simulator system | Tetracycline | 90 58
4 | Ag/Titanium Oxide | Xenon RhB 98 This work

Table 3. Comparative assessment of dyes photocatalytic degradation.
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