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ABSTRACT: In response to the growing demand for sustainable technologies for
wastewater treatment, this study reports the green synthesis of Ag,O-doped TiO,
nanoparticles using Salix babylonica bark extract as a natural reducing and stabilizing
agent. Although several plant extracts have been explored for the green synthesis of
photocatalysts, the use of Salix babylonica biomass for the simultaneous synthesis
and Ag,O doping of TiO, nanoparticles remains scarcely investigated. The proposed
synthesis route eliminates the need for hazardous chemicals and provides an
environmentally friendly alternative for the production of photocatalytic materials.
The synthesized samples, containing 0, 0.5, and 1 wt% Ag,0O, were characterized by
thermogravimetric analysis (TGA), X-ray diffraction (XRD), Fourier-transform
infrared spectroscopy (FTIR), scanning electron microscopy (SEM), energy-
dispersive spectroscopy (EDS), and UV-Vis spectroscopy. The results confirmed the
formation of predominantly anatase-phase TiO, and the successful incorporation
of silver species without altering the crystalline structure of the oxide matrix. Ag
incorporation promoted changes in the morphological and optical properties of TiO,,
favoring improved charge separation and enhanced light utilization. Photocatalytic
activity was evaluated through the degradation of methylene blue under irradiation.
The Ag,0-doped samples exhibited superior performance compared with undoped
TiO,, with the 1 wt% Ag,O sample showing the highest degradation efficiency. This
improvement is attributed to the formation of Ag,0/TiO, heterojunctions, which
facilitate electron—hole separation and increase the generation of reactive oxygen
species responsible for pollutant degradation. Overall, the results demonstrate that
the proposed green synthesis strategy is a simple, low-cost, and sustainable approach
for producing efficient photocatalysts with potential application in environmental
remediation and wastewater treatment.

Keywords: Titanium dioxide (TiO,), Silver oxide doping, Green synthesis process,
Photocatalysis, Wastewater treatment

1. INTRODUCTION

Photocatalysis has emerged as a promising and versatile strategy for mitigating
environmental pollution, particularly in the treatment of wastewater contaminated
with persistent organic pollutants. Semiconductor-based photocatalysts are widely
explored due to their ability to generate reactive oxidative species under light irra-
diation, enabling the degradation of dyes, pharmaceuticals, and other hazardous
compounds. Among these materials, traditional metal oxides such as TiO, and ZnO
remain extensively studied, while recent advances have focused on heterostructures,
doped systems, and hybrid composites to enhance photocatalytic efliciency. In addi-
tion, emerging materials such as perovskites and quantum dots have gained attention
due to their tunable band structures and improved charge carrier dynamics [1].

Among the available photocatalysts, TiO, stands out as a benchmark material
owing to its chemical stability, low cost, and non-toxicity [2-4]. Its effectiveness
in degrading organic pollutants has been demonstrated in various configurations,
including thin films, composites, and nanostructured systems. Recent studies have
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shown that the photocatalytic performance of TiO, can be sig-
nificantly influenced by synthesis parameters, morphology, and
post-treatment conditions, such as calcination, which directly af-
fect crystallinity and charge transport properties [S]. Furthermore,
the development of scalable deposition techniques has enabled the
fabrication of TiO,-based materials with controlled properties for
environmental applications [6].

Despite these advantages, the practical application of TiO, is
limited by its wide bandgap and the rapid recombination of photo-
generated electron—hole pairs. To overcome these challenges, vari-
ous modification strategies have been proposed, including doping
with metallic species and the formation of heterojunctions. In this
context, silver-based compounds have attracted considerable inter-
est due to their ability to act as electron traps and improve charge
separation. In particular, the incorporation of Ag has been shown
to modulate the electronic structure and interfacial properties of
TiO,-based systems, enhancing their photocatalytic performance
[7]. The formation of Ag,O/TiO, heterojunctions can further pro-
mote efficient charge transfer and extend light absorption into the
visible region [8, 9].

TiO, exists in three main crystalline phases, anatase, rutile, and
brookite, whose formation depends on thermodynamic and kinet-
ic factors such as particle size and surface energy [10, 11]. Among
these phases, anatase is widely regarded as the most photoactive
due to its favorable band structure and high surface reactivity [12].
Therefore, controlling the crystalline phase and microstructure
is essential for optimizing photocatalytic performance. Previous
studies have demonstrated that the combination of TiO, with car-
bon-based materials, such as graphene oxide, can further enhance
photocatalytic efficiency by improving electron transport and re-
ducing recombination rates [13]. In parallel, the development of
sustainable and low-cost synthesis methods has become increas-
ingly important in the context of green chemistry. Conventional
nanoparticle synthesis routes often involve toxic solvents and haz-
ardous reagents, which limit their environmental applicability. As
an alternative, green synthesis approaches using plant extracts have
emerged as eco-friendly methods that employ natural biomole-
cules as reducing and stabilizing agents [ 14].

Although significant progress has been made in the modifica-
tion of TiO,-based photocatalysts, challenges remain in develop-
ing synthesis routes that simultaneously combine sustainability,
low cost, and enhanced photocatalytic efliciency. Additionally,
recent studies using alternative composite systems have demon-
strated the importance of synergistic effects between components
in improving dye degradation efficiency [15].

From a mechanistic perspective, the photocatalytic activity
of TiO,-based materials is governed by the generation and sepa-
ration of photogenerated charge carriers. Upon light irradiation
with energy equal to or greater than its bandgap, TiO, generates
electron-hole pairs (e-/h"). These charge carriers migrate to the
surface, where they participate in redox reactions with adsorbed
species. Photogenerated holes (h*) can oxidize water or hydroxyl
groups to produce highly reactive hydroxyl radicals (*OH), while
electrons (e-) reduce molecular oxygen to form superoxide radicals
(O,7*). These reactive oxygen species are primarily responsible for
the degradation of organic pollutants [4, 10-12]. However, the rap-
id recombination of e-/h* pairs significantly limits photocatalytic
efficiency [3, 9]. In this context, Ag,O plays a crucial role by acting
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as an electron sink and forming a heterojunction with TiO,, which
facilitates charge separation and prolongs carrier lifetime [7-9].
This interfacial charge transfer enhances the generation of reactive
species and improves overall photocatalytic performance, as widely
reported for Ag-modified TiO, systems [S, 8].

In addition to electronic modification strategies, the synthesis
route plays a fundamental role in determining the physicochemical
properties of photocatalysts. Green synthesis using plant extracts
has emerged as a sustainable alternative to conventional chemical
methods, as it eliminates the need for toxic reagents and harsh
processing conditions [13, 14]. Plant extracts are rich in bioactive
compounds such as phenolics, flavonoids, and organic acids, which
act as reducing, stabilizing, and capping agents during nanoparti-
cle formation [14]. These biomolecules can influence nucleation
and growth processes, enabling partial control over particle size,
morphology, and surface functionality. Compared to traditional
methods, green synthesis offers advantages such as lower energy
consumption, reduced environmental impact, and improved bio-
compatibility [ 13]. However, it also presents challenges, including
variability in extract composition, limited reproducibility, and dif-
ficulties in precisely controlling structural properties. Therefore,
understanding the role of these biomolecules in the synthesis pro-
cess is essential for optimizing material performance and ensuring
consistency in photocatalytic applications.

Although plant-mediated synthesis of TiO, nanoparticles has
been widely reported, most studies have focused on common-
ly used biomasses such as neem (Azadirachta indica), Aloe vera,
and green tea extracts, which are rich in reducing phytochemicals
and have demonstrated effectiveness in nanoparticle formation
[16-18]. However, these investigations generally emphasize the
synthesis of pure TiO, nanoparticles or employ conventional
post-synthesis routes for metal incorporation. Consequently, the
influence of alternative biomasses on the simultaneous synthesis
and modification of TiO,-based photocatalysts remains insuffi-
ciently explored.

Salix babylonica bark contains significant amounts of phe-
nolic compounds, flavonoids, salicin derivatives, and organic
acids, which can act as reducing, stabilizing, and capping agents
during nanoparticle formation [19]. These biomolecules may
influence nucleation and crystal growth processes, potentially af-
fecting particle morphology, crystallinity, surface properties, and
photocatalytic behavior. Despite these promising characteristics,
studies employing Salix babylonica biomass for the preparation of
Ag,0-modified TiO, photocatalysts are still scarce.

Therefore, a scientific gap remains regarding the feasibility of
using Salix babylonica extract as a sustainable precursor for the
green synthesis of Ag,O-doped TiO, nanoparticles and the in-
fluence of this synthesis route on photocatalytic performance. In
addition, limited information is available concerning the synergis-
tic effects between plant-mediated synthesis and the formation of
Ag,0/TiO, heterojunctions.

In this context, the present work reports the green synthesis
of Ag,0-doped TiO, nanoparticles using an aqueous extract of
Salix babylonica bark as a bio-mediated reducing and stabilizing
agent. Unlike previous studies that employed conventional chem-
ical routes or focused exclusively on undoped TiO, systems, the
proposed approach combines a renewable biomass source with
Ag,0 incorporation to simultaneously promote sustainability and
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Figure 1. Schematic representation of the green synthesis route used for the preparation of pure and Ag,0-doped TiO, nanoparticles using Salix baby-

lonica bark extract.

enhanced photocatalytic activity. The influence of Ag,O incorpo-
ration on the structural, morphological, and photocatalytic prop-
erties of the synthesized materials was systematically investigated,
aiming to develop environmentally friendly photocatalysts for
wastewater treatment applications.

2. MATERIALS AND METHODS

2.1. Preparation of salix babylonica extract. The aqueous
extract was prepared by manually fragmenting 70 g of Salix babylon-
ica bark, followed by immersion in 400 mL of distilled water. The
mixture was subjected to ultrasonic treatment at 50 °C for 30 min
to promote the extraction of bioactive compounds. Subsequently,
the suspension was filtered using standard filter paper to separate the
liquid extract from solid residues, and the filtrate was collected for
further use.

2.2. Green synthesis of TiO, nanoparticles. TiO, nano-
particles were synthesized via a green route using 140 mL of the
prepared extract (S0 g'L™"). The pH of the reaction medium was
approximately S, corresponding to the natural pH of the Salix bab-
ylonica extract after preparation. No additional pH adjustment was
performed using acids or bases. This condition was maintained
throughout the synthesis procedure. A solution of TiCl; (15 wt%,
Riedel-de-Haén) was added dropwise under continuous magnetic
stirring at approximately 800 rpm and 50 °C for 2 h. The resulting
mixture was then stored at 4 °C for 24 h to allow complete precipi-
tation. The obtained precipitate was separated and washed repeat-
edly with distilled water until a neutral pH was achieved, ensuring
the removal of residual impurities and unreacted species. The syn-
thesis procedure was adapted from previously reported green syn-
thesis methodologies for TiO,-based materials employing plant
extracts as reducing and stabilizing agents. The use of the natural
pH of the extract was intended to preserve the phytochemical
composition responsible for the bio-mediated reduction and sta-
bilization processes during nanoparticle formation.
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2.3. Ag,0 doping procedure. For Ag,0 doping, silver precur-
sor concentrations corresponding to 0.5% and 1% (w/w; relative to the
titanium precursor) were introduced into the reaction medium before
the addition of TiCls. This approach enabled the in situ formation of
Ag,0-doped TiO, nanoparticles during the synthesis process.

2.4. Thermal treatment. The as-synthesized materials were
subjected to thermal treatment based on thermogravimetric analysis
results. Calcination was carried out at 550 °C for 1 h under air atmos-
phere, using a heating rate of S °C-min™". This step was performed to
remove residual organic species from the plant extract and to promote
crystallization of the TiO, phase. The overall experimental procedure
employed for the preparation of pure and Ag,O-doped TiO, nanopar-
ticles is summarized in Figure 1. The schematic illustrates the prepara-
tion of the Salix babylonica extract, the green synthesis process, Ag,O
incorporation, thermal treatment, and the subsequent characterization
and photocatalytic evaluation steps.

2.5. Characterization Techniques. Thermogravimetric anal-
ysis (TGA) was performed using a TGA-S0 instrument (Shimadzu)
to evaluate the thermal stability and determine the appropriate calcina-
tion temperature. The crystalline structure of the calcined samples was
analyzed by X-ray diffraction (XRD) using an X Pert PRO diffractom-
eter (PANalytical), with measurements conducted over a 20 range of
10°-80°. Optical properties were investigated by UV-Vis spectroscopy.
Morphological and elemental analyses were carried out using scanning
electron microscopy (SEM) coupled with energy-dispersive spectros-
copy (EDS).

2.6. Photocatalytic activity tests. The photocatalytic activity
of the synthesized materials was evaluated through the degradation of
methylene blue under light irradiation. For each experiment, 20 mg
of catalyst was dispersed in 50 mL of dye solution. The concentration
changes were monitored using a UV-Vis spectrophotometer (Kasvi
K37) by measuring the absorbance at the characteristic wavelength of
methylene blue at regular time intervals. Aliquots were collected every
15 min during the irradiation process to evaluate the degradation pro-
file over time.

J.Appl.Mat. and Tech. 2026, 8(1), 10-20
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3. RESULT AND DISCUSSION

3.1. Thermal analysis. The TGA curves of undoped and
Ag,0-doped TiO, nanoparticles (0, 0.5, and 1 wt%) are presented
in Figure 2, providing insight into the thermal stability and decom-
position behavior of the green-synthesized materials.

All samples exhibit a similar multi-step weight loss profile, in-
dicating that the incorporation of silver does not significantly alter
the overall thermal decomposition mechanism. The initial mass loss
observed below 100 °C is attributed to the removal of physically ad-
sorbed water molecules and surface moisture, which is typical for
nanostructured oxides synthesized via aqueous routes [20].

A second weight loss stage occurs between approximately 150
°C and 350 °C, which can be associated with the decomposition of
low-molecular-weight organic compounds derived from the Salix
babylonica extract, such as phenolic and flavonoid species acting as
reducing and stabilizing agents during synthesis [21]. This behavior
is consistent with previous studies on plant-mediated synthesis of
metal oxides, where organic residues persist after synthesis and de-
compose upon heating [14, 21].

The most significant mass loss is observed in the temperature
range of 300 °C to 600 °C, corresponding to the thermal degrada-
tion of more stable organic constituents and carbonaceous residues
strongly bound to the nanoparticle surface. This stage reflects the
removal of capping agents and the progressive formation of the inor-
ganic TiO, network [20]. The completion of this process indicates
the transition toward a fully crystallized oxide structure.

Notably, the undoped TiO, sample exhibits a more pronounced
mass loss compared to the Ag-doped samples, suggesting a higher
content of residual organic material. In contrast, the presence of Ag
appears to slightly improve the thermal stability of the system, possi-
bly due to interactions between silver species and organic molecules
or a catalytic effect that promotes earlier decomposition of organics
[22,23].

Above 600 °C, the mass stabilizes for all samples, indicating that
the decomposition process is essentially complete and that the re-
maining material corresponds predominantly to thermally stable
inorganic TiO,. The residual mass (~50-70%) confirms the for-
mation of oxide-based structures after removal of organic compo-
nents. Based on these results, a calcination temperature of 550 °C
was selected as an optimal condition to ensure the effective removal
of organic residues while preserving the structural integrity of the
TiO, framework. This thermal treatment is crucial for enhancing
crystallinity, which directly influences the material's photocatalytic
performance [2,20].

3.2. Structural analysis. The XRD patterns of undoped and
Ag-modified TiO, nanoparticles are presented in Figure 3. The dif-
fraction peaks observed for all samples are predominantly indexed
to the anatase phase of TiO, (JCPDS No. 21-1272), confirming the
successful formation of the desired crystalline structure.

The characteristic reflectionslocated at approximately 26 = 25.3°,
37.8°,48.0%, 54.0°, and 62.7° correspond to the (101), (004), (200),
(105), and (204) planes of anatase TiO,, respectively [24, 25]. The
absence of peaks associated with the rutile or brookite phases indi-
cates that the selected calcination temperature (550 °C) was suffi-
cient to promote crystallization while preserving phase purity. For
the Ag-doped samples (0.5% and 1%), no distinct diffraction peaks
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Figure 2. TGA curves of green-synthesized TiO, nanoparticles with dif-
ferent Ag,O doping levels (0, 0.5, and 1 wt%). The profiles reveal a multi-
step weight loss associated with (i) removal of adsorbed moisture below
100 °C, (ii) decomposition of organic compounds from the Salix babyloni-
ca extract between 150-350 °C, and (iii) degradation of more stable carbo-
naceous residues in the 300-600 °C range. The reduced mass loss observed
for Ag-doped samples suggests improved thermal stability and possible in-
teractions between silver species and residual organic components.

Intensity (a.u.)

Figure 3. XRD patterns of TiO, nanoparticles with different Ag contents
(0,0.5,and 1 wt%). The diffraction peaks are predominantly indexed to the
anatase phase (JCPDS No. 21-1272), confirming the formation of crystal-
line TiO,. No secondary phases, such as rutile, are observed. The absence
of well-defined peaks associated with Ag-based species suggests their high
dispersion and/or low concentration within the samples. A slight increase
in peak intensity for Ag-doped samples indicates improved crystallinity
upon silver incorporation.

corresponding to Ag,O or metallic Ag are clearly observed. This be-
havior suggests that the silver species are either highly dispersed on
the TiO, surface, incorporated into the TiO, lattice, or present in
concentrations below the detection limit of the XRD technique [26,
27]. Such high dispersion is often associated with improved interfa-
cial contact and enhanced photocatalytic performance.

J.Appl.Mat. and Tech. 2026, 8(1), 10-20
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Interestingly, a slight increase in peak intensity and sharpening
is observed with increasing Ag content, particularly for the (101)
plane, indicating an improvement in crystallinity. This may be attrib-
uted to the role of Ag species in facilitating crystal growth during
thermal treatment, possibly by influencing nucleation kinetics or re-
ducing structural defects [28]. Additionally, no significant peak shift
is detected, suggesting that Ag does not substitute Ti** jons in the
lattice to a considerable extent, which is consistent with the differ-
ence in ionic radii and typical behavior of surface-deposited noble
metals [26]. Instead, the formation of surface heterojunctions be-
tween TiO, and Ag-based species is more likely.

Minor reflections that may be associated with Ag-containing
phases (such as AgCl or Ag,0) are weak and not well-resolved, rein-
forcing the hypothesis of low concentration and/or nanometric dis-
persion. This structural feature is particularly relevant for photocata-
lytic applications, as it favors charge separation without significantly
disturbing the TiO, crystal structure.

Overall, the XRD results confirm that Ag incorporation does not
compromise the anatase framework, while subtly enhancing crystal-
linity and potentially promoting the formation of efficient hetero-
junctions, which are essential for improved photocatalytic activity.

3.3. FTIR analysis. The FTIR spectra of undoped and Ag,O-
doped TiO, nanoparticles are presented in Figure 4, providing in-
sight into the surface chemistry and the presence of residual organic
species derived from the green synthesis route. A broad absorption
band observed in the region of 3200-3600 cm™ is attributed to
O-H stretching vibrations, which are associated with hydroxyl
groups and adsorbed water molecules on the surface of TiO, nano-
particles [29]. The presence of these hydroxyl groups is particularly
relevant for photocatalytic applications, as they play a key role in the
generation of reactive hydroxyl radicals (*OH).

In the region around 2800-3000 cm™, bands corresponding to
C-H stretching vibrations are observed, indicating the presence of
organic residues originating from the Salix babylonica extract [30].
These biomolecules act as reducing and stabilizing agents during
synthesis, and their partial persistence after calcination suggests in-
complete removal or strong interaction with the nanoparticle sur-
face.

A distinct band near ~1600-1700 cm™ is assigned to C=0
stretching vibrations or bending modes of adsorbed water mole-
cules, further confirming the presence of organic functional groups
and surface-bound species [29, 30]. These features are consistent
with plant-mediated synthesis routes, where phenolic and flavonoid
compounds contribute to nanoparticle formation and stabilization

In the low wavenumber region (below ~700 cm™), a strong ab-
sorption band is observed, which is characteristic of Ti-O-Ti lattice
vibrations, confirming the formation of the TiO, framework [24,
29]. This result is in good agreement with the XRD analysis, which
also confirmed the formation of crystalline anatase TiO,, reinforc-
ing the successful synthesis of the oxide structure through the green
route.

Comparatively, the intensity of organic-related bands (C-H and
C=0) decreases slightly with increasing Ag content, suggesting that
the incorporation of silver may facilitate the removal or transforma-
tion of organic residues during calcination. This behavior is consist-
ent with the catalytic role of silver species in promoting thermal de-
composition processes [31].
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Figure 4. FTIR spectra of undoped and Ag,0-doped TiO, nanoparti-
cles (0, 0.5, and 1 wt%). The broad band at 3200-3600 cm™ is attributed
to O-H stretching of surface hydroxyl groups and adsorbed water. Bands in
the 2800-3000 cm™ region correspond to C-H vibrations, while the peak
near 1600-1700 cm™ is associated with C=0 stretching and/or bending
modes of adsorbed water. The strong absorption below 700 cm™ is as-
signed to Ti—O-Ti lattice vibrations, confirming the formation of the TiO,
framework. The decrease in intensity of organic-related bands in Ag-doped
samples suggests partial removal of residual biomolecules.

3.4. Morphological analysis. The morphology and surface
characteristics of the synthesized TiO, nanoparticles were inves-
tigated by SEM, as shown in Figure S (a—c). The undoped TiO,
sample (Figure Sa) exhibits a morphology composed of irregularly
shaped and highly agglomerated nanoparticles. This agglomeration
is commonly observed in TiO, synthesized via wet chemical and
green routes, and is mainly attributed to high surface energy and the
presence of residual organic species from the plant extract.

Upon Ag incorporation, noticeable morphological changes are
observed. For the sample containing 0.5 wt% Ag (Figure Sb), the
formation of brighter regions distributed across the surface becomes
evident. These features are associated with silver-containing species,
which present higher electron density and therefore appear brighter
under SEM imaging.

With further increase in Ag content to 1 wt% (Figure Sc), these
bright domains become more pronounced and uniformly distrib-
uted, suggesting improved dispersion of Ag species over the TiO,
surface. This homogeneous distribution is particularly relevant for
photocatalytic applications, as it favors the formation of interfacial
contact between TiO, and Ag,O, promoting efficient charge sepa-
ration.

The presence of Ag appears to slightly reduce particle agglom-
eration, possibly due to the interaction between silver species and
surface functional groups, which can modify nucleation and growth
processes during synthesis. The elemental composition of the sam-
ples was further confirmed by EDS, as presented in Figure 6. The
spectrum of undoped TiO, shows only Ti and O signals, while the
doped samples clearly exhibit the presence of Ag peaks, confirming
the successful incorporation of silver into the material. These results
are consistent with the XRD analysis, which suggested high disper-
sion of Ag species without the formation of detectable secondary
crystalline phases.
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Figure 5. SEM images of TiO, nanoparticles with different Ag contents: (a) 0wt%, (b) 0.5 wt%, and (c) 1 wt%. The undoped sample exhibits agglomer-
ated nanoparticles with irregular morphology. The incorporation of Ag leads to the appearance of brighter regions associated with silver-containing species,
which become more pronounced and uniformly distributed with increasing Ag content, indicating improved dispersion over the TiO, surface.
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Figure 6. EDS spectra of TiO, nanoparticles with varying Ag content: (a) 0 wt%, (b) 0.5 wt%, and (c) 1 wt%. The undoped sample shows only Tiand O
signals, while the Ag-doped samples exhibit characteristic silver peaks, confirming the successful incorporation of Ag into the TiO, structure. The increase

in Ag signal intensity with higher doping levels indicates the progressive incorporation of silver species.

To further investigate the elemental distribution within the
synthesized materials, EDS elemental mapping analyses were per-
formed for the undoped and Ag,0-doped TiO, samples, as shown
in Figures 7-9. The undoped TiO, sample (Figure 7) exhibits only
Ti and O signals distributed throughout the analyzed region, con-
firming the formation of titanium oxide particles and the absence of
silver species. The elemental maps obtained for the 0.5 wt% Ag,0-
doped TiO, sample (Figure 8) reveal the presence of Ti, O, and Ag
across the entire analyzed area. The Ag-La map demonstrates that sil-
ver species were successfully incorporated into the material through
the in situ green synthesis route. No evidence of pronounced Ag-

15

rich agglomerates was observed, suggesting an eftective dispersion of
the dopant within the TiO, matrix. A similar behavior was observed
for the 1 wt% Ag,O-doped TiO, sample (Figure 9), where the Ag sig-
nal remained distributed throughout the analyzed region. The higher
intensity of the Ag map compared to the 0.5 wt% sample is consist-
ent with the increased silver content employed during synthesis. The
relatively homogeneous distribution of Ag supports the effectiveness
of the doping procedure and indicates the successful formation of
Ag-modified TiO, photocatalysts. These results corroborate the EDS
spectra and provide additional evidence for the incorporation of sil-
ver species into the synthesized materials.
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Figure 7. EDS elemental mapping of the undoped TiO, sample: (a) Ti-Ka distribution and (b) O-Ka distribution. The elemental maps confirm the
presence of titanium and oxygen throughout the analyzed region, consistent with the formation of TiO, particles.

Figure 8. EDS elemental mapping of the 0.5 wt% Ag,O-doped TiO, sample: (a) Ti-Ka distribution, (b) O-Ka distribution, and (c) Ag-La distribution.
The elemental maps confirm the presence of Ti, O, and Ag throughout the analyzed region, indicating successful incorporation of silver species into the TiO,
matrix and a relatively uniform distribution of the dopant.

Figure 9. EDS elemental mapping of the 1 wt% Ag,0-doped TiO, sample: (a) Ti-Ka distribution, (b) O-Ka distribution, and (c) Ag-La distribution. The
elemental maps confirm the presence of Ti, O, and Ag throughout the analyzed region, indicating successful incorporation of silver species and a homoge-
neous distribution of the dopant within the TiO, matrix.

J.Appl.Mat. and Tech. 2026, 8(1), 10-20
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Table 1. Relative concentration (C,/C,) of methylene blue during pho-
tocatalytic degradation using TiO, nanoparticles with different Ag dop-
ing levels (0, 0.5, and 1 wt%) under light irradiation. Measurements were
taken at selected time intervals (0, 5, and 20 min) to evaluate the initial
degradation performance.

Irradiation C./C,(%)- C./Co(%)- C./Co (%) -
Time (min) O0wt% Ag 0.5wth Ag  1wth Ag

0 100.0 100.0 100.0

S 26.3 9.1 6.3

20 19.9 3.6 2.7

3.5. Photocatalytic activitys. The photocatalytic perfor-
mance of the synthesized materials was evaluated through the deg-
radation of methylene blue under light irradiation, as summarized in
Table 1. The results clearly demonstrate that Ag incorporation signif-
icantly enhances the photocatalytic efficiency of TiO,, particularly
in the initial stages of the reaction.

After S minutes of irradiation, the undoped TiO, sample shows
a substantial decrease in dye concentration (26.3%), while the Ag-
doped samples exhibit markedly higher degradation efliciencies,
reaching 9.1% and 6.3% for 0.5% and 1% Ag, respectively. This trend
becomes even more pronounced after 20 minutes, where the resid-
ual concentration decreases to 19.9% for pure TiO,, compared to
3.6% and 2.7% for the doped samples. The enhanced photocatalytic
activity can be attributed to the formation of Ag,O/TiO, hetero-
junctions, which facilitate charge separation and reduce electron-
hole recombination [32, 33]. This behavior is widely reported for
Ag-modified TiO, systems, where silver acts as an electron sink, im-
proving interfacial charge transfer efficiency [27, 32].

Additionally, the rapid decrease in dye concentration within
the first minutes suggests fast reaction kinetics, which is desirable
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for practical wastewater treatment applications [33]. This effect is
consistent with the structural and morphological analyses, where
Ag species were found to be well-dispersed over the TiO, surface,
promoting efficient photocatalytic activity.

It is important to note that the photocatalytic evaluation was
conducted at selected time intervals (0, 5, and 20 min), focusing
on the initial degradation behavior. Despite the limited number of
data points, the results clearly indicate a significant improvement in
photocatalytic performance upon Ag incorporation, particularly at
higher doping levels.

The superior photocatalytic activity observed for the 1 wt%
Ag,0O-doped TiO, sample can be explained by the synergistic in-
teraction between Ag,O and TiO,. While pure TiO, exhibits high
photocatalytic potential, its performance is often limited by the rapid
recombination of photogenerated electron-hole pairs [3, 9, 24]. The
incorporation of Ag,O promotes the formation of a heterojunction
at the Ag,O/TiO, interface, facilitating charge separation and re-
ducing recombination losses [7-9, 32]. In this configuration, photo-
generated electrons can be transferred between the semiconductor
phases, increasing the lifetime of charge carriers and enhancing the
generation of reactive oxygen species responsible for methylene blue
degradation (Figure 10) [26, 32]. The XRD patterns revealed that
all samples remained predominantly in the anatase phase after Ag
incorporation, with no significant shifts in diffraction peak positions
or evidence of phase transformation. These results indicate that the
crystal structure of TiO, was preserved during the doping process
and suggest that the improved photocatalytic activity is primarily as-
sociated with interfacial electronic effects rather than structural mod-
ifications. Furthermore, EDS analysis confirmed the presence of Ag
in the synthesized materials, supporting the successful formation of
Ag-modified TiO,.

Similar improvements have been reported for Ag,0/TiO, sys-
tems, where silver-containing species act as electron trapping centers
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Table 2. Comparison of methylene blue (MB) photocatalytic degradation performance of TiO,-based photocatalysts reported in the literature.

Photocatalyst Pollutant Removal (%) Irradiation Time (min) Reference
Pure TiO, MB 80.1 20 This work
0.5 wt% Ag,0/TiO, MB 96.4 20 This work
1 wt% Ag,O/TiO, MB 97.3 2.7 This work
Ag*-doped TiO, MB >99 180 (34]
Ag-doped TiO, thin films MB ~35 300 [35]
TiO,-Ag nanoparticles MB 97.25 [36]

and promote more efficient charge transfer across the heterojunction
[22, 28, 32, 33]. Additionally, Ag,O may contribute to extending
light absorption toward the visible region due to its narrower band-
gap compared to TiO,, further increasing photocatalytic efficiency
[7, 26, 28]. Therefore, the enhanced methylene blue degradation
observed for the 1 wt% Ag,O-doped sample is mainly attributed to
improved charge separation, reduced electron-hole recombination,
and enhanced generation of reactive oxygen species [22, 26, 32, 33].

A possible photocatalytic mechanism for the Ag,O/TiO, sys-
tem is proposed based on the experimental results and previous lit-
erature reports. Upon irradiation, both TiO, and Ag,O can absorb
photons and generate electron-hole pairs. Due to the formation of
the Ag,0/TiO, heterojunction, the photogenerated charge carri-
ers are efficiently separated at the interface, reducing electron-hole
recombination. Electrons transferred through the heterojunction
react with dissolved oxygen molecules to produce superoxide rad-
icals (O,*-), while photogenerated holes oxidize surface hydroxyl
groups or water molecules, generating hydroxyl radicals (*OH).
These highly reactive species are responsible for the oxidation and
degradation of methylene blue molecules into smaller intermedi-
ates and ultimately into CO, and H,O.

In addition to heterojunction formation, silver-containing
species may act as electron trapping centers, further suppressing
charge recombination and increasing the lifetime of photogenerat-
ed carriers. Consequently, the concentration of reactive oxygen
species available for photocatalytic reactions increases, resulting
in enhanced degradation efficiency. The superior performance ob-
served for the 1 wt% Ag,O-doped TiO, sample suggests that this
composition provides a more favorable balance between charge
separation and interfacial charge transfer, leading to improved pho-
tocatalytic activity.

3.6. Comparison with literature. To evaluate the perfor-
mance of the synthesized photocatalyst, the photocatalytic degra-
dation efliciency obtained in this work was compared with similar
TiO,-based and Ag-modified photocatalysts reported in the litera-
ture. Table 2 summarizes representative studies involving methylene
blue degradation under different experimental conditions.

Although direct comparison between photocatalytic studies
should be interpreted with caution due to differences in catalyst
dosage, irradiation source, dye concentration, and reaction con-
ditions, the results obtained in the present work demonstrate that
the green-synthesized Ag,O-doped TiO, photocatalyst exhibits
competitive performance compared to similar systems reported
in the literature. Furthermore, the proposed synthesis route offers
additional advantages associated with the use of Salix babylonica
extract as a renewable and environmentally friendly reducing and
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stabilizing agent. The enhanced photocatalytic activity observed for
the 1 wt% Ag,O-doped TiO, sample is consistent with previous re-
ports demonstrating that Ag incorporation promotes charge separa-
tion and improves the generation of reactive oxygen species. These
findings indicate that the developed material represents a promising
alternative for wastewater treatment applications while maintaining
the benefits of a sustainable synthesis route.

Particularly, the 1 wt% Ag,O-doped TiO, sample achieved
97.3% methylene blue degradation within only 20 min of irradia-
tion, demonstrating highly competitive photocatalytic performance
compared to Ag-modified TiO, systems reported in the literature.
While direct comparisons are complicated by differences in exper-
imental conditions, the short irradiation time required to achieve
high degradation efficiency highlights the effectiveness of the pro-
posed green synthesis approach based on Salix babylonica extract.

4. CONCLUSION

Silver oxide-doped titanium dioxide (Ag,O-doped TiO,) nano-
particles were successfully synthesized via a sustainable green route
using Salix babylonica bark extract as a bio-reducing and stabilizing
agent. The adopted methodology proved effective in producing
nanostructured materials predominantly in the anatase crystalline
phase, as confirmed by XRD analysis.

Thermal and spectroscopic analyses (TGA and FTIR) revealed
the presence of residual organic species derived from the plant ex-
tract, which were effectively reduced after calcination at 550 °C,
leading to the formation of a stable TiO, framework. The incorpo-
ration of Ag did not alter the crystalline phase but contributed to
improved crystallinity and surface characteristics.

Morphological evaluation by SEM indicated that the materials
are composed of agglomerated nanoparticles with irregular mor-
phology, while the presence of Ag was evidenced by the appearance
of well-dispersed bright regions on the TiO, surface. This was fur-
ther confirmed by EDS analysis, which verified the successful incor-
poration of silver without introducing additional impurities.

The photocatalytic results demonstrated a significant enhance-
ment in the degradation of methylene blue for Ag-doped samples,
particularly at higher doping levels. This improvement is attributed
to the formation of Ag,0/TiO, heterojunctions, which promote ef-
ficient charge separation and reduce electron-hole recombination,
thereby increasing photocatalytic efficiency. Although the present
study demonstrates the beneficial effect of Ag,O incorporation on
the photocatalytic degradation of methylene blue, additional inves-
tigations involving operational parameters such as catalyst dosage,
initial dye concentration, solution pH, and catalyst reusability are
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necessary to further optimize the process and assess its applicabil-
ity under different operating conditions. These aspects will be ad-
dressed in future studies.

Overall, the proposed green synthesis route represents a low-
cost and environmentally friendly strategy for producing efficient
photocatalysts. The combination of structural stability, improved
surface properties, and enhanced photocatalytic performance high-
lights the potential of Ag,O-doped TiO, nanoparticles for applica-
tion in wastewater treatment. Future work should focus on detailed
kinetic studies, long-term stability evaluation, and optimization of
synthesis parameters to further improve reproducibility and perfor-
mance.
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