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ARTICLE INFO ABSTRACT

The relentless discharge of synthetic dyes from industrial sectors poses severe threats to aquatic ecosystems and

Ilf]mcr:;lysi s public health due to their toxicity, persistence, and resistance to conventional treatment methods. Addressing
Terbium-doped U-TiO, these concerns, we developed a urea-modified terbium-doped titanium dioxide (Tb-U-TiO,) photocatalyst via a
UV-C and Solar light sol-gel technique followed by thermal treatment. The synergistic effect of Tb* doping and urea modification en-
Dye breakdown hanced crystallinity, extended visible-light absorption, and suppressed charge recombination. Comprehensive
Microbial disinfection characterization using XRD, FT-IR, Raman, FE-SEM, HR-TEM, XPS, PL, and UV-DRS confirmed structural, mor-
phological, and optical improvements. Photocatalytic activity was assessed by degrading Acid Black 1 (AB 1) un-
der UV-C and Reactive Red 120 (RR 120) under natural sunlight. The optimized 0.4 wt% Tb-U-TiO, catalyst
achieved complete degradation of AB 1 and 96.87% removal of RR 120, outperforming unmodified U-TiO,. Ki-
netic studies revealed pseudo-first-order behaviour, and parameter optimization established ideal pH and cata-
lyst loading conditions. GC-MS analysis identified key intermediates and proposed a degradation pathway. Radi-
cal scavenging experiments confirmed that O,e and h* were the dominant active species. Beyond dye removal,
the catalyst exhibited strong antibacterial activity against both Gram-positive and Gram-negative strains, demon-
strating its dual functionality in pollutant degradation and microbial disinfection. The material also showed ex-
cellent stability and reusability over multiple cycles with negligible performance loss. Overall, this work presents
Tb-U-TiO, as a cost-effective, solar-responsive, and multifunctional photocatalyst with significant promise for

next-generation integrated wastewater treatment and environmental protection.
1. Introduction ing crop residue, factory waste, infectious microbes, and everyday
waste [2]. Synthetic dyes are chemically engineered colorants widely
The commercialization of dyes reached its peak as various sectors, used in textiles, cosmetics, and food due to their vibrant hues and sta-
involving garments, groceries, drugs, scientific fields, and commercial bility [3]. They are broadly classified into ionic (cationic/anionic) and
uses kicked off to adopt them extensively [1]. Researchers throughout nonionic types based on their charge and application method. Cationic
the world were looking at ways to manage water contaminants includ- dyes bind strongly to negatively charged surfaces like acrylic, while an-
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ionic dyes adhere to positively charged materials such as cotton and
wool via electrostatic interactions [4,5]. Nonionic dyes, lacking charge,
rely on hydrogen bonding and van der Waals forces, making them suit-
able for neutral surfaces like polyester. Disperse and vat dyes are com-
mon examples of nonionic dyes [6]. However, synthetic dye effluents
significantly threaten water quality, reducing light penetration and
harming aquatic life [7]. Azo dyes (~N=N-), in particular, are of con-
cern due to their toxicity and persistence in ecosystems. They can dis-
rupt photosynthesis, oxygen levels, and aquatic biodiversity [8]. Thus,
sustainable dyeing methods and stricter regulations are crucial for en-
vironmental protection. The elimination of pigments from commercial
by-products is imperative for the reason of the possibility of tumor-
causing and mutation-triggering effects, which present significant risks
to biodiversity and community health [9,10]. Moreover, dye-laden in-
dustrial effluents significantly hinder light penetration in aquatic envi-
ronments, disrupting photosynthetic activity, depleting dissolved oxy-
gen levels, and endangering aquatic ecosystems [11]. The advent of
nanotechnology has revolutionized wastewater treatment and recy-
cling, offering advanced approaches including membrane filtration,
enhanced sludge processing, reverse osmosis, flocculation, and light-
driven photocatalytic systems [12]. Traditional approaches such as
physical adsorption and biological treatments often fall short in effec-
tively eliminating dyes from wastewater, particularly reactive dyes
[13]. Due to their complex molecular architecture and the presence of
multiple functional groups, these dyes establish strong covalent bonds
with substrates. This structural rigidity significantly impedes their
breakdown, making them resistant to conventional removal tech-
niques [14,15]. To tackle the limitations of conventional treatment
methods, advanced oxidation processes (AOPs) have emerged as effec-
tive alternatives for eliminating soluble dyes that resist standard re-
moval techniques [16]. Among these, photocatalysis stands out as a
powerful strategy, utilizing light energy in combination with a catalyst
to initiate and accelerate the oxidative breakdown of organic contami-
nants [17]. This method harnesses photo-induced reactive species to
efficiently degrade persistent dye molecules into non-toxic end prod-
ucts [18]. Numerous studies have focused on the development of
solid-phase photocatalysts like ZnO, TiO,, CdS, and WO,, aiming to
enhance the breakdown of dye pollutants [19,20]. These semiconduc-
tor materials are being extensively explored for their ability to harness
light energy and trigger efficient degradation of complex dye mole-
cules in contaminated water systems. Photocatalysts are generally
solid-state materials, widely studied metal oxides, for example, tita-
nium dioxide (TiO,) and zinc oxide (ZnO), that interact with reactants
present in liquid or gas phases [21]. When exposed to light, these
solids absorb energy, exciting electrons and creating charge pairs gen-
erated by light. The generated charge carriers diffuse toward the cata-
lyst surface, where they initiate oxidation and reduction reactions
with molecules that are adsorbed onto the material’s surface [22,23].
For practical applications, titanium dioxide (TiO,) is considered one of
the most efficient photocatalysts, owing to its remarkable attributes. It
is environmentally friendly, highly efficient in facilitating electron
transfer, and economically viable [24]. Moreover, TiO, exhibits excep-
tional stability under both chemical and thermal conditions, making it
a durable and reliable choice for various photocatalytic processes
[25]. Upon light activation, it generates electron-hole pairs that inter-
act with organic contaminants, initiating reactions that break down
and eliminate these pollutants. Despite its advantages, TiO, faces limi-
tations including a lack of visible light absorption, limited efficiency in
degrading certain pollutants, and reduced effectiveness in the pres-
ence of interfering substances [26]. Consequently, enhancing titanium
oxide’s capability to selectively degrade highly toxic contaminants un-
der visible light is a critical research focus [27]. Terbium (Tb), a rare
earth element, has partially filled 4f orbitals and vacant 5d orbitals
that allow it to absorb visible light effectively. These unique electronic
properties enable terbium not only to enhance catalytic processes but
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also to function as a catalyst itself [28]. When incorporated into TiO,
as a dopant, terbium significantly enhances the material’s lumines-
cence, making it particularly attractive for photocatalytic applications.
Known for its strong green emission due to intra-4f electronic transi-
tions within the 400-600 nm range, terbium plays a crucial role in
modifying TiO,’s optical characteristics. Its presence leads to the ex-
tension of the absorption edge into the red region, enabling better uti-
lization of visible light. Additionally, terbium helps to hinder the re-
combination of photogenerated charge carriers, resulting in enhanced
charge separation and superior photocatalytic activity. As a result, ter-
bium-doped TiO, stands out as a highly effective photocatalyst for en-
vironmental remediation and solar-driven applications [29-31].

Recent studies have reported the use of advanced composite materi-
als for photocatalytic degradation. For instance, S. tul Shafa et al. [32]
investigated a copper and terbium co-doped nickel ferrite
(CuxNi,_IbyFe,y0O,, x, y = 0.1) integrated with MXene (CTNF/MX-
ene) for the efficient degradation of Congo Red (CR), Crystal Violet
(CV), and Diclofenac Sodium (DS) under visible light. Results demon-
strated that the incorporation of terbium and copper significantly de-
creased the crystallite size and band gap energy, improved absorption
in the visible light region, and suppressed the recombination of elec-
tron-hole pairs, thereby enhancing photocatalytic performance. The in-
corporation of MXene as a co-catalyst further facilitated electron trap-
ping and improved photocatalytic efficiency. Enhanced surface area
and pollutant adsorption due to terbium's complexation ability con-
tributed to higher degradation efficiencies: CR (91 %), CV (77 %), and
DS (81 %). Overall, CTNF/MXene outperformed NF, CNF, TNF, and
CTNF alone in photocatalytic performance under visible light. In recent
investigations, L. Lal et al., [33] investigated the photocatalytic degra-
dation of malachite green dye employing Tb*-doped nickel sulfide
nanoparticles, targeting the mitigation of environmental issues caused
by synthetic dye pollution. The catalyst underwent detailed analysis
through XRD, SEM, TEM, PL, XPS, and UV-Vis techniques. The research
reported that 94 % degradation was attained within 90 min, signifi-
cantly influenced by pH and the presence of additives. Transition-metal
ions and inorganic oxidants facilitated degradation, in contrast to inor-
ganic anions which hindered it. Additionally, an artificial neural net-
work (ANN) model accurately predicted degradation behavior, under-
scoring the potential of ANN in optimizing photocatalytic systems for
wastewater treatment. Recent work by N. AlMasoud et al., [34] focused
on the photocatalytic breakdown of carcinogenic dyes like crystal violet
and rhodamine B using lithium nickel ferrite-based nanocomposites.
Ferrites, known for their strong visible light absorption and efficient
charge carrier mobility, were synthesized along with terbium-doped
variants and combined with graphitic carbon nitride (g-C;N,) via sol-
gel and ultrasonication methods. The LiNiTbFe,0,@g-C;N, composite
exhibited superior photocatalytic activity, degrading 86 % of crystal vi-
olet and 83 % of rhodamine B within 120 min. Structural and optical
characterizations confirmed enhanced charge separation and a reduced
bandgap of 1.87 eV. These findings highlight the potential of rare-
earth-doped ferrite/g-C;N, composites for effective wastewater treat-
ment. NS Arul et al., [35] synthesized CeO,/Tb,0, nanotubes (NTs) us-
ing a surfactant-free co-precipitation method. Structural and composi-
tional characterizations via HRTEM, XPS, and EDAX confirmed the for-
mation of CeO,/Tb,0, NTs. The photocatalytic activity was assessed
through the breakdown of methylene blue (MB) exposed to visible
light. The reaction proceeded according to pseudo-first-order kinetics,
with rate constants of 0.0134 min™ for CeO, NPs and 0.0317 min™ for
Ce0,/Tb,0; NTs. The nanotubes exhibited a high photodegradation ef-
ficiency of 93 % within 75 min, outperforming pure CeO, NPs (66 %).
The observed enhancement arises from facilitated charge separation
and enhanced sensitivity to visible light.

In this study, urea-modified terbium-doped titanium dioxide (Tb-U-
TiO,) photocatalysts were synthesized via a sol-gel method followed by
thermal treatment. Their photocatalytic performance was assessed
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through the degradation of Acid Black 1 under UV-C light and Reactive
Red 120 under natural sunlight. The influence of Tb doping and urea
modification on structural and optical properties was systematically in-
vestigated. GC-MS analysis was conducted to identify degradation in-
termediates and propose a possible degradation pathway. Additionally,
the antibacterial activity of the optimized catalyst was evaluated
against selected bacterial strains. The catalyst exhibited excellent pho-
tocatalytic efficiency, reusability, and antibacterial performance,
demonstrating its potential for wastewater treatment and disinfection
applications.

2. Experimental procedure
2.1. Chemical ingredients

High-purity analytical reagent (AR) grade chemicals were used
throughout the study, with no need for further purification. The pri-
mary reagents included 2-propanol (CH,CH(OH)CH,; CAS No:
67-63-0, MW: 60.1 g/mol), titanium isopropoxide (C,,H,;0,Ti; CAS
No: 546-68-9, MW: 284.22 g/mol), terbium nitrate pentahydrate (Tb
(NO,);5H,0; CAS No: 57,584-27-7, MW: 435.02 g/mol), urea
(CH,N,O; CAS No: 57-13-6, MW: 60.0553 g/mol) and glacial acetic
acid (CH;COOH; CAS No: 64-19-7, MW: 60.05 g/mol) were employed.
Deionized water and ethanol served as solvents during both the synthe-
sis and purification processes. The structural formula and absorption
maxima of the azo dyes Acid Black 1 and Reactive Red 120 are detailed
in Table S1.

2.2. Fabrication of urea-mediated Tb-TiO, and U-TiO,

The fabrication process commenced by creating Solution A, where
20 mmol (1.201 g) of urea was dissolved in 40 mL of 2-propanol. Sub-
sequently, 2 mL of glacial acetic acid, 5 mL of deionized water, and
30 mg of terbium nitrate pentahydrate were added stepwise to the solu-
tion. In parallel, Solution B was formed by mixing 10 mL of titanium
isopropoxide with 30 mL of 2-propanol until fully dissolved. Afterward,
Solution A and Solution B were blended together and stirred intensively
for 1 h to achieve a uniform mixture. The combined solution was placed
into a 100 mL Teflon-lined stainless-steel autoclave and underwent hy-
drothermal processing at 130 °C for 12 h inside a hot air oven. After
cooling to ambient temperature, the precipitate was separated through
filtration, rinsed thoroughly three times using a 1:1 ethanol-water solu-
tion, and then dried at 90 °C for 10 h. The obtained dry powder was
finely ground using a mortar and pestle, placed in a silica crucible, and
calcined at 600 °C for 5 h in a muffle furnace. Following gradual cool-
ing to ambient temperature, the resultant Tb-doped U-TiO, photocata-
lyst containing 0.4 wt % Tb was retrieved and stored for later use. For
comparative analysis, catalysts with varying terbium content were syn-
thesized by following the same protocol using 15 mg (0.2 wt %) and
60 mg (0.8 wt %) of terbium nitrate pentahydrate. The pristine U-TiO,
sample was synthesized under the same conditions, omitting terbium
doping.

2.3. Characterization techniques

A comprehensive set of analytical techniques was employed to in-
vestigate the structural, optical, and surface characteristics of the syn-
thesized photocatalysts. Powder X-ray diffraction (PXRD) measure-
ments were carried out using a PANalytical X'Pert PRO diffractometer
equipped with a 15 KVA UPS, within a 26 range of 20°-80°, to confirm
phase purity and crystal structure. Fourier-transform infrared spec-
troscopy (FT-IR) (Thermo Fisher Nicolet iS5) was used to identify sur-
face functional groups, while Raman spectroscopy (Image Spectrograph
STR, 500 mm focal length) provided high-resolution vibrational infor-
mation with a spectral resolution of 1/0.6 cm™ per pixel and a flat field
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of 27 x 14 mm. The optical properties were studied using a Jasco V-
650 UV-Vis spectrophotometer covering 200-800 nm, along with dif-
fuse reflectance spectroscopy (DRS) to evaluate absorption behavior.
Photoluminescence (PL) spectra were recorded at 77 K on a Varian
Cary Eclipse spectrometer to probe charge carrier recombination and
electronic transitions. Additional UV-Vis absorption analysis was per-
formed using a Perkin-Elmer Lambda 35 spectrometer to validate
light-matter interactions. For morphological studies, field-emission
scanning electron microscopy (FE-SEM, Carl Zeiss Sigma 300) was em-
ployed, offering up to 1.0 nm resolution at 15 kV and operability be-
tween 0.02-30 kV. Elemental mapping and compositional analysis
were obtained through energy-dispersive X-ray spectroscopy (EDS) in-
tegrated into the FE-SEM system. Further insight into nanoscale struc-
ture was achieved by high-resolution transmission electron microscopy
(HR-TEM, JEOL JEM-2100 Plus, Japan), supported by selected area
electron diffraction (SAED) to verify crystallinity. Finally, the elemental
states and surface chemical composition were determined by X-ray pho-
toelectron spectroscopy (XPS, PHI Versaprobe III), providing crucial in-
formation on oxidation states and bonding environments.

2.4. Evaluation of photocatalytic performance

The photocatalytic degradation of the azo dye Acid Black 1 (AB 1)
was carried out using a Heber multi-lamp photoreactor (Model: HML-
COMPACT-LP-MP88). The reactor was equipped with four low-pressure
mercury UV-C lamps, each rated at 8 W, emitting predominantly at a
wavelength of 254 nm. For the photocatalytic degradation studies,
20 mg of the catalyst, either undoped U-TiO, or terbium (Tb)-doped U-
TiO,, was dispersed in 100 mL of Acid Black 1 (AB 1) dye solution at a
concentration of 20 ppm and neutral pH (pH 7). To ensure equilibrium
between adsorption and desorption of dye molecules on the catalyst
surface, the suspension was magnetically stirred in the dark for 30 min.
After this equilibration step, the suspension was transferred into cylin-
drical quartz reaction tubes (inner diameter: 2.5 cm; length: 37 cm)
and kept under constant stirring in dark conditions until the photocat-
alytic reaction was initiated by irradiation. The dye suspension was
subsequently subjected to UV-C light irradiation. At regular intervals of
10 min, 3 mL aliquots were extracted from the reaction mixture for fur-
ther analysis. Each sample was centrifuged using a REMI-R-8C cen-
trifuge to filter out the solid photocatalyst, and the clear solution was
analyzed using UV-Visible spectrophotometry to monitor the degrada-
tion progress. The experiments were performed in triplicate. The same
experimental procedure was repeated under natural sunlight irradia-
tion (950 W/m? humidity ~ 70 %; wind speed ~ 12-16 km/h) for RR
120 dye degradation, and samples collected at 30-min intervals. The
absorbance of each sample was recorded to assess the light-driven cat-
alytic efficiency of the materials under solar light conditions. The rela-
tive decrease in azo dye concentration ( %) was determined using Eq.

.

Cy-C
Catalytic Breakdown efficiency of the azo dyes (%) = % x100 (1)
0

Here, C, denotes the starting concentration of the azo dyes, namely
Acid Black 1 (AB 1) and Reactive Red 120 (RR 120) and C, denotes the
concentration after irradiation for time t.

Detailed methodologies pertaining to the collection of test
pathogens, assessment of antibacterial activity via the disc diffusion
method, and analysis of degradation pathway via GC-MS (sample
preparation method) are provided in the Supporting Information
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3. Results and discussion
3.1. Microstructural and light-absorption insights

3.1.1. Structural phase identification

X-ray diffraction (XRD) analysis was performed to examine the crys-
tal structures of the pristine U-TiO, and terbium-doped U-TiO, (Tb-U-
TiO,) photocatalysts, with the results presented in Fig. 1. For the un-
doped U-TiO, sample, prominent diffraction peaks appeared at 20 an-
gles of 25.68° (101), 36.18° (103), 38.04° (004), 39.91° (112), 48.27°
(200), 54.23° (105), 55.38° (211), 62.49° (213), 63.21° (204), 68.97°
(116), 70.75° (220), 74.04° (107), 75.33° (215), and 76.42° (301).
These characteristic peaks correspond well with the standard JCPDS
card No. 21-1272, confirming that the material crystallizes in the
anatase phase possessing a tetragonal crystal structure [36,37]. This
form of TiO, is well-known for its excellent photocatalytic performance
due to its high surface area and effective charge carrier mobility. When
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U-TiO, was doped with terbium (Tb), the XRD patterns showed no addi-
tional peaks, indicating that the anatase phase remains stable even after
doping. However, the peaks became slightly broader and shifted mar-
ginally towards higher angles. This broadening suggests a decrease in
crystallite size or the presence of increased lattice strain, while the shift
in peak position points to subtle distortions in the crystal lattice due to
the introduction of Tb ions. These structural changes confirm that Tb*
ions have successfully entered the TiO, lattice. Due to the ionic radius
of Tb* (~0.92 A) is larger than that of Ti* (~0.61 f\), this substitution
introduces lattice strain and can result in the emergence of oxygen va-
cancies to equalize charge imbalance. Such oxygen vacancies actively
improve photocatalytic properties by improving charge separation and
increasing surface active sites. Doping U-TiO, with terbium adjusts its
crystal structure and electronic properties, resulting in Tb-U-TiO, ex-
hibiting superior photocatalytic performance through increased light
absorption and more effective separation of photo-induced charge car-
riers.
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Fig. 1. X-ray diffraction (XRD) spectra of (a) standard anatase TiO, (JCPDS card No. 21-1272), (b) undoped TiO, (U-TiO,), and Tb-doped U-TiO, photocatalysts

with terbium concentrations of (c) 0.2 wt %, (d) 0.4 wt %, and (e) 0.8 wt %.
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3.1.2. Functional group identification

The FT-IR spectra of both undoped U-TiO, and Tb-doped U-TiO,
nanoparticles, presented in Fig. 2a, provide important insights into the
structural composition and surface properties of the synthesized cata-
lysts within the wavenumber range of 400-4000 cm™. In the region of
lower wavenumber (400-800 cm™), a noticeable absorption band is
present, which can be attributed to the flexural vibrations of O-Ti-O
bonds. This characteristic confirms the development of crystalline TiO,,
demonstrating a well-organized lattice arrangement in the catalyst
structure [38]. At 1640 cm™, a distinct absorption peak emerges, attrib-
uted to the bending vibrations of surface hydroxyl (-OH) groups, which
play a vital role in photocatalytic activity by facilitating pollutant ad-
sorption and triggering the reaction process [39,40]. Moreover, a broad
absorption band observed in the 3300-3700 cm™ corresponds to the
stretching vibrations of water molecules physically adsorbed on the cat-
alyst surface. The interaction with hydroxyl groups emphasizes the hy-
drophilic nature of the TiO, surface [41]. Importantly, the Tb-doped U-
TiO, samples exhibit these key spectral features consistently, although
slight shifts in peak positions are evident, implying that terbium incor-
poration does not disrupt the fundamental structure and surface chem-
istry of the TiO, matrix.

3.1.3. Vibrational modes analysis

Fig. 2b displays the Raman spectra for both the undoped TiO, (U-
TiO,) and terbium-doped TiO, (Tb-U-TiO,) catalysts. Characteristic
peaks for the anatase phase of TiO, appear at 143.69, 394.90, 517.96,
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and 639.36 cm”, corresponding to the Eqy, Bigqy, Ajgt By, and
Eg() vibrational modes, respectively [42]. The peak observed at ap-
proximately 143.69 cm™ corresponds to the symmetric stretching vi-
brations of oxygen atoms in the O-Ti-O bonds, whereas the peak near
394.90 cm™ is due to the symmetric bending vibrations of the O-Ti-O
mode. The 517.96 cm™ band signifies antisymmetric bending vibra-
tions, and the 639.36 cm™ peak reflects symmetric stretching, all
linked to the fundamental vibrational modes of anatase TiO,. Upon
doping with Tb, noticeable changes in the Raman spectra occur.
Specifically, peak broadening and enhanced intensity are observed at
doping levels of 0.2 wt % and 0.4 wt % Tb, with further broadening at
0.8 wt % Tb, indicating subtle lattice disturbances induced by the Tb
incorporation. However, the absence of any additional peaks confirms
that the intrinsic vibrational structure of anatase TiO, remains unal-
tered. This broadening effect is a hallmark of lattice distortion and
variations in crystallinity, which validate the effective embedding of
Tb ions into the TiO, framework. Such modifications can positively in-
fluence photocatalytic efficiency by promoting better charge carrier
separation and surface reactivity, all while preserving the structural in-
tegrity of the anatase phase.

3.1.4. Charge carrier recombination study

Photoluminescence (PL) spectroscopy was employed to evaluate the
charge carrier dynamics, Specifically, the spatial separation and recom-
bination dynamics of light-generated electron-hole pairs, in both un-
doped TiO, (U-TiO,) and terbium-doped TiO, (Tb-U-TiO,) photocata-

by | 3 5
{“] {J wl m'_ﬁ B
= = g+, W
& E‘_ -
- 5 N S )
= - -
£ "
= £
= = [, |
= =
E —
. =
- =
- E (i)
b= =
ﬁ J 'q. ~ - — nl
JINED Je00 3B TR0 2 D00A  1EB0 130D Roa 400 200 HLHR M) HIHE 10 (] 1400 (LI
- 3 - _I
Wavenumber (em™) Raman Shift (cm™)
{c) — 1 TiilD,
—— 0.2 wt% Th-U-TiO,
=] 0.4 W% Th-U-TiO),
& e 0.8 W% Th-U-TiO,
-:I
w
g
o
o
=]
-
B
350 400 450 Sinll 54 &0

Wavelength (nm)

Fig. 2. (a) FT-IR spectra, (b) FT-Raman spectra, and (c) PL spectra of (i) undoped urea-derived TiO, (U-TiO,) and terbium (Tb)-doped U-TiO, photocatalysts at differ-

ent doping concentrations: (ii) 0.2 wt %, (iii) 0.4 wt %, and (iv) 0.8 wt %.
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lysts. As depicted in Fig. 2c, the PL spectra of these samples revealed
distinct emission peaks at wavelengths of 362, 378, 385, 408, 438, 461,
and 491 nm [45,46]. The undoped U-TiO, sample exhibited relatively
lower PL intensity, suggesting suppressed charge carrier recombination
and a longer lifetime of photogenerated electrons and holes, which is
generally favourable for photocatalysis. Interestingly, the Tb-doped U-
TiO, photocatalyst displayed higher PL intensities, particularly at a
doping concentration of 0.4 wt %, which typically indicates increased
recombination. However, despite the higher PL signal, the Tb-doped
samples showed improved photocatalytic activity. This apparent con-
tradiction may be attributed to the role of Tb* ions in introducing local-
ized energy states or surface defects that enhance visible-light absorp-
tion and facilitate interfacial charge transfer, thereby compensating for
the recombination loss. Thus, the improved photocatalytic performance
may stem not solely from reduced recombination, but from a combina-
tion of enhanced light harvesting, effective charge separation at active
sites, and increased generation of reactive species. Each PL peak corre-
sponds to specific electronic transitions and defect states within the
TiO, lattice. For instance, the emission at 378 nm originates from the
band edge, while the 408 nm peak is attributed to shallow trap states
[47,48]. The 461 nm emission signifies surface-related defects involv-
ing surface-level traps or lattice oxygen vacancies, and the pronounced
peak at 491 nm is associated with oxygen-depleted regions, also known
as F-centers [49,50]. As noted earlier in the XRD analysis, the substitu-
tion of Ti* ions by Tb*® within the TiO, crystal framework leads to a
charge disparity, arising from the mismatch in their oxidation states. To
compensate, the system forms oxygen-deficient sites, which have a piv-
otal role in enhancing photocatalytic activity by serving as active sites
for charge separation and reactive species generation. Interestingly, the
majority of emission maxima appear in the ultraviolet region
(300-400 nm), with the most intense response observed for the 0.4
wt % Tb-doped TiO, sample. This optimal doping level not only en-
hances PL emission but also slightly shifts the peak positions, suggest-
ing modifications in the local electronic environment. These observa-
tions demonstrate that embedding of Tb* not only tunes the defect
structure but also significantly boosts the sustained segregation of pho-
togenerated electron-hole pairs by the catalyst, leading to superior per-
formance under UV-C light compared to the undoped TiO, and other Tb
doping concentrations.

3.1.5. Optical band gap determination

Fig. 3a presents the UV-Vis absorption spectra, which were em-
ployed to assess the light-harvesting efficiency of both pure and Tb-
doped TiO, photocatalysts. The corresponding optical band gaps of the
fabricated photocatalysts were estimated using the Kubelka-Munk
function, F(R), based on established mathematical expressions pro-
vided in the subsequent equations [43,44].

(F(R)hv)" = A (hv — Eg) @3]
2
FR) = d-R) 3
2R

Here, R denotes the material’s diffuse reflectance, and hv signifies
the photon energy, with h representing Planck’s constant and v the fre-
quency of the incoming light. The factor A serves as a proportionality
constant, capturing the material’s inherent optical properties. The ex-
ponent n depends on the type of semiconductor band gap, where n
equals 2 for direct band gap materials and % for those with an indirect
band gap. In semiconductor physics, a common method to determine a
material’s band gap energy (E,) involves examining its optical absorp-
tion behavior. This is typically done using a Kubelka-Munk plot, where
the value of E, is determined by extrapolating the linear portion of the
plot of (F(R)hv)" to the x-axis (photon energy axis). For direct band gap
semiconductors like TiO,, n = 2 is used in the calculation. As shown in
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Fig. 3b, the undoped U-TiO, catalyst exhibits a band gap energy of
3.32 eV. Upon doping with terbium

(Tb), variations in the band gap were observed depending on the
dopant concentration. Specifically, the band gap energies for Tb-doped
U-TiO, were estimated to be 3.30 eV, 3.36 eV, and 3.35 eV for Tb con-
centrations of 0.2 wt %, 0.4 wt %, and 0.8 wt %, respectively (Fig. 3c-
e). Notably, a slight narrowing of the band gap at lower level (0.2 wt %)
was observed, while the band gap widened marginally at the higher
concentration. This tuning of the band gap through Tb incorporation
signifies a meaningful shift in the absorption cutoff, shifting toward vis-
ible light, which is crucial for enhancing photocatalytic performance.
Among the synthesized materials, the 0.4 wt % Tb-doped U-TiO, exhib-
ited enhanced visible light absorption across the entire visible spec-
trum. This improved light-harvesting capability enables the catalyst to
absorb a broader range of sunlight wavelengths, thereby increasing the
generation of electron-hole pairs. As a result, more reactive species are
formed, which significantly enhances the degradation of pollutants un-
der light irradiation.

3.2. Particle morphology investigation

3.2.1. Nanoscale surface morphology and nanostructure visualization
analysis

Field emission scanning electron microscopy (FE-SEM) facilitated
the examination of surface and particle structure of the prepared photo-
catalysts, namely pristine U-TiO, and 0.4 wt % Tb-doped U-TiO,. The
corresponding FE-SEM micrographs captured at various magnifications
appear in Fig. 4a—f. As indicated in Fig. 4a—c, the bare U-TiO, exhibits
aggregated yet well-dispersed spherical nanoparticles. These clusters
are indicative of a relatively uniform growth habit, although some de-
gree of agglomeration is evident, likely arising from interparticle inter-
actions during the thermal treatment. Despite the aggregation, the
spherical shape is maintained throughout the sample, reflecting a con-
sistent synthetic process.

Upon doping with terbium (0.4 wt %), the FE-SEM scans in Fig. 4d—f
reveal that the spherical morphology is largely preserved, confirming
that Tb incorporation does not cause major alterations to the native
morphology of TiO, particles. Remarkably, the Tb-U-TiO, micrographs
display regions with smoother and more homogeneous surface textures
compared to the undoped sample. This textural refinement suggests an
improved dispersion and integration of Tb ions within the TiO, matrix,
potentially facilitating a more uniform nucleation and growth during
synthesis. Moreover, both pristine and Tb-doped samples exhibit parti-
cle sizes within the nanometer scale, which is crucial for photocatalytic
applications. The nanoscale size guarantees an elevated surface area
relative to volume, thereby enhancing the concentration of active sites
that facilitate efficient light absorption and surface redox processes. As
a result, the FE-SEM analysis confirms that Tb doping at 0.4 wt % main-
tains the morphological integrity of U-TiO, while subtly enhancing sur-
face uniformity. This morphological stability, coupled with nanoscale
particle size, is expected to contribute positively to the photocatalytic
performance of the material by optimizing light absorption and charge
carrier dynamics.

The FE-SEM micrographs of Tb-U-TiO, with other doping concentra-
tions (0.2 wt % and 0.8 wt %) are presented in Fig. S1 (see Supporting
information). Specifically, Fig. Sla-c corresponds to 0.2 wt % Tb-U-
TiO,, while Fig. S1d-f represents 0.8 wt % Tb-U-TiO,. In both cases,
the surface morphology reveals densely packed, unevenly distributed
clusters composed of aggregated spherical nanoparticles, indicating
that Tb doping does not significantly alter the overall spherical mor-
phology but may influence the degree of particle agglomeration.

3.2.2. Elemental distribution studies
Energy dispersive spectroscopy (EDS) and elemental mapping, were
performed in conjunction with FE-SEM and HR-TEM analyses, offered a
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Fig. 3. (a) UV-Vis diffuse reflectance spectra with their associated Kubelka-Munk (KM) plots for (b) pristine U-TiO, and Tb-doped U-TiO, photocatalysts at doping
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Fig. 4. FE-SEM scans of (a-c) U-TiO, and (d-e) 0.4 wt % Tb-doped U-TiO, photocatalysts.

thorough assessment of the synthesized U-TiO, and 0.4 wt % Tb-U-TiO,
photocatalysts (refer to Fig. S2 and Tables S2 & S3 in the Supporting
Information). The EDS spectra distinctly revealed the elemental
makeup of the samples, emphasizing the spatial arrangement of key ele-
ments. In the case of U-TiO,, strong signals for titanium (Ti) and oxygen
(0) were detected within the energy intervals of 0-1 keV and
4.2-5 keV, respectively, aligning well with the typical TiO, composi-
tion, as illustrated in Fig. S2a. In the case of the Tb-doped sample (0.4
wt % Tb-U-TiO,), additional signals were observed in the 1-1.8 and
6-8 keV regions, confirming the successful presence of terbium (Tb)
along with Ti and O (Fig. S2b). These spectral features affirm that Tb
was successfully integrated into the TiO, lattice, a crucial modification
aimed at enhancing its photocatalytic efficiency. The EDS findings sub-
stantiate the effective doping of Tb into the TiO, matrix, which is in-
strumental in boosting its functional performance under photocatalytic
conditions. Similarly, for the Tb-doped samples (0.2 wt % and 0.8 wt %
Tb-U-Ti0,), characteristic peaks were detected in the 1-1.8 keV and
6-8 keV regions, corresponding to the Tb, along with signals for Ti and
O (Figs. S3a and S3b). These results confirm the successful incorpora-
tion of Tb into the TiO, lattice. Tables S4 and S5 present the elemental
composition, expressed in terms of weight ( %) and atomic ( %), for the
0.2 wt % and 0.8 wt % Tb-U-TiO, photocatalysts, respectively. More-
over, elemental mapping results presented in Fig. S4 depict a homoge-
neous distribution of all detected elements in both the undoped U-TiO,
and 0.4 wt % Tb doped U-TiO, samples. This uniform elemental disper-
sion is vital for achieving consistent photocatalytic activity, as it en-
sures widespread availability of active sites and facilitates more effi-
cient interaction with pollutants. Overall, the complementary data from
EDS and elemental mapping confirm the successful fabrication and
even distribution of Tb into the TiO, structure, underlining its promise
for advanced photocatalytic applications.

3.2.3. HR-TEM analysis

Fig. 5 and Fig. S5 present a comprehensive morphological and
structural characterization of the 0.4 wt % Tb-doped U-TiO, photo-
catalyst through transmission electron microscopy (TEM) and high-
resolution TEM (HR-TEM) techniques. The low- and intermediate-
magnification TEM images (Fig. 5a and b), taken from various re-
gions of the sample, exhibit a heterogeneous distribution of nearly

spherical nanoparticles. These observations indicate a uniform
nanoscale morphology with some agglomeration. Higher-resolution
structural details are provided in the HR-TEM images (Fig. 5c and h),
where well-defined lattice fringes are clearly visible, demonstrating
the high crystallinity of the material. These lattice fringes correspond
to specific crystallographic planes of TiO,, indicating that Tb* ions
have been successfully introduced into the TiO, lattice without dis-
rupting the overall crystalline framework. To further explore the
crystallographic ordering and domain orientation, fast Fourier trans-
form (FFT) analyses were conducted on selected regions of the HR-
TEM images (highlighted by yellow squares and red circles in (Fig.
5c and h). The resulting FFT patterns (Fig. 5d and i) reveal well-
ordered diffraction spots, confirming the periodic atomic arrange-
ment and the presence of highly crystalline domains.

To enhance the clarity of specific lattice information, frequency-
masked FFT regions were subjected to inverse fast Fourier transform
(IFFT) analysis, as shown in Fig. 5e and k. The corresponding IFFT im-
ages (Fig. 5g and 1) effectively filter out background noise, providing a
clearer visualization of the lattice structure and allowing for accurate
measurement of interplanar spacings and fringe orientations. The lat-
tice spacing measurements, derived from intensity profiles of the IFFT
images (Fig. 5f and j), provide additional insight into the structural in-
tegrity of the sample. Two distinct D-spacing values were identified: ap-
proximately 0.363 nm and 0.400 nm. The 0.363 nm spacing aligns well
with the (101) plane of anatase TiO,, indicating that the anatase phase
is preserved post-doping. The slightly larger spacing of 0.400 nm is at-
tributed to lattice expansion likely caused by the partial substitution of
Ti* with larger Tb* ions, which induces localized strain and modifies
the Ti-O bond lengths within the lattice. Overall, the HR-TEM and asso-
ciated FFT/IFFT analyses confirm that the 0.4 wt % Tb-doped U-TiO,
photocatalyst retains excellent crystallinity, exhibits nanoscale mor-
phological uniformity, and undergoes minor lattice expansion due to
dopant incorporation. These structural features are critical in enhanc-
ing the material’s photocatalytic efficiency by promoting effective
charge separation and maintaining robust crystallographic order.

3.2.4. Surface analysis and chemical state determination
Fig. S6 and Fig. 6 presents the X-ray photoelectron spectroscopy
(XPS) data, providing detailed insights into the elemental composition
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Fig. 5. (a, b) TEM images, (c and h) HR-TEM images of 0.4 wt % Tb-doped U-TiO, photocatalyst, (d and i) corresponding FFT, (e and k) mask area, (f and j) profile of

IFFT, (g and 1) IFFT images with crystalline planes of Tb-doped U-TiO,

and oxidation states present in the bare U-TiO, and 0.4 wt % Tb-
doped U-TiO, photocatalysts. Fig. S6 presents the X-ray photoelectron
spectroscopy (XPS) spectra of the U-TiO, photocatalyst, providing de-
tailed insights into its elemental composition and chemical states. The
survey spectrum (Fig. S6a) confirms the presence of Ti, O, and N ele-
ments, indicating the successful fabrication of the urea-modified TiO,
material. The high-resolution Ti 2p spectrum (Fig. S6b) displays two
prominent peaks located at 457.86 eV and 463.66 eV, which corre-
spond to Ti 2ps,, and Ti 2p, ,, respectively [51,52]. These values are
consistent with the characteristic binding energies of Ti*, confirming
that titanium in the sample exists predominantly in its tetravalent oxi-
dation state. The O 1 s spectrum (Fig. S6¢) shows two peaks at
529.08 eV and 531.21 eV [53]. The former is attributed to lattice oxy-
gen within the TiO, crystal framework, while the latter corresponds to
surface hydroxyl groups and adsorbed oxygen species. The coexistence
of these oxygen environments is known to play an important role in
photocatalysis by promoting charge separation and facilitating the
generation of reactive radicals. The N 1 s spectrum (Fig. S6d) exhibits
a single peak at 399.37 eV, which is assigned to substitutional nitro-
gen incorporated into the TiO, lattice through Ti-N-O bonding. This
indicates that nitrogen atoms derived from the decomposition of urea
effectively replaced some oxygen sites in the lattice. The absence of

higher binding energy peaks suggests a relatively uniform nitrogen
configuration, with no significant contribution from oxidized nitrogen
species. Such substitutional nitrogen doping is beneficial for narrow-
ing the band gap of TiO, and extending its visible-light absorption,
thereby enhancing its photocatalytic activity.

Fig. 6 shows the individual spectra of 0.4 wt % Tb-doped U-TiO,
examining the binding energy regions linked to Ti, O, Tb, and N
(sourced from urea), confirming their successful integration and dis-
tinct chemical states within the composite matrix. The survey spec-
trum (Fig. 6a) displays distinct peaks corresponding to Ti 2p, O 1 s, Tb
3d, and N 1 s, confirming the successful fabrication of the Tb-U-TiO,
nanocomposite and the effective incorporation of all constituent ele-
ments into the material. The high-resolution Ti 2p spectrum (Fig. 6b)
exhibits well-defined peaks at 457.90 eV and 463.71 eV, which are at-
tributed to Ti 2ps,, and Ti 2p, ,, respectively. The observed binding
energy values are indicative of Ti existing mainly in its +4 oxidation
state, confirming the dominance of its tetravalent form within the ma-
terial matrix, an important factor contributing to the photocatalytic ef-
ficiency of TiO, [54,55]. The O 1 s high-resolution spectrum displays
two distinct peaks at 529.12 eV and 531.23 eV, indicating the pres-
ence of multiple oxygen species within the sample (Fig. 6¢). The peak
appearing at the lower binding energy of 529.12 eV corresponds to
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oxygen atoms integrated within the TiO, crystal lattice., whereas the
higher energy peak at 531.23 eV is attributed to surface-associated
oxygen and hydroxyl components. These oxygen species are essential
for enhancing photocatalytic efficiency by facilitating effective charge
carrier separation and aiding the formation of reactive intermediate
species [43].

The detailed XPS spectrum focusing on the Tb 3d region (Fig. 6d) re-
veals two well-resolved peaks at binding energies of 1239.89 eV and
1275.25 eV, which correspond to the Tb 3d;,, and Tb 3d;,, spin—orbit
components, respectively. This splitting arises due to spin-orbit cou-
pling and is characteristic of the 3d core level of terbium. The observed
binding energies indicate that terbium exists predominantly in the +3
oxidation state (Tb*), typically found in oxide environments. The de-
tection of these peaks confirms the effective embedding of terbium
within the TiO, crystal structure or on its surface, where it can act as an
electron trap, thereby improving charge carrier partition and boosting
the overall photocatalytic performance of the composite material. The
XPS analysis of the N 1 s region (Fig. 6e) displays two separate peaks at
binding energy values of 400.09 eV and 404.69 eV, shedding light on
the chemical environment of nitrogen within the Tb-doped TiO, matrix.
The peak observed at 400.09 eV signifies the presence of interstitial ni-
trogen atoms that have been effectively integrated into the TiO, frame-
work, most likely introduced via nitrogen doping during the thermal
breakdown of urea. Meanwhile, the higher energy peak at 404.69 eV
suggests the presence of oxidized nitrogen species (NOx, nitro groups),
which are typically formed during synthesis due to surface interactions
between nitrogen intermediates and metal ions. These nitrogen species
play a significant role in altering the electronic configuration of TiO, or
Tb, potentially enhancing the photocatalytic performance. The XPS
analysis definitively verifies the effective integration of Tb* ions into
the TiO, lattice, rather than the formation of separate Tb-based oxide
phases. This is strongly supported by the lack of supplementary peaks
related to elevated oxidation states or secondary terbium oxides. The
ionic radius of Tb® (~0.92 A) is notably larger than that of Ti*
(=0.61 A), and its substitution into the TiO, crystal framework induces
local lattice distortion and strain.

The Urea doping shows a notable distinction between the two sam-
ples arises in the nitrogen spectra. For bare U-TiO,, the N 1 s region
(Fig. S6d) shows a single peak centered at 399.37 eV, corresponding to
substitutional nitrogen incorporated into the TiO, lattice through
Ti-N-O bonding. The absence of higher binding energy contributions
suggests a relatively uniform nitrogen configuration. In contrast, the
Tb-U-TiO, spectrum (Fig. 6e) displays two distinct peaks at 400.09 eV
and 404.69 eV. The peak at 400.09 eV indicates interstitial nitrogen
species introduced into the lattice during synthesis, whereas the higher-
energy feature at 404.69 eV is attributed to oxidized nitrogen species
(NOx or nitro groups) formed via surface interactions. The coexistence
of multiple nitrogen states in the Tb-doped sample suggests that Tb in-
corporation facilitates nitrogen stabilization in diverse chemical envi-
ronments, leading to electronic structure modifications and enhanced
light-harvesting capability. Overall, the XPS results clearly demonstrate
that while both samples contain Ti*, lattice oxygen, surface hydroxyl
groups, and nitrogen species, the Tb-U-TiO, nanocomposite exhibits a
richer nitrogen chemistry and additional Tb*" states. These features are
expected to enhance photocatalytic performance by creating new elec-
tronic states, improving charge trapping, and extending visible-light ab-
sorption compared to bare U-TiO,.

To compensate for the charge imbalance introduced by the aliova-
lent substitution (Tb* replacing Ti*), oxygen vacancies are likely gen-
erated. These oxygen vacancies are particularly significant; they serve
as active centers that enhance the photocatalytic performance by facili-
tating more efficient charge separation and providing reactive sites for
pollutant degradation [56,57]. Moreover, the structural tuning brought
about by Tb doping not only modifies the crystallinity of TiO, but also
alters its electronic band structure, thereby broadening light absorption
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into the visible region. Collectively, these findings demonstrate that the
doping of terbium into the TiO, matrix enhances its photocatalytic
properties, making Tb-TiO, an excellent prospect for applications in en-
vironmental clean-up. The synergistic effects of lattice strain, oxygen
vacancies, and improved electronic interactions all contribute to a more
efficient and robust photocatalyst.

3.2.5. Electrochemical impedance spectroscopy (EIS) analysis and
photocatalytic implications

The Nyquist plots of pristine U-TiO, and 0.4 wt % Tb-doped U-TiO,
are presented in Fig. S7, to evaluate the charge transfer resistance and
interfacial properties of the photocatalysts. The impedance response of
both samples exhibits semicircular arcs, which are characteristic of
charge transfer processes occurring at the electrode—electrolyte inter-
face. Notably, the arc diameter of the Tb-doped U-TiO, sample is signif-
icantly smaller compared to that of bare U-TiO,, indicating a lower
charge transfer resistance (Rct). This reduction in resistance demon-
strates that terbium incorporation enhances the separation and mobil-
ity of photogenerated charge carriers by suppressing electron-hole re-
combination.

In addition, the decreased impedance response of Tb-U-TiO, sug-
gests improved interfacial charge transport efficiency, which can be at-
tributed to the introduction of Tb* ions creating localized energy levels
within the TiO, band structure. These defect states promote electron
trapping and facilitate charge migration, thereby reducing recombina-
tion losses. The enhanced electrical conductivity and faster interfacial
charge transfer are consistent with the superior photocatalytic activity
observed for Tb-doped U-TiO, compared to undoped U-TiO,. Thus, the
EIS results clearly confirm that Tb doping plays a vital role in reducing
charge transfer resistance, improving conductivity, and enhancing the
overall photocatalytic efficiency of U-TiO,,.

4. Light-driven catalytic performance evaluation
4.1. UV-C light-induced photodegradation of acid black 1 azo dye

To assess the photocatalytic prowess of the synthesized materials,
dye degradation experiments were meticulously conducted using a
20 ppm solution of AB 1 degradation under ultraviolet-C (UV-C) light
exposure. In each trial, an amount of 20 mg of the synthesized photo-
catalyst was homogeneously blended with 100 mL of dye solution,
maintained at a neutral pH (pH 7), ensuring uniform interaction be-
tween the catalyst and dye molecules. Prior to light exposure, the reac-
tion mixture was stirred in complete darkness to establish adsorp-
tion—desorption equilibrium. This crucial step confirmed that any sub-
sequent dye removal could be confidently attributed to photocatalytic
activity rather than passive physical adsorption. As anticipated, no no-
table degradation occurred during this phase, underscoring the indis-
pensability of light in activating the photocatalytic pathway. Upon UV-
C illumination, the catalyst materials began to absorb photon energy,
initiating electronic excitation across the band gap, causing the genera-
tion of charge carriers (e'/h" pairs), which served as the primary driving
force for advanced redox reactions. These charge carriers subsequently
facilitated the emergence of oxidative species, including potent hy-
droxyl and superoxide radicals. These highly reactive intermediates
launched an aggressive assault on the AB 1 dye molecules, breaking
down their complex structures through oxidative pathways. The pro-
gression of dye degradation was meticulously tracked using UV-Visible
spectroscopy by monitoring the prominent absorption maximum of AB
1 located at approximately 618 nm. A consistent decline in peak inten-
sity was recorded as irradiation continued, reflecting a dynamic and ef-
ficient decomposition of the dye. Remarkably, after just 60 min of UV-C
exposure, the absorbance peak nearly disappeared, an unequivocal in-
dicator of outstanding photocatalytic performance. This dramatic re-
duction signifies not only high dye removal efficiency but also suggests
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substantial mineralization of the pollutant, as vividly illustrated in Fig.
7.

Fig. 7a—e shows the time-dependent UV-Vis absorption spectra for
the degradation of the target dye solution under UV-C light irradiation
using different photocatalysts: (a) U-TiO,, (b) 0.2 wt % Tb-U-TiO,, (c)
0.4 wt % Tb-U-TiO,, (d) 0.8 wt % Tb-U-TiO,, and (e) TiO, (without
urea). The characteristic absorption peak of the dye is observed around
618 nm, and its gradual decrease with increasing irradiation time indi-
cates progressive photodegradation. Among the samples, bare TiO,
(Fig. 7e) exhibited the least photocatalytic efficiency, with only a slight
reduction in absorbance even after 60 min of irradiation. This is attrib-
uted to the fast recombination of photogenerated electron-hole pairs
and poor light absorption capability. U-TiO, (Fig. 7a) showed im-
proved degradation compared to TiO,, which can be ascribed to the
modification effect of urea that induces oxygen vacancies and defect
sites, thereby enhancing charge separation and light response. In the
case of Tb-doped samples (Fig. 7b-d), the photocatalytic activity fur-
ther improved with Tb incorporation. The 0.2 wt % Tb-U-TiO, sample
(Fig. 7b) displayed moderate activity, whereas the 0.4 wt % Tb-U-TiO,
(Fig. 7c) demonstrated the most significant decrease in absorbance, in-
dicating superior photocatalytic degradation efficiency. This enhance-
ment can be attributed to the optimal Tb doping, which introduces trap
states that facilitate efficient electron transfer and suppress charge re-
combination. However, when the Tb content was increased to 0.8 wt %
(Fig. 7d), the activity slightly decreased, likely due to excess Tb ions
acting as recombination centers that hinder charge carrier mobility.

Fig. 8a clearly illustrates the time-dependent photocatalytic degra-
dation of Acid Black 1 (AB 1) dye under UV-C light irradiation using U-
TiO, and Tb-doped U-TiO, photocatalysts. Among the samples, 0.4
wt % Tb-U-TiO, demonstrates the most remarkable performance,
achieving nearly complete mineralization (100 %) of AB 1 within 60
min. This result is substantially higher than that of pristine U-TiO,,
which achieved only 29.74 % degradation under identical conditions.
The significant improvement in Tb-doped samples is attributed to effi-
cient dissociation and migration of photogenerated charge carriers,
wherein Tb* ions act as electron traps, suppress recombination, and
thereby prolong charge carrier lifetimes. The relative concentration
profiles (C,/Cy) shown in Fig. 8b further corroborates this observation.
A sharp decline in C,/C, for the 0.4 wt % Tb-U-TiO, sample indicates
accelerated dye degradation, whereas U-TiO, maintains a relatively
high Ct/CO value, even after prolonged irradiation, reflecting its poor
catalytic activity. The intermediate doping levels (0.2 wt % and 0.8
wt %) also display improved activity compared to undoped U-TiO,, but
their efficiencies remain below that of the optimally doped 0.4 wt %
sample.

The kinetic behavior of AB 1 degradation, analyzed using the
pseudo-first-order model (Fig. 8c), further validates the catalytic per-
formance. A strong linear correlation between —In(C,/Cy) and irradia-
tion time was obtained for all samples, confirming the pseudo-first-
order nature of the degradation process. The kinetic rate constant (k)
for pristine U-TiO, was the lowest at 0.00563 min® (R*> = 0.92515),
consistent with its limited activity. Upon Tb doping, the reaction kinet-
ics improved significantly. The 0.2 wt % Tb-U-TiO, sample exhibited an
enhanced k value of 0.03286 min™ (R? = 0.96402), while the 0.4 wt %
Tb-U-TiO, sample showed the highest k of 0.05675 min?
(R? = 0.9508), confirming its superior charge separation and efficient
ROS generation. However, further increasing the Tb content to 0.8
wt % reduced the rate constant to 0.03532 min™, likely due to excess
Tb* ions introducing recombination centers or saturating surface-
active sites, thereby diminishing efficiency despite a strong correlation
(R?* = 0.96373). The final degradation percentages after 60 min are
summarized in Fig. 8d, where the performance order is as follows: 0.4
wt % Tb-U-TiO, (~100 %) > 0.8 wt % Tb-U-TiO, (87.6 %) ~ 0.2 wt %
Tb-U-TiO, (86.01 %) > U-TiO, (29.74 %). The degradation rates per
unit catalyst mass for U-TiO,, 0.2 wt % Tb-U-TiO,, 0.4 wt %
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Tb-U-TiO,, and 0.8 wt % Tb-U-TiO, were found to be 48.26, 139.45,
162.24, and 142.08 pmol g* h?, respectively. This trend clearly high-
lights that moderate Tb doping (specifically 0.4 wt %) provides an opti-
mal balance between enhanced light absorption, efficient charge sepa-
ration, and sufficient surface reaction sites. In contrast, excessive Tb
loading reduces activity by creating recombination centers and hinder-
ing active site availability Overall, the comprehensive analysis of Fig.
8a—-d demonstrates that Tb doping significantly enhances the photocat-
alytic performance of U-TiO,, with 0.4 wt % emerging as the most ef-
fective catalyst for AB 1 degradation under UV-C light irradiation.

4.2. Natural solar irradiation-induced photocatalytic breakdown of RR 120

Performance assessment of the doped and undoped catalysts under
natural sunlight was systematically investigated. In this experiment, a
20 mg dose of catalyst: comprising both undoped and 0.4 wt % ter-
bium-doped U-TiO,, which was uniformly introduced into an RR 120
dye solution (50 ppm) with a volume of 100 mL. The mixture was
stirred to ensure homogeneous dispersion before exposure to sunlight.
Periodic sampling every 30 min followed by UV-Vis spectroscopy en-
abled detailed monitoring of the degradation process. As evidenced by
Fig. S8, the absorbance spectra revealed a steady reduction in the dye’s
signature peak at 525 nm, confirming the catalyst’s photocatalytic ac-
tivity. The continuous decrease in peak intensity with time reflected the
progressive breakdown of the dye molecules during solar-driven pho-
toreactions. The study demonstrated remarkable photocatalytic degra-
dation of the azo dye RR 120 under sunlight, highlighting the potential
of the synthesized catalysts for environmental cleanup applications. Af-
ter irradiation, the bare U-TiO, catalyst achieved a degradation effi-
ciency of 80.83 %, while the 0.4 wt % Tb-doped U-TiO, significantly
outperformed it, achieving 96.87 % degradation, as depicted in Fig. 9a.
This notable improvement underscores the enhanced photocatalytic ca-
pabilities imparted by terbium doping. Fig. 9b presents the normalized
absorbance spectra (C,/C,) over time, showing a consistent decline in
the dye’s absorbance intensity with prolonged sunlight exposure, clear
evidence of progressive molecular degradation.

To better understand the reaction dynamics, the degradation data
were modelled employing the Langmuir-Hinshelwood approach, as
demonstrated in Fig. 9c. The correlation coefficients (R?) were found to
be 0.94629 for the bare catalyst and 0.80496 for the Tb-doped variant,
indicating strong linearity and fitting. Moreover, the calculated rate
constants were 0.01093 min™ for bare U-TiO, and 0.02092 min™ for 0.4
wt % Tb-U-TiO,, confirming a more rapid degradation rate in the pres-
ence of the doped catalyst. Fig. 9d illustrates the final degradation per-
formance at the 180-minute mark, where the Tb-doped sample exhib-
ited an additional 16.04 % removal of RR 120 compared to its undoped
counterpart. For RR 120 under sunlight, the degradation rates per unit
catalyst mass were determined to be 55.0 umol g h? for U-TiO, and
65.9 umol g* h* for 0.4 wt % Tb-U-TiO,, indicating enhanced photo-
catalytic activity with Tb doping. These results emphasize the superior
efficiency and faster photocatalytic response of Tb-U-TiO, under nat-
ural sunlight, positioning it as a highly effective and environmentally
sustainable material to detoxify wastewater containing dye compounds.

4.3. Impact of pH conditions and photocatalyst amount

To optimize the light-activated removal of AB 1 dye using Tb-doped
U-TiO, photocatalyst under UV-C irradiation, a detailed investigation
was undertaken to explore the effects of starting pH and catalyst quan-
tity, as depicted in Fig. 10. These two operational parameters are criti-
cal in determining the success rate of the degradation, influencing both
the surface charge dynamics and the active site availability of the pho-
tocatalyst. As shown in Fig. 10a, the photocatalytic performance was
assessed across a pH range of 3 to 11. A marked dependence on pH was
observed, with degradation efficiency showing a clear trend. At acidic
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Fig. 8. (a) Photocatalytic degradation of Acid Black 1 (AB 1) dye under UV-C irradiation, comparing pristine U-TiO, with Tb-doped U-TiO, catalysts; (b) evolu-
tion of normalized dye concentration (C,/C,) over irradiation time highlighting degradation dynamics; (c) linearized pseudo-first-order kinetic plots demonstrat-
ing reaction rate constants; and (d) a comparative summary of photocatalytic efficiencies across all samples following 60 min of UV-C exposure.

pH 3, the system exhibited a relatively low degradation rate of 24.47 %,
which moderately improved to 49.58 % at pH 5. The top efficiency in
degradation, approaching ~100 %, was achieved at neutral pH 7, high-
lighting the optimal surface interactions and charge interaction synergy
between dye molecules and catalyst under neutral conditions. Beyond
pH 7, the efficiency declined gradually to 86.96 % at pH 9 and 79.72 %
at pH 11. These results suggest that at strongly acidic or basic condi-
tions, the catalyst surface may undergo changes (such as protonation or
deprotonation), adversely affecting its photocatalytic activity. The neu-
tral pH likely facilitates an ideal balance between surface stability and
charge interaction, maximizing the generation and transfer of reactive
oxygen species.

The point of zero charge (pHpzc) is a fundamental surface property
that determines the charge characteristics of a photocatalyst in aqueous
suspensions and strongly influences its interaction with charged pollu-
tants. To determine the pHpzc of Tb-U-TiO,, the ApH method was em-
ployed, where the difference between the initial and final pH values
(ApH) was plotted against the initial pH (pHi), as illustrated in Fig. S9.
The intersection of the curve with the zero line (ApH = 0) provides the
pHpzc value of the catalyst. As shown in the plot, the pHpzc of
Tb-U-TiO, was determined to be 6.88. This indicates that the catalyst
surface is predominantly positively charged at pH < 6.88, due to proto-
nation of surface hydroxyl groups (=Ti-OH + H' - =Ti-OH,").
Conversely, at pH > 6.88, the surface becomes negatively charged, as

14

deprotonation dominates (=Ti-OH — =Ti-O" + H). This surface
charge behavior is crucial in explaining the photocatalytic degradation
efficiency of anionic dyes such as Acid Black 1 (AB 1). Since AB 1 con-
tains negatively charged sulfonate (-SOj’) groups, favorable electrosta-
tic attraction occurs when the catalyst surface is positively charged (pH
< pHpzc). However, strongly acidic conditions may lead to excess pro-
tonation and reduced ROS transfer efficiency. On the other hand, at al-
kaline pH values (pH > pHpzc), electrostatic repulsion between the
negatively charged catalyst surface and dye molecules hinders adsorp-
tion, thereby lowering degradation efficiency.

The optimal degradation performance observed at near-neutral pH
(~7.0) aligns well with the determined pHpzc of 6.88. Under this condi-
tion, the Tb-U-TiO, surface maintains a balanced charge environment
that enhances dye adsorption while ensuring efficient reactive oxygen
species (ROS) generation and transfer, ultimately maximizing photocat-
alytic activity. Thus, the determination of the pHpzc provides mecha-
nistic insight into the interaction between Tb-U-TiO, and anionic dyes,
demonstrating that fine-tuning the solution pH relative to the catalyst’s
surface charge characteristics is critical for optimizing photocatalytic
water treatment processes.

Upon establishing pH 7 as the ideal condition for photocatalytic per-
formance, subsequent experiments were carried out to examine how
varying amounts of Tb-doped U-TiO, catalyst influence the breakdown
efficiency. A series of catalyst doses (10-50 mg) was assessed under the
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Fig. 9. (a) Photocatalytic degradation of Reactive Red 120 (RR 120) dye under natural sunlight using pristine U-TiO, and 0.4 wt % Tb-doped U-TiO, catalysts; (b)
normalized concentration curves (C,/C,) tracked over irradiation time; (c) linearized pseudo-first-order kinetic plots illustrating degradation rates; and (d) compara-
tive analysis of photocatalytic efficiencies for all samples after 150 min of sunlight exposure [Experimental conditions: catalyst dosage = 20 mg, dye concentra-

tion = 50 ppm, and pH = 7].

neutral pH conditions established. All samples were exposed to irradia-
tion for 40 min, allowing for a direct comparison of photocatalytic per-
formance across different catalyst loadings. Subsequent studies on the
influence of catalyst dosage (Fig. 10b) revealed that increasing the
amount of Tb-doped U-TiO, up to a certain point significantly enhanced
dye degradation. At the lowest dosage of 10 mg, the degradation effi-
ciency was 31.55 %, which increased substantially to 66.24 % with
20 mg of catalyst. Notably, near-complete degradation (~100 %) was
achieved at a dosage of 40 mg, with marginal differences observed for
higher dosages of 30 mg (98.51 %) and 50 mg (97.82 %). The plateau-
ing of efficiency at higher loadings suggests a saturation effect; once the
dye molecules are fully adsorbed and degraded, adding more catalyst
does not proportionally increase activity. In fact, excess catalyst may
cause light scattering or shielding, thereby reducing the number of ef-
fective photons reaching the catalyst surface. In summary, the study
clearly identifies pH 7 and a catalyst dosage of 40 mg as the most
favourable conditions for efficient and economical photocatalytic elimi-
nation of AB 1 dye using Tb-doped U-TiO,. These findings emphasize
the need for careful tuning of reaction parameters to optimize photocat-
alyst performance, contributing significantly to the design of advanced
water purification systems.
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4.4. Catalyst stability and reactive species identification

A durability assessment was conducted to examine the sustained
performance and structural stability of the optimized 0.4 wt % Tb-
doped U-TiO, photocatalyst, targeting its viability for scalable environ-
mental remediation efforts. This assessment served to verify not only
the sustained photocatalytic performance across multiple usage cycles
but also the material’s resilience, an essential factor for real-world de-
ployment in water purification systems. The catalyst underwent four
successive degradation cycles, with its performance carefully moni-
tored after each run. Impressively, the photocatalytic activity remained
high, showing degradation efficiencies of approximately 100 %,
98.2 %, 96.5 %, and 94.2 % for the first through fourth cycles, respec-
tively (refer to Fig. 10c). These results indicate only a slight decrease in
efficiency, demonstrating the catalyst’s excellent stability and en-
durance through repeated use. Such consistent results make this mater-
ial a promising candidate for commercial applications, supporting both
cost-effectiveness and environmental sustainability through reduced
material loss and extended operational life.

After each cycle, the photocatalyst was recovered by filtration and
then regenerated through a straightforward thermal treatment process.
The harvested material was oven-dried at 100 °C for 1 h to remove any
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U-TiO,; (c) Photocatalyst reusability performance over four consecutive cycles, and (d) Influence of various scavengers on the breakdown efficiency of Acid Black 1
(AB 1) at pH 7 with 40 mg of 0.4 wt % Tb-doped U-TiO, under UV-C light exposure for 40 min.

residual moisture and surface-bound impurities. This mild regeneration
step proved effective in restoring the photocatalyst without diminishing
its activity, underscoring the material’s practicality for continuous use
in industrial water treatment operations.

Fig. 10d illustrates how different scavengers influence the photo-
catalytic degradation efficiency of the dye using 0.4 wt % Tb-doped U-
TiO, under controlled conditions. These scavengers serve as essential
probes to pinpoint the primary reactive species: such as superoxide
radicals (0,*), hydroxyl radicals (*OH), photogenerated holes (h"), and
electrons (e), that drive the degradation process. By selectively
quenching these active species, their individual contributions to the
overall photocatalytic mechanism can be more precisely elucidated.
When benzoquinone (BQ), a known quencher of superoxide radicals,
was introduced, a dramatic drop in degradation efficiency to about
20 % was observed. This significant decline indicates that O,* species
are the dominant contributors to the photocatalytic activity. Likewise,
the introduction of tert-butyl alcohol (TBA), a potent hydroxyl radical
scavenger, caused the degradation efficiency to drop to approximately
30 %. While this confirms the participation of *OH radicals, their role
appears to be secondary to that of O,*. In experiments involving potas-
sium iodide (KI), which targets photogenerated holes, the efficiency
decreased to nearly 60 %, suggesting that holes also aid the degrada-
tion process, albeit to a lesser extent. The application of silver nitrate
(AgNO,), a scavenger of free electrons, resulted in a milder reduction
in efficiency to about 80 %. This outcome implies that electrons do
contribute to the photocatalytic reaction, but their impact is compara-
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tively limited. Under scavenger-free conditions, the catalyst exhibited
near-complete dye removal, close to 100 %, serving as the control
benchmark and demonstrating the full potential of the Tb-doped U-
TiO, system. From the comparative analysis of the scavenger data, the
descending order of reactive species influence in the degradation
process is established as: Superoxide radicals (O,") dominate, followed
by hydroxyl radicals (*OH), then photogenerated holes (h"), and lastly
electrons (e). This hierarchy underscores the pivotal role of superoxide
radicals in enhancing the breakdown, guiding future optimization
strategies for enhanced photocatalytic performance.

4.5. Degradation pathway and mechanism

4.5.1. AB 1 degradation proposed pathway based on GC-MS analysis
The photodegradation of Acid Black 1 (AB 1) dye under UV-C light
in the presence of terbium-doped urea-derived TiO, (Tb-U-TiO,) was
comprehensively analyzed using gas chromatography-mass spectrome-
try (GC-MS). As summarized in Table S6, the GCMS- data revealed the
presence of several degradation intermediates, identified based on their
distinct molecular weights and fragmentation profiles. These observa-
tions facilitated the proposal of a detailed degradation mechanism, as
illustrated in Fig. 11. During the photodegradation process, it is not un-
common for transient intermediates to exhibit greater toxicity than the
parent dye molecule. In this context, five major degradation intermedi-
ate products (DIP 1 to DIP 5) were detected. Among them, DIP 1 identi-
fied as (3E,6E)-3-(2-(4-nitrophenyl)diazenyl)-6-(2-phenyldiazenyl)-4-
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aminonaphthalene-2,7-diol and DIP 2 (E)-7-(2-(4-nitrophenyl) Compound I underwent additional deamination to form compound II.

diazenyl)-2,8-diaminonaphthalene-1,3,6-triol were observed at reten-
tion times of 24.545 and 29.965 min, respectively. These intermediates
likely originated from initial desulfonation and partial cleavage of the
azo linkages within the AB 1 structure.

Subsequent transformations involved successive cleavage of remain-
ing azo bonds and partial deamination reactions, leading to the forma-
tion of simpler aromatic amines such as DIP 3 (2,7,8-
triaminonaphthalene-1,3,6-triol) and DIP 4 (2,8-diaminonaphthalene-
1,3,6-triol). Notably, DIP 4 could also be derived from DIP 3 via further
deamination. Another key fragment, identified as 4-nitrobenzenamine
(denoted as Compound I), was generated during these transformations.
Further degradation of DIP 3 and DIP 4 resulted in the cleavage of the
naphthalene ring, yielding DIP 5 (2-amino-5-((E)-2-hydroxyvinyl)-4-
methylbenzene-1,3-diol) detected at a retention time of 21.715 min.
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Ultimately, both compound II and DIP 5 were mineralized into harm-
less end products, including water (H,0), carbon dioxide (CO,), and
mineral acids. This comprehensive degradation pathway underscores
the capability of Tb doped U-TiO, photocatalyst to systematically dis-
mantle the complex molecular structure of AB 1 into environmentally
benign species. The stepwise breakdown not only ensures effective de-
colorization but also minimizes the risk posed by toxic intermediates,
confirming the photocatalyst's potential in advanced wastewater treat-
ment applications.

4.5.2. Mechanism of AB 1 degradation by Tb doped TiO,

When exposed to UV-C or solar light, the Tb-doped urea-modified
TiO, (Tb-U-TiO,) photocatalyst harnesses the energy of incoming pho-
tons to excite electrons from the valence band (VB) to the conduction
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band (CB), thereby generating electron-hole pairs, as illustrated in
Scheme S1 (see Supporting information). In conventional TiO,, the
rapid recombination of these charge carriers tends to hinder the effi-
ciency of photocatalytic reactions. However, the strategic introduction
of terbium ions into the TiO, lattice mitigates this drawback by creating
oxygen vacancy sites and localized defect states that serve as efficient
traps for charge carriers. These defect-induced trapping centers effec-
tively capture photogenerated electrons, thereby suppressing their re-
combination with holes and extending their availability for participat-
ing in surface redox reactions. In addition, terbium incorporation subtly
alters the band structure of TiO,, potentially narrowing the bandgap or
introducing intermediate states, which enhance the material’s ability to
utilize a broader spectrum of light, including portions of the visible re-
gion, making it more effective under solar irradiation.

Oxygen vacancies introduced by Tb doping play a pivotal role not
only in separating charges but also in initiating the formation of highly
reactive oxygen species (ROS) such as superoxide radicals (O,*) and hy-
droxyl radicals (*OH). These ROS act as key oxidative agents responsi-
ble for breaking down dye molecules and other organic contaminants.
Furthermore, Tb doping improves the surface affinity of the catalyst to-
wards polar molecules, thereby increasing its hydrophilicity. This mod-
ification enhances the adsorption of dye molecules on the photocatalyst
surface, facilitating more effective interaction between the catalyst and
pollutants. Altogether, the collective contributions of improved light
harvesting, suppressed charge recombination, enhanced ROS produc-
tion, and improved surface properties lead to a significant boost in the
photocatalytic performance of Tb-U-TiO,. These enhancements enable
efficient degradation of dyes under both UV-C and natural sunlight,
making this material a promising candidate for environmental remedia-
tion applications.
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4.6. Antibacterial activity and literature comparison

The antibacterial performance of 0.4 wt % Tb-doped U-TiO, was
evaluated against both Gram = bacterial strains, including Staphylococ-
cus aureus, Pseudomonas aeruginosa, Bacillus subtilis, and Escherichia coli
(Fig. 12). The efficacy was assessed by measuring the inhibition zones
at varying concentrations (60, 80, and 100 pg/mL) were measured and
compared against the bare U-TiO,, 0.4 wt % Tb-U- TiO, and a standard
antibiotic, Amoxicillin (Fig. 12a & b). The Tb-doped photocatalyst dis-
played a substantial improvement in antibacterial activity compared to
the undoped counterpart. For S. aureus, a Gram-positive pathogen, the
zone of inhibition progressively increased with concentration, measur-
ing 4 mm, 6 mm, and 8 mm at 60, 80, and 100 ug/mL, respectively.
This enhancement indicates an improved bactericidal effect likely due
to augmented generation of reactive oxygen species under light irradia-
tion facilitated by terbium incorporation. Similarly, the growth sup-
pression zones for P. aeruginosa, a Gram-negative bacterium known for
its resistance to antibiotics, showed significant improvement with Tb
doping. The inhibition reached up to 9 mm at 100 pg/mL, which was
markedly higher than the 3 mm observed for the bare U-TiO, at the
same concentration. This suggests that the Tb dopant not only improves
photocatalytic activity but also contributes to greater disruption of bac-
terial cell membranes. B. subtilis showed moderate sensitivity to the Tb-
modified photocatalyst, with inhibition zones measuring 3 mm, 4 mm,
and 5 mm at the respective concentrations tested. Although less than
those for S. aureus and E. coli, these values still represent a noticeable
enhancement compared to the undoped sample, which showed minimal
to no activity. E. coli, another Gram-negative strain, exhibited one of
the most notable responses to Tb-doping, with the inhibition zone
reaching 10 mm at the highest concentration, a substantial increase

(b
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-

= B

Zone of Inhibition {(mm)

Sidl HhgLidir

Fig. 12. Bar chart illustrating the antibacterial activity comparison between (a) Bare U-TiO, and (b) 0.4 wt % Tb-doped U-TiO, photocatalysts. (c) Antibacterial re-
sponse was assessed against four bacterial strains: (i) Staphylococcus aureus, (ii) Pseudomonas aeruginosa, (iii) Bacillus subtilis, and (iv) Escherichia coli using Bare U-
TiO,, and (v) Staphylococcus aureus, (vi) Pseudomonas aeruginosa, (vii) Bacillus subtilis, and (viii) Escherichia coli using 0.4 wt % Tb-doped U-TiO,.
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from the 6 mm noted for undoped U-TiO,. The high sensitivity of E. coli
to the Tb-doped photocatalyst underlines its potential application
against waterborne and antibiotic-resistant pathogens. The control ex-
periments using aqueous solution showed no inhibition, confirming
that the noted antibacterial responses were due to the photocatalyst.
(Fig. 12¢) Conversely, the standard antibiotic, Amoxicillin, displayed
strong inhibition across all strains, serving as a benchmark for compari-
son. The observed improvements in antibacterial activity upon terbium
doping are attributed to enhanced charge separation and increased ROS
formation under irradiation, which are critical for microbial inactiva-
tion. These findings suggest that Tb-doped U-TiO, is a promising mater-
ial for developing antimicrobial coatings or water purification systems,
offering a sustainable and effective solution against a broad spectrum of
bacterial contaminants.

The comparative analysis of various Tb-based photocatalysts high-
lights the superior performance of the synthesized 0.4 wt % Tb-U-TiO,
composite for dye degradation under both UV-C and solar irradiation.
Several reported studies have investigated the photocatalytic efficiency
of Tb-doped materials under different conditions and with various pol-
lutants, as shown in Table 1. For instance, Tb-doped ZnO exhibited
90 % degradation of Rhodamine B (5 ppm) in 150 min under a 100 W
tungsten lamp at pH 12 using a 20 mg/100 mL dosage [58].
Tb-BiFeO,/CNTs achieved 63.5 % degradation of Crystal Violet
(7 ppm) in 140 min under a 250 W tungsten bulb [59]. Another study
employed Tb-doped Mg-CdAl,O, with MXene under solar light, reach-
ing 86.2 % degradation of Rhodamine B (10 ppm) within 90 min [60].
Similarly, Tb-doped CuO demonstrated 94 % removal of Methylene
Blue (3.2 mg/L) in 120 min under a 300 W halogen lamp [61], while
Tb-doped SnO,, under UV light (254 nm), achieved 85 % degradation
of Methylene Blue (1 X 10 M) over 125 min [62]. A Tb-doped ZnO/
RGO hybrid reached 96 % degradation of Rhodamine B (20 ppm) in
120 min using a 300 W xenon lamp at neutral pH [63]. Compared to
these systems, the present study Tb-U-TiO, photocatalyst stands out due
to its rapid and highly efficient degradation of dyes under both artificial
and natural light. It attained almost total (%100 %) breakdown of Acid
Black 1 (20 ppm) within just 40 min under UV-C light (32 W, 254 nm)

Table 1
Comparative evaluation of photocatalytic efficiency of Tb-U-TiO, with re-
ported Tb-based photocatalysts for dye degradation under light irradiation.

S.  Catalysts Light Pollutants/ Catalyst Degradation Ref
No source Concentration dosage  ( %)/
time (min)
& pH
1 Tb-doped 100 W Rhodamine B/ 20 mg/ 90/150 at [58]
ZnO tungsten 5 ppm 100 mL pH 12
lamp
2 Tb- 250 W Crystal Violet/ 30 mg/ 63.5/140 at [59]
BiFeO;/CNTs tungsten 7 ppm 60 mL  pH -
bulb
3 Tb-doped Solar light Rhodamine B/ 20 mg/ 86.2/90 at [60]
Mg-CdAl,O, 10 ppm 70mL  pH -
with MXene
4 Tb doped 300 W Methylene 75mg / 94/120 at [61]
CuO tungsten  Blue/ 400 mL pH -
halogen 3.2 mg/L
amp
5 Tb-doped UV lamp  Methylene -/100 85/125 at [62]
SnO, (254 nm) Blue/ mL pH -
1x10°M
6  Tb-doped 300 W Rhodamine B/ 30 mg/ 96/120 at [63]
ZnO/RGO xenon 20 ppm 50 mL pH7
lamp
7 0.4 wt% Tb- 32 W-UV- Acid Black 50 mg/ ~100/40 at [Present
U-TiO, C light, 1/20 ppm 100 mL pH7 work]
254 nm, Reactive Red 20 mg/ (UV)
and solar 120/ 50 ppm 100 mL 96.87/150
atpH7
(solar)
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at pH 7, and 96.87 % removal of Reactive Red 120 (50 ppm) under so-
lar light in 150 min at the same pH. The elevated photocatalytic re-
sponse can be credited to the mutual enhancement provided by Tb and
urea co-modification, which enhances light absorption, promotes effec-
tive charge carrier separation, and increases the induction of reactive
oxygen species. This establishes Tb-U-TiO, as a highly efficient and en-
vironmentally sustainable photocatalyst for the treatment of dye-laden
wastewater

5. Conclusion

In this study, we have successfully engineered a multifunctional,
urea-modified Tb-doped TiO, nanocomposite via a simple sol-gel ap-
proach, achieving remarkable efficiency in both azo dye degradation
and antibacterial performance. The strategic integration of terbium
doping and urea tailoring significantly enhanced photonic absorption
in the UV region, accelerated charge carrier dynamics, and active sur-
face interactions. This innovation translated into exceptional photocat-
alytic activity, with 0.4 wt % Tb-doped U-TiO, exhibiting superior per-
formance compared to other Tb loadings (0.2 wt % and 0.8 wt %) and
bare U-TiO,. It achieved 86.01 % and 87.6 % degradation of Acid Black
1 with the 0.2 wt % and 0.8 wt % catalysts, respectively, while the 0.4
wt % sample achieved complete mineralization under UV-C light
within 60 min. Additionally, it removed nearly 97 % of Reactive Red
120 under sunlight, significantly outperforming bare U-TiO,, which
showed only 80.83 % removal in 150 min. The optimal conditions were
identified as pH 7 and 40 mg of catalyst loading under UV-C light,
achieving complete degradation of AB 1 within 40 min. Trapping ex-
periments revealed that superoxide radicals (0,*) were the dominant
reactive species, followed by hydroxyl radicals (*OH), photogenerated
holes (h"), and electrons (e’). Additionally, the catalyst exhibited robust
antimicrobial efficacy against both Gram * bacteria, addressing dual
concerns of chemical pollutants and microbial pathogens in wastewater
streams. With superior stability, reusability, and eco-compatibility, this
nano photocatalyst stands as a next-generation platform for sustainable
water purification. Its dual-action potential, solar-driven dye detoxifi-
cation and microbial disinfection; makes it a smart, scalable solution for
addressing critical environmental challenges. The findings not only
deepen the scientific understanding of dopant-synergized photocataly-
sis but also pave the way for real-world deployment in industrial and
municipal wastewater treatment frameworks.
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