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In this research, nanostructured Th,Cu,Os was synthesized using ultrasonic-assisted techniques with

copper and terbium nitrates (in the presence of tetraethylenepentamine as a chelating and surface-

modifying agent). The synthesis conditions were systematically optimized by varying the sonication

power and duration. The optimal condition was achieved at a sonication power of 60 W for 15 min,

resulting in phase-pure Tb,Cu,Os nanostructures with a uniform morphology. The FESEM images also
indicated the presence of well-dispersed quasi-spherical Tb,Cu,Os nanostructures with uniform

morphology. The photocatalytic performance of the synthesized Tb,Cu,Os was evaluated using visible-

light irradiation in the presence of several organic dyes, including erythrosine (ER), eriochrome black T
(ET), methylene blue (MB), methyl orange (MO), rhodamine B (RhB), and methyl violet (MV). The
degradation efficiency for ER was the highest (100.0% in 35 min), followed by that for ET (50.0% in 100
min), with lower degradation efficiencies for all other dyes. The photocatalytic mechanism was
demonstrated to be influenced by the dye concentration, amount of catalyst, and pH of the solution.

Radical scavenger experiments indicated that the radical mechanism was predominantly facilitated by
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the superoxide (‘O,7) and hydroxyl radicals (‘OH) while photogenerated holes had a lesser contribution.

Tb,Cu,Os exhibited excellent photostability, retaining 95.2% of its degradation efficiency after five reuse
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1. Introduction

Wastewater discharged from both domestic activities and diverse
industrial operations typically contains substantial amounts of
hazardous chemicals and toxic substances, such as dyes, which
pose serious environmental threats."” The accumulation of toxic
and organic pollutants in ecosystems represents a significant risk
to both human health and biodiversity.>* A variety of methods have
been explored to tackle these harmful pollutants.®* Among them,
photocatalysis has gained significant attention as a sustainable and
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cycles. Furthermore, with a narrow bandgap of ~1.61 eV, high efficiency, and excellent durability, the
synthesized Tb,Cu,Os could be a viable candidate for visible-light-driven photocatalytic water treatment.

environmentally benign strategy that leverages sunlight and pho-
tocatalytic materials to break down or oxidize hazardous
compounds.® Its advantages—such as non-toxicity, high efficiency,
cost-effectiveness, and capacity to generate harmless by-products—
have made it a popular choice for environmental cleanup.”
Numerous photocatalytic materials have already been developed
and applied to remove toxic pollutants.® Nevertheless, designing
photocatalysts with optimized bandgaps that are suitable for tar-
geting a wide range of pollutants remains a key challenge. Conse-
quently, there is a growing interest in developing high-performance
photocatalytic materials capable of degrading various environ-
mental toxins. Over the past few decades, photocatalysis has seen
a rapid advancement due to its outstanding redox stability, excel-
lent recyclability, and green nature, making it widely applicable in
processes such as artificial photosynthesis, pollutant degradation,
and other energy- and chemistry-related applications.”'® Lately, the
use of solar-driven photocatalysis has expanded into areas like
hydrogen generation," environmental detoxification,” hydrogen
peroxide production, and carbon dioxide reduction.

In parallel, eco-friendly synthetic techniques based on green
chemistry principles have emerged as promising methods for
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creating nanoscale oxide materials.”® These sustainable tech-
niques rely on safe and non-toxic precursors, reducing the risk
of environmental pollution. They are also recognized for being
energy-efficient, reproducible, and operationally simple.**

Lanthanide-based double copper oxides (Ln,Cu,Os, where Ln
= Lu, Sm, Pr, Tm, Tb, and La) have gained increasing attention
due to their unique physicochemical properties, including
narrow bandgaps, good redox stability, rich electronic structures
arising from f-d orbital interactions, and promising optical and
magnetic behaviors."'® These compounds typically crystallize in
an orthorhombic structure with the space group Pna2,."”
However, their synthesis has mostly relied on conventional solid-
state or co-precipitation routes,'® which lack control over particle
size and morphology. Recently, alternative approaches like sol-
gel, hydrothermal, and sonochemical methods have gained
interest due to their potential to lower processing temperatures
and yield uniform materials with higher surface areas.'® There-
fore, there is a need to establish a straightforward, reproducible,
energy-efficient, and rapid technique for synthesizing Ln,Cu,0s
with controlled characteristics.

To date, no study has reported a simple and eco-friendly
method for producing Tb,Cu,Os nanostructures. Moreover,
achieving high-purity Tb,Cu,0s remains difficult due to the
challenge of removing residual CuO. In this study, we report—
for the first time—the successful use of a sonochemical
approach to synthesize Tb,Cu,O5 nanostructures and evaluate
their photocatalytic performance under visible irradiation.
Additionally, the effects of sonication power and reaction time
on the purity and morphology of the resulting nanostructures
were systematically investigated.

2. Materials and methods

2.1. Materials

Copper nitrate trihydrate 99% (Cu(NO;),-3H,0), terbium(m)
nitrate hexahydrate (Tb(NOj3);-6H,0), tetraethylenepentamine
(TEPA), benzoic acid (BA), ethylenediaminetetraacetic acid
(EDTA), 4-benzoquinone (BQ), rhodamine B (RB), erythrosine
(ER), methyl violet (MV), eriochrome black T (ET), methylene
blue (MB), and methyl orange (MO) were purchased from Merck
Co. and applied for additional processes.

2.2. Preparation of Tb,Cu,05 nanostructures
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(Tb(NO3)3-6H,0) in a 0.8 : 1 molar ratio. Specifically, 3.8 mmol
of Tb(NO3); was dissolved in 20 mL of deionized water. This Th
solution was then added to a beaker containing an appropriate
amount of copper nitrate (3.0 mmol), and the mixture was
stirred for 15 minutes. Subsequently, a diluted solution of TEPA
was introduced gradually under continuous sonication until the
pH of the mixture reached 10. TEPA, a tetraamine compound,
acted as both a precipitation promoter and a surfactant in the
reaction medium. The resulting solid was separated by filtra-
tion, rinsed thoroughly with water, and then subjected to
calcination at 900 °C for 4 hours. Various synthesis conditions
for Tb,Cu,O; are outlined in Table 1.

To evaluate energy transfer efficiency during the process,
temperature changes over time were recorded. The rate of
temperature increase (d7/d¢) was derived from the thermal
profile (T'vs. ¢). Based on this, the ultrasonic power input (P) was
calculated using the following equation:*

e o (47) 0

where ¢, is the specific heat capacity of the solvent (J kg™ ' K ')
and M is the mass of the solvent (kg). Under the described
conditions, with 60 W of input power in distilled water, the
effective acoustic power output was calculated to be approxi-
mately 16.2 W.

2.3. Photocatalytic test

The photocatalytic performance of Tb,Cu,Os in breaking down
various hazardous organic pollutants was evaluated using
visible light (150 W). For each test, 50 mg of the Tbh,Cu,Os
catalyst was added to a 10-ppm solution of the targeted dye
contaminant. Prior to visible-light irradiation, the catalyst-dye
suspension was stirred in the dark for 30 min to establish
adsorption-desorption equilibrium. Negligible dye removal
during this period confirms that adsorption alone plays
a minimal role and that the observed removal is predominantly
due to photocatalytic degradation. The suspension was initially
kept in the dark for 30 minutes to establish an adsorption-
desorption equilibrium between the catalyst surface and the dye
molecules. After this period, the respective light source was
turned on to initiate the photocatalytic reaction. The pollutant
degradation efficiency was calculated using the following
relation:*®

Tb,Cu,0s nanostructures were synthesized through an (Co—C)

. : . . : . D(%) = "% 100 (2)
ultrasonic-assisted reaction involving copper nitrate trihydrate 0) = Co
(Cu(NO;),-3H,0) and terbium(m) nitrate hexahydrate
Table 1 Preparation conditions of Tb,Cu,Os nanostructures

Power of Time of sonication Calcination Grain

Sample no. sonication (W) (min) temperature (°C)/time (h) size (nm) Product
TCO-1 60 15 900/4 37.7 Tb,Cu,0s
TCO-2 80 27.8 Tb,Cu,0s + Th,0; + CuO
TCO-3 40 38.3 Tb,Cu,05 + Tb,05 + CuO
TCO-4 60 10 31.8 Tb,Cu,0s + Th,0; + CuO
TCO-5 20 27.3 Tb,Cu,0s + Tb,0; + CuO
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where C, and C, represent the pollutant concentrations (based
on absorbance) before and after irradiation, respectively.

2.4. Scavenger experiment

To determine the principal reactive species involved in the
photocatalytic oxidation of ER dye, separate scavenger tests
were conducted. Specific chemical scavengers were used at
a concentration of 1 mmol to selectively inhibit individual
reactive species: benzoic acid (BA) for hydroxyl radicals ("OH),
ethylenediaminetetraacetic acid (EDTA) for photogenerated
holes (h"), and benzoquinone (BQ) for superoxide anion radi-
cals (O, ).

2.5. Physical instruments

To determine the crystalline structure and phase purity of the
synthesized nanoparticles, X-ray diffraction (XRD) measure-
ments were carried out using a Philips diffractometer (X'Pert-
Pro) equipped with a monochromatic Cu Ko radiation source (4
= 1.54 A). The morphology, particle dispersion, and elemental
composition were analyzed via field-emission scanning electron
microscopy (FESEM) using a Mira3 TESCAN instrument
coupled with energy-dispersive X-ray spectroscopy (EDS).
Transmission electron microscopy (TEM) was conducted using
a JEM-2100 microscope to observe the internal structure of the
nanoparticles. The UV-visible absorption spectra were recorded
using a JASCO V-670 UV-vis spectrophotometer, and the optical
bandgap was estimated via diffuse reflectance measurements
using a HO-SP-DRS100 spectrometer.

3. Results and discussion

3.1. Crystallographic structure

X-ray diffraction (XRD) analysis was utilized to assess the crystal
structure of synthesized Tb,Cu,Os. The XRD patterns of
samples produced under various ultrasonic powers and dura-
tions are displayed in Fig. 1. The principal aim of this study was
to establish the sonication conditions best suited for the pure
phase of Tb,Cu,0s. Applying ultrasonic energy at 60 W resulted
in a single-phase Tb,Cu,Os5 (JCPDS No. 00-034-0385) with an
orthorhombic structure (Fig. 1a). The characteristic reflections
corresponding to the (202), (203), (210), (211), (031), (401), (412),
(413), and (020) planes confirmed the successful formation of
phase-pure Tb,Cu,Os under optimal sonication conditions.
However, the samples made at higher (80 W) or lower (40 W)
power had impurity phases. The sample that underwent 80-W
ultrasonic power (Fig. 1b) showed peaks corresponding to
Tb,O; (hexagonal structure, PDF No. 00-019-1329) and CuO
(monoclinic structure, PDF No. 01-080-1917), thereby indicating
an incomplete reaction. The sample that underwent 40 W
(Fig. 1c) produced peaks indicative of hexagonal Tb,O; and
a small amount of monoclinic CuO and therefore suggested an
incomplete transformation of reactants due to insufficient
energy. The results presented show that sonication power is
critical for phase development. Moderate ultrasonic power was
conducive to producing homogeneous crystalline products,
whereas excessive or limited energy produced incomplete

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 . XRD patterns of Tb,Cu,Os prepared under different condi-

tions: (a) power = 60 W, time = 15 min, (b) power = 80 W, time =
15 min, (c) power = 40 W, time = 15 min, (d) power = 60 W, time =
10 min, and (e) power = 60 W, time = 20 min.

reactions or defects in the lattice structure. In this case, 60-W
power was recognized as the optimal condition for producing
Tb,Cu,05 of high purity. In contrast, samples synthesized at
non-optimal ultrasonic power exhibited additional peaks
attributed to hexagonal Tb,O; and monoclinic CuO phases,
indicating incomplete reaction or insufficient atomic diffusion.
These results clearly demonstrate that ultrasonic power and
duration play a decisive role in phase evolution and crystallinity.
The influence of synthesis time at a constant ultrasonic power
of 60 W was investigated at 10, 15, and 20 minutes. Among
these, the sample made at 15 minutes (Fig. 1a) possessed the
best-defined and strongest diffraction peaks, which indicate

RSC Adv, 2026, 16, 8573-8583 | 8575
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higher crystallinity and higher phase purity than those synthe-
sized at 10 and 20 minutes. An incomplete reaction may be
caused by a short time (Fig. 1d), while partial degradation or
defect may be generated due to longer exposure (Fig. 1e).
Fourier-transform infrared (FTIR) spectroscopy (Fig. 2)
revealed the characteristic absorption bands of metal-oxygen
stretching vibrational modes. Absorption bands in the 400-700-
em ' range were attributed to Tb-O and Cu-O lattice vibra-
tions,”* indicating the formation of the mixed metal oxide.>* The
residual organic species bands were trivial, indicating success-
ful decomposition of precursors during synthesis. Two distinct
absorption bands appeared at 1621 and 3445 cm ',
sponding to hydroxyl groups from water molecules adsorbed on
the surface of Tb,Cu,0Os. This indicates that water is present
and likely interacts with the material via hydrogen bonding.

corre-

3.2. Synthesis mechanism

One of the major benefits of ultrasonic devices is that they can
effectively control the structure of a wide range of nano-
materials. Through sonication, which replicates the effects of
cavitation, it is possible to create nanoscale systems with high
uniformity and well-characterized properties.* According to the
hotspot theory, the energy pulses and elevated temperatures
formed under bubble collapse can significantly increase the
degradation of bulk structures to nanostructures.” As demon-
strated in earlier studies, it is possible to precisely control the
morphology and formation of nanostructures by altering the
parameters of ultrasonic waves. Ultrasonic energy absorption by
water molecules generates hydroxyl radicals, which play
a crucial role in the hydrolysis of samarium and copper
precursors. Such reactive species are strongly engaged in the
ultrasonic-assisted chemical synthesis of the Tb,Cu,05 nano-
photocatalyst.>® The given equations represent an explained
mechanism for the sonochemical synthesis of spherical
Tb,Cu,O5 nanostructures:

View Article Online
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"OH + H,N,(CH,CH,NH),CH,CH,NH, + 2H,0 —
NH,(CH,CH,NH);CH,CH,NH + NH; + 20H (4)
Tb(NO3); + 30H™ — Tb(OH); + NO5~ (5)
Cu(NOs), + 20H™ — Cu(OH), (6)
Tb(OH), + Cu(OH), + TEPA 0 ndation py, 0,05 (7)

Additionally, the surface hydroxyl groups in Tb,Cu,Os can
establish hydrogen bonds with TEPA that enable adsorption on
crystal surfaces. The interaction prevents the development of
isolated particles and inhibits the unregulated growth of parti-
cles. The core of every particle remains compartmentalized due to
the coating agent. Besides, the long carbon chain in TEPA
enhances interparticle spacing, which effectively reduces the
likelihood of agglomeration. During crystallization of the phase,
there is a need to perform a calcination step; however, the
sonochemical process contributes greatly to the regulation of the
nucleation, homogeneity of precursors, and particle size prior to
annealing. Ultrasonic cavitation increases the mass transfer rate
and accelerates the kinetics of the reaction, which provides phase
purity and morphology enhancements over that of traditional
calcination. TEPA functions as both a surface-modifying agent
and a chelating agent, thereby regulating the coordination of
metal ions to the precursor and preventing uncontrolled particle
growth. The long-chain structure of TEPA provides greater
distances between the individual particles, thereby preventing
agglomeration during the sonochemical process.

3.3. Morphological study

Field-emission scanning electron microscopy (FESEM) micro-
graphs (Fig. 3) showed the surface topography of synthesized
Tb,Cu,0s5 under different conditions. The sample synthesized
at 60-W power and 15 minutes (Fig. 3a) showed well-graded

. adiation . . nanoscale particles with fairly good dispersion and moderate
Hzo Ultrasound radiation OH +'H (3) P y & p i .
agglomeration. By contrast, shorter (10 min, Fig. 3b) or longer
(20 min, Fig. 3c) synthesis times yielded less homogeneous
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Fig. 2 FTIR spectrum of Tb,Cu,Os5 prepared at power = 60 W and time = 15 min.
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Fig. 3 FESEM images of Tb,Cu,0O4 prepared in different conditions of Tb,Cu,Os prepared in different conditions (a) power = 60 W, time = 15
min, (b) power =80 W, time = 15 min, (c) power =40 W, time = 15 min, (d) power = 60 W, time = 10 min, and power = 60 W, time = 20 min, and
(f) EDS spectrum of Tb,Cu,Os5 prepared at power = 60 W and time = 15 min.

topographies. In addition, changing the ultrasonic power to
40 W (Fig. 3d) led to under-refinement of the particles, while 80-
W power (Fig. 3e) led to over-fragmentation and spiked edges.
These findings indicate that intermediate power and time
(60 W, 15 min) offer the best balance between particle size,
morphology, and homogeneity. When comparing the appear-
ance of the samples, there were similarities in their
morphology, but there were distinct differences in the unifor-
mity of the particles, number of agglomerated particles, and
type of surface texture of each. The sample prepared using 60 W
of power for 15 minutes had a higher degree of particle
homogeneity and a moderate level of agglomeration compared
with the previous samples prepared with shorter or longer
sonication times. It can be seen that the samples prepared with
longer or shorter times contain particles that are not of the
same size and therefore have a higher level of aggregation. The
presence of agglomerated particles leads to reduced accessi-
bility to available active sites and increased light-matter inter-
actions, leading to poor photocatalytic efficiency. Furthermore,
even small changes in morphology can have major effects on
photocatalytic efficiency.

Fig. 3f shows the EDS analysis of Tb,Cu,0s prepared at
optimum sonication time and power. The chemical

© 2026 The Author(s). Published by the Royal Society of Chemistry

composition of the prepared sample indicates the existence of
the terbium, oxygen, and copper elements in the composition,
indicating homogeneous elemental distribution throughout the
nanostructures.

The TEM images provided further evidence of the nano-
structure and morphology of optimally synthesized Tb,Cu,Os5
(TCO-1) samples. The particles had a quasi-spherical
morphology and some relatively narrow particle-size distribu-
tion, typically in the range of 60-150 nanometers Fig. 4.

3.4. Photocatalytic activity of Th,Cu,O5

Diffuse reflectance spectroscopy (DRS) and the corresponding
Tauc plot (Fig. 5) were used to determine the optical bandgap of
Tb,Cu,0s. Indeed, the Tb,Cu,0s5 nanostructures were synthe-
sized under different ultrasonic power levels and irradiation
times, and these variations slightly influenced the optical
bandgap energy. As experimentally determined, the bandgap
values varied in a narrow range of 1.56 to 1.63 eV, indicating
that the fundamental electronic structure of Tb,Cu,Os;
remained preserved while subtle changes occurred due to
differences in crystallinity, particle size, and defect density
induced by the synthesis conditions. Information regarding the
bandgap of Tb,Cu,0s is lacking in the literature. When Ln = Pr,

RSC Adv, 2026, 16, 8573-8583 | 8577
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Fig. 4

Nd, Sm, and Gd, the gap energies for Ln,CuO, were 0.79, 1.06,
1.20, and 1.36 eV, respectively.”” The bandgap discovered in this
investigation thus agrees well with that of similar molecules. To
further clarify the effect of synthesis conditions on the elec-
tronic structure, the conduction band (CB) and valence band
(VB) edge potentials were calculated using the Mulliken elec-
tronegativity method. Based on the calculated average electro-
negativity of Tb,Cu,Os5 (x = 4.85 €V) and the experimentally

(@ and b) TEM images of Tb,Cu,Os5 prepared at power = 60 W and time = 15 min (TCO-1).

obtained bandgaps, the CB and VB positions were determined.
The results are shown in Table 2, which indicate that the CB
edge lies in the range of —0.43 to —0.47 eV (vs. NHE) and the VB
edge is located between 1.13 and 1.17 eV (vs. NHE). These small
shifts in CB and VB positions directly correlate with the
observed variations in bandgap values and are attributed to the
different synthesis conditions. Importantly, all samples
exhibited a sufficiently negative CB potential for effective
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Fig.5 DRS spectrum and Tauc plot of Th,Cu,Os prepared under different conditions: (a and b) power = 60 W and time = 15 min (TCO-1), (c and
d) power = 80 W and time = 15 min (TCO-2), (e and f) power = 40 W and time = 15 min (TCO-3), (g and h) power = 60 W and time = 10 min

(TCO-4), and (i and j) power = 60 W and time = 20 min (TCO-5).
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Table 2 Optical bandgap and the calculated band-edge positions of
Tb,Cu,0s5 nanostructures synthesized under different ultrasonication
conditions

Bandgap, CB edge, Ecp VB edge, Evp
Samples Eq (eV) (eV vs. NHE) (eV vs. NHE)
TCO-1 1.61 —0.455 1.155
TCO-2 1.60 —0.450 1.150
TCO-3 1.56 —0.430 1.130
TCO-4 1.63 —0.465 1.165
TCO-5 1.61 —0.455 1.155

reduction reactions and a positive VB potential suitable for
oxidation processes, confirming their applicability as visible-
light-driven photocatalysts. Therefore, although different
synthesis conditions slightly affect the bandgap and band-edge
positions, the overall band alignment remains favorable for
photocatalytic applications, and the variations can contribute to
differences in photocatalytic performance through the modu-
lation of charge separation efficiency and redox ability. It is
noteworthy that the determined bandgap value indicates
favorable optical properties for the visible-spectrum photo-
catalytic process. When utilized for photocatalysis, Tb,Cu,O5
can effectively absorb visible light. Because visible light
accounts for a large portion of solar radiation, its utilization is
highly beneficial, making it a powerful option for sunlight
conversion applications. Furthermore, a smaller bandgap
suggests that Tb,Cu,0s can absorb lower energy photon levels,
increasing the material's productivity in generating electron-
hole pairs during photocatalysis. The breakdown of dye must be
accelerated by these electron-hole pairs in order to initiate
chemical reactions. The bandgap energy of 1.61 eV is suitable
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for visible light-driven photocatalytic activity, further increasing
the material's utility in environmental remediation.

The photocatalytic performance of Tb,Cu,O5 nanoparticles
was systematically researched under visible-light irradiation for
the degradation of various organic dyes (Fig. 6). The results
showed that the synthesized material exhibited excellent pho-
tocatalytic performance, with an exceptional performance for
the degradation of erythrosine (ER), which reached 95.3% at
30 min. The rest of the dyes came in the order of eriochrome
black T (ET) at 50.0%, methylene blue (MB) at 20.1%, rhoda-
mine B (RhB) at 6.7%, methyl orange (MO) at 20.2%, and methyl
violet (MV) at 16.0% after 100 min (Fig. 6a). ER's stronger
degradation activity would be attributed to its higher interac-
tion with the surface of the catalyst and better orientation of
their absorption spectrum towards the visible-light activity of
Tb,Cu,0s. Differences in efficiency for the photocatalytic
degradation of various dyes can be attributed to their differing
molecular structures, charge distributions, and affinities for
attaching to the catalyst surface. Erythrosine is an example of
a dye that has a stronger ability to interact with Tb,Cu,Os
because of the electrostatic attraction and improved spectral
overlap between the visible light being absorbed by Tb,Cu,05
and the absorption spectrum of this dye. On the other hand,
dyes that have either lower affinity for the catalyst or higher
steric hindrance (due to bulky substituents) will exhibit reduced
rates of degradation. Therefore, the structure dependence of the
photocatalytic selectivity for Tb,Cu,Os is clearly evident.

To gain better insight into the degradation behavior, the
effect of the initial dye concentration was explored using ER as
a model contaminant (Fig. 6b). The degradation efficiency
showed a slight decrease with increasing dye concentration:
100.0% for 10 ppm, 100.0% for 15 ppm, and 95.5% for 20 ppm.

a =4—RB 6.7%

100 {—m~ER 100.0%
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Fig. 6 The photocatalytic degradation diagrams of Tb,Cu,Os under different conditions (a) different organic contaminants, (b) different
concentration of ER, and (c) different Tb,Cu,Os dosages, (d) different pHs, (e) different scavengers, and (f) reusability test after 35 min under

visible light.
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The loss can be explained in terms of reduced light penetration
and saturation of the catalyst surface at high dye concentra-
tions, which hinders the creation of reactive oxygen species.

The impact of catalyst dosage was also evaluated (Fig. 6¢). The
optimum dosage was 50 mg in 100-mL solution, which resulted
in 100.0% degradation of ER. Decreasing the dosage to 30 mg
decreased efficiency to 83.4%, which could be due to the insuf-
ficient active sites. Doubling the dose to 70 mg did not change the
degradation percentage (100.0%). The influence of pH on the
photocatalytic process was also investigated. As shown in Fig. 6d,
the catalyst operated well in weakly acidic to neutral pH. The
degradation was 100.0% at pH = 4, and at neutral pH = 7, it was
85.6%. It reduced to 62.1% at basic pH = 10. All these observa-
tions suggest that the surface charge of the catalyst and the extent
of dye ionization influence the adsorption and degradation
processes. The strong dependence of photocatalytic activity on
solution pH suggests that surface charge characteristics play
a crucial role in dye adsorption and degradation. Although the
point of zero charge (PZC) was not experimentally determined,
the observed behavior indicates favorable electrostatic interac-
tions under acidic and neutral conditions.

Radical scavenger experiments were performed to identify the
active species involved in the photocatalytic reaction. The
degradation efficiency without any scavenger was 100.0%. When
a hydroxyl radical scavenger, benzoic acid, was added, the
degradation fell to 79.3%. For benzoquinone (a superoxide
radical scavenger), the efficiency dropped to 47.3%. On the other
hand, when EDTA (a hole scavenger) was added, a lower reduc-
tion level was achieved with 92.4% degradation (Fig. 6e). These
findings indicate that superoxide radical ('O, ) and hydroxyl
radicals ("OH) are the predominant active species for dye degra-
dation, while photogenerated holes (h") play a secondary role.

Finally, the reusability of the Tb,Cu,05 photocatalyst was
also examined over five consecutive degradation cycles. The
material exhibited high stability, with degradation efficiency
decreasing only marginally from 100.0% in cycle one to 95.2%
in cycle five (Fig. 6f). Such a limited degradation confirms that
the structural and photocatalytic integrity of Tb,Cu,0Os is still
largely intact under repeated cycles of application, which is
appropriate for real environmental remediation applications.

3.2.1. Proposed mechanism of Tb,Cu,05. Both
benzoquinone (BQ) and benzoic acid (BA), known scavengers
for superoxide radical ("O,”) and hydroxyl radical (‘OH),
respectively, significantly suppressed Tb,Cu,0s photocatalytic
activity, based on the radical scavenging experiments. This
suggests that both reactive oxygen species play a vital role in the
degradation process. Upon visible-light irradiation, Tb,Cu,O5
absorbs photons due to its narrow bandgap (~1.61 eV),
promoting the electrons from the valence band (VB) to the
conduction band (CB), thereby forming photogenerated elec-
trons (e”) and holes (h"):

Tb,Cu,Os + v — e~ (CB) + h* (VB) (8)

The electrons generated in the conduction band can reduce
the surface-adsorbed oxygen molecules (O,) to form superoxide
radicals:
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e + Oz - .027 (9)

Concurrently, valence-band photogenerated holes may
oxidize water molecules or surface hydroxyl groups to form
highly reactive hydroxyl radicals:

h* + H,0 - "OH + H" (10)

(11)

These reactive oxygen species, i.e., "OH and ‘O, ", destroy and
decompose the organic dye molecules to innocuous products
such as CO, and H,O. The very strong inhibitory effect of BA
confirms that 'OH is one of the most dominating oxidative
species, and partial inhibition by BQ indicates that "O,  plays
a significant role but less dominantly. Thus, the photocatalytic
degradation mechanism of Tb,Cu,0Os5 involves both oxidative
and reductive pathways, where ‘OH radicals generated as
a result of hole-mediated water oxidation are the predominant
oxidizers, while ‘O, radicals generated as a result of electron—
oxygen interaction provide additional degradation support.>®

The photocatalytic efficiency of Tb,Cu,05 was determined
using pseudo-first-order kinetic modeling, which is illustrated
in Fig. 7. The degradation kinetics of the organic dye (Fig. 7a)
indicated differences in reaction rates for each type of dye based
on geometric structure. Erythrosine (ER) has a rate constant of k
= 0.08958 min ', providing the best reaction rate among the
other dyes, which had much slower reaction rates, implying
little to no adsorption and limited interaction with the surface
of the catalyst, indicating the selectivity of Tb,Cu,O5 toward
specific dye structures next to geometric adsorption and
degradation characteristics. The effect of initial dye concentra-
tion (10, 15, and 20 ppm) on degradation rate is illustrated in
Fig. 7b. When the concentration increased, the rate constant
decreased slightly (k = 0.14246 min ' at 10 ppm, k =
0.13286 min~ ' at 20 ppm). This was attributed to the saturation
of the active sites and the limited light penetration through the
catalyst surface in concentrated dye solutions.

The kinetics of the photocatalytic degradation were investi-
gated using the Langmuir-Hinshelwood pseudo-first-order
model. In general, In(Cy/C,) versus irradiation time will
provide a straight line; however, a small deviation from linearity
was observed at the end of the irradiation period. This small
deviation is most likely due to the extremely low absorbance
(i.e., 0.001), which is very close to the detection limit of the UV-
vis spectrophotometer, such that even minor instrument noise
or fluctuations in the UV-vis spectrophotometer can produce
a substantial alteration in the In(Co/Cy), thereby lowering the R*
value. Similar kinetic deviations at near-complete dye removal
have been widely reported in photocatalytic studies and are
considered an experimental limitation rather than a change in
the reaction mechanism or kinetic order.”*?' The effect of
catalyst dosage supplemented by other test results from above
(Fig. 7c) indicates a clear increase in photocatalytic efficiency
with an increasing amount of Tb,Cu,Os. The rate constant
increased from k = 0.05129 min' at 30 mg to k =
0.21417 min~ ' at 70 mg due to the numerous active sites

h*+ OH™ — "OH

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Kinetics plots of Tb,Cu,Os under different conditions (a) different organic contaminants, (b) different concentration of ER, (c) different and
(d) different pHs after 35 min under visible light.

available and the preferred formation of reactive oxygen
species. As demonstrated by the test, increasing the amount of
catalyst used to conduct the experiment resulted in deviations
from pure linearity with respect to the relationship between
reactant concentration and kinetic rate. Specifically, if a large

amount of catalyst is added to a sample, the increase will cause
several problems, including light scattering, shielding effects,
particle agglomeration, and mass transfer limitations, which
will negatively impact the observed kinetic fit. Therefore, the
result showed that the deviation observed at the higher level of

Table 3 Comparison of the photocatalytic performances of different compounds

Nanocatalyst Preparation method Dye Efficiency (%) Duration (min) Ref.
Tb,Cu,05 Sonochemical Erythrosine 100.0 35 Current work
La,Cu04-ZnO Green synthesis Malachite green 91.0 120 35
Sm,CuO, Sonochemical Methyl orange 91.4 100 36
La,Cu,Os5 Sonochemical Acid black 80.1 120 37
Co,CuO, Co-precipitation Acid brown 14 79.0 90 38
Lu,Cu,05,Lu,03 Auto combustion Thymol blue 98.5 120 39
ZnO/La,0;/NiO Co-precipitation Methylene blue 98.0 150 40
La,Ti, O, Sol-gel Reactive red 22 99.0 180 41
CuO Sol-gel Methylene blue 85.0 50 42
Ce,Sn,0, Co-precipitation Methylene blue 80.0 60 43
La,Sn,0; Hydrothermal Methyl orange 98.0 50 44
Cu;B,0¢ Co-precipitation Acid violet 7 86.0 90 45
Sm,Ti, 05 Co-precipitation Rhodamine B 94.0 80 46
Dy,Cu,0s5 Sonochemical Phenol red 96.4 120 47
CoFe,0, Co-precipitation Congo red 91.0 90 48
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the catalyst is not indicative of a change in the order of reaction
but instead reveals what limitations exist for the photocatalytic
system that are inherent in having too high a concentration of
solids present.*>>* The solution pH significantly influenced
photocatalytic activity, as shown in Fig. 7d. The catalyst
demonstrated the greatest activity in an acidic medium (pH = 3)
with a rate constant k = 0.14246 min~*; neutral and basic
mediums demonstrated significantly lower performance (k =
0.05697 min ' at pH = 7 and k = 0.02783 min " at pH = 10).
The increase in activity in acidic medium could be attributed to
favorable surface charge interactions and stability of photog-
enerated radicals. The photocatalytic degradation kinetics
generally follow a pseudo-first-order model. Deviations from
linearity observed at higher catalyst loadings are attributed to
light scattering, shielding effects, and surface saturation rather
than a change in reaction order. These phenomena are
commonly reported in heterogeneous photocatalytic systems at
elevated catalyst concentrations.

3.2.3. Comparison investigation. The photocatalytic
activity of the prepared Tb,Cu,Os was fully evaluated and
compared with the reported materials for water pollutant
degradation, as presented in Table 3. It can be seen that
Tb,Cu,0s5 exhibits excellent photocatalytic activity for water
treatment, with performance similar to those of other struc-
turally analogous photocatalysts.

4. Conclusions

The preparation of Tb,Cu,Os nanostructures was executed
successfully using an ultrasonic-assisted method that provided
good control of the composition, morphology, and crystallinity
of the final product. The synthesis condition determined to
achieve the best results was at a 60-W power for 15 min, which
provided highly crystalline, well-distributed nanoparticles with
minimal agglomeration. After surface and structural charac-
terization, the development of pure Tb,Cu,Os5 phase and the
desired nanoscale morphology were confirmed separately. In
terms of photocatalytic evaluation, Tb,Cu,Os had a high activity
under visible light for the degradation of a range of organic
dyes, where ER degradation exceeded 95% within 30 min.
Operations such as initial dye concentration, catalyst dosage,
and pH affected the photocatalytic efficiency (the pH between
neutral and slightly acidic levels was most applicable). The
scavenger studies confirmed that hydroxyl and superoxide
radicals were primarily responsible for pollutant degradation.
The synthesized Tb,Cu,Os photocatalyst offers great promise
towards environmental remediation, particularly visible-light-
driven wastewater purification. With competitive activity
against the other reported photocatalysts, its inclusion in real-
world applications is highly plausible.
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