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Ultrasound-Fabricated BaZrO; Nanoneedles for Degradation of
Hazardous Organic Dyes
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Department of Chemistry, University of Mumbai Santa Cruz (E), Mumbai- 400098, Maharashtra, India

Abstract: Ultrasound-assisted cavitation was used to synthesize BaZrO; nanoneedles. Ultrasonic energy facilitated uniform mix-
ing and anisotropic growth along the c-axis, resulting in a needle-like shape. The synthesized BaZrO; nanoneedles were character-
ized using X-ray diffraction (XRD) for phase and crystallinity, Fourier-transform infrared spectroscopy (FTIR) for functional groups
and chemical bonds, Ultraviolet-Visible diffuse reflectance spectroscopy (UV-Vis DRS) to assess optical absorption and estimate
the band gap, photoluminescence (PL) spectroscopy to analyze charge-carrier recombination, and field-emission scanning elec-
tron microscopy (FESEM) along with dispersive X-ray spectroscopy (EDX) for elemental composition. TEM and FESEM images con-
firmed the needle-shaped morphology and size of the nanostructures. This morphology contributed to faster degradation under
natural sunlight. Their high photocatalytic efficiency arises from the anisotropic nanoneedle shape, which provides a large active
surface area and promotes rapid charge transport, along with advantageous optical properties such as strong sunlight absorp-
tion and reduced electron-hole recombination. Overall, these features enable faster reaction kinetics, making BaZrO; nanonee-
dles a highly effective and durable photocatalyst for degrading both cationic and anionic pollutants. The photocatalytic perfor-
mance was tested on two organic dyes: the cationic dye Rhodamine B (RhB) and the anionic dye Indigo Carmine (IC). The nanonee-
dles achieved 99.5% degradation of RhB in 50 min and 98% of IC in 60 min, demonstrating excellent photocatalytic activity. These
results confirm that BaZrO; nanoneedles are efficient photocatalysts for rapidly breaking down both cationic and anionic dye pollu-
tants under sunlight.
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1. Introduction

Perovskite oxides with the general formula ABO; have long
attracted attention due to their diverse functional
properties[1], including ferroelectricity[2], ionicconductivity[3],
superconductivity[4], magnetism[5], and catalytic activity[6].
Recent studies increasingly highlight that the size [6-8], form
effects [9-10], and nanostructured materials particles have
been the focus of scientific and technological research on sev-
eral applications [11]. Furthermore, tailoring the exposed crys-
tal planes—even within the same crystal system—can signifi-
cantly enhance the functional properties of metal oxide nano-
materials[12-14]. BaZrOs is a chemically robust perovskite, resis-
tant to CO, poisoning and acidic corrosion, with excellent
dielectric properties and high thermal stability. Despite these
attributes, its use in photocatalysis has remained limited,
mainly due to two persistent challenges: its wide bandgap
(3.8-4.0 eV), which limits visible-light absorption, and the diffi-
culty of synthesizing high-surface-area BaZrO; without high-
temperature calcination. Conventional methods such as copre-
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cipitation [15], hydrothermal[16-20], solvothermal[21-23], and
sol-gel approaches[24-26] synthesis usually demand
extended calcination steps at elevated temperatures, which
not only consume significant energy but also lead to particle
coarsening, irregular morphologies, and reduced surface area.
To address these limitations, researchers have doped BaZrO,
with cations (e.g., Bi, Mg, W, Cd) or incorporated co-catalysts
to lower the band gap and enhance the photocatalytic
response. While such modifications enhance activity, they also
have drawbacks, such as dopantleaching, limited long-term sta-
bility, increased cost, and synthetic complexity that limit scala-
bility. Furthermore, most reported BaZrO; photocatalysts have
been tested only under UV illumination, whereas practical
wastewater treatment requires robust activity under natural
solar light.

Another underexplored dimension is morphology-
directed photocatalysis. Previous studies have focused mainly
on spherical or irregular BaZrO; particles, with limited atten-
tion given to anisotropic architectures. Morphologies such as
nanoneedles can offer significant advantages, including
extended surface areas for pollutant adsorption, one-dimen-
sional pathways for charge transport that minimize recombina-
tion losses, and preferential facet exposure that enhances the
generation of reactive oxygen species (ROS). However, a lim-
ited report has demonstrated ultrasound-assisted anisotropic
growth of BaZrO;. Ultrasound cavitation produces localized
hot spots, high shear forces, and transient microjets that facili-
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tate rapid nucleation and anisotropic growth without requir-
ing surfactants, templates, or prolonged autoclaving. Impor-
tantly, ultrasound synthesis is calcination-free, energy-effi-
cient, and environmentally benign, making it particularly attrac-
tive for sustainable nanomaterial fabrication.

In this context, the present work addresses two critical
gaps: the lack of a green, one-step method for producing
anisotropic BaZrO; nanostructures and the absence of studies
demonstrating their visible-light photocatalytic activity under
natural sunlight. We reportthe ultrasound-driven synthesis of
BaZrO; nanoneedles that exhibit directional growth along the
c-axis and a narrowed bandgap, bothof which are conducive
to visible-light photocatalysis. The nanoneedles rapidly
degrade both cationic (Rhodamine B) and anionic (Indigo
Carmine) dyes under solar irradiation, achieving nearly com-
plete removal within 1 hour. Radical scavenging experiments
confirm that hydroxyl radicals and superoxide anions domi-
nate the degradation mechanism, highlighting the role of
anisotropy in facilitating efficient charge separation and ROS
generation. Beyond morphology control, this work estab-
lishes ultrasound-driven anisotropy as a scalable, sustainable
strategy to activate BaZrO; for solar photocatalysis. The twin
novelties lie in the eco-friendly synthesis of nanoneedles with-
out calcination or dopants and in the demonstration of fast
dye degradation under real sunlight, positioning this study as
an essential advance toward practical wastewater remedia-
tion using perovskite photocatalysts [27].

2. Experimental work

2.1. Chemicals and reagents

BaCl,.2H,0 (barium chloride dihydrate), ZrOCl,.8H,0 (zirconyl
chloride octahydrate), sodium hydroxide (NaOH), Rhodamine
B (RhB), and Indigo carmine (IC) dyes were purchased from
Sigma Aldrich, Mumbai (India). All chemicals were of AR grade
and used without purification. Distilled water was used through-
out the experimentation.

2.2. Synthesis of BaZrO; nanoneedles

In deionized water, barium chloride dihydrate (BaCl,-2H,0)
and zirconyl chloride octahydrate (ZrOCl,-8H,0) were dis-
solved in stoichiometric ratios (Ba:Zr = 1:1) while keeping the
total cation content at 1 mol/dm3. At room temperature, the
resultant solution was magnetically agitated for 20 min. The
pH was then gradually raised to 14 by applying ultrasonic irradi-
ation and adding a 20 mol/dm3 NaOH solution dropwise to
the mixture. The resulting white precipitate was separated by
centrifugation, thoroughly cleaned with deionized water, and

allowed to dry overnight at 80°C following a 30 min ultrasonic
treatment. In Figure 1, the entire BaZrO; nanoneedles produc-
tion process is schematically presented.

2.3. Characterization

The structure of BaZrO; was ascertained at a scanning rate of
5° min~' using an X-ray diffractometer (CuKa A = 1.5418 A,
diffraction angle (26) - 10 to 90°, Shimadzu, Maxima 7000 S,
Tokyo, Japan). The Debye Scherer equation was used to deter-
mine the mean particle size. The typical JCPDS sheet and the
acquired data were contrasted. Functional groups in BaZrO;
were identified from Fourier transform infrared (FTIR) spectra
recorded on a Perkin-Elmer Frontier spectrometer (United King-
dom) over the range 400-4000 cm~. An ultraviolet-visible spec-
trophotometer (Shimadzu UV-2450) was used to record UV-Visi-
ble absorption spectra. The morphology of nanoparticles was
examined using a FESEM (Carl Zeiss SMT AG, Germany). Size
measurements were made using a transmission electron micro-
scope (TEM, JEM-2100) device [27].

2.4. Photocatalytic study

The photocatalytic ability of BaZrO; was evaluated using the
organic dyes RhB and IC as model pollutants.10 ppm (10 mg
dye/L) of the dye solution was used. Using sunlight, the dye
degradation process was investigated. BaZrO; (5 mg) was
added to 50 mL of the dye solution (1.0 x 10> M). UV-Visible
spectroscopy was used to analyze a small volume of the sam-
ple solution after a predetermined amount of time. The adsorp-
tion-desorption equilibrium was established by stirring the
reaction mixture in the dark for 60 min, followed by exposure
to sunlight for photocatalytic degradation. This formula calcu-
lated the efficiency of dye degradation.

_<

Degradation(%) = (1
Go

)X]OO. (1)
Where C, is the dye's concentration in water before irradia-
tion, and C is its concentration in water following a predeter-
mined amount of irradiation. The rate constant of the reaction

is determined using the Langmuir-Hinshelwood model.
Go

In—

C = kappt (2)

C,is theinitial dye concentration, and Cis the final dye con-
centration following light exposure. k,, is a pseudo-first-
order kinetic rate constant at time t. To ascertain whether the
BaZrO; could be reused, the experiment was conducted four
times in a row [28].

NaOH solution
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BaZrO3 Nanoneedles shaped morphology

Fig. 1. Schematic representation for the synthesis of BaZrO3 nanoneedles
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3. Results and discussion

3.1. Structural and optical studies

Figure 2(a) shows the diffraction peaks of the synthesized
BaZrO; nanoneedles, which were indexed using JCPDS Card
No. 06-0399, corresponding to the cubic perovskite structure
(space group: Pm3m). The major peaks observed at 26 = 22.1°,
31.4° 38.6° 45.2°, and 55.6° match well with the (100), (110),
(111), (200), and (211) planes reported in the JCPDS standard.
The absence of secondary peaks confirms the phase purity of
the synthesized material. These results are consistent with previ-
ous reports on crystalline BaZrO; nanoparticles. Indicating that
theultrasound cavitationrouteyields phase-pure products with-
out post-calcination. Since BaZrO; nanoneedles exhibit only
the cubic phase peak, they are likely pure. Sonication was used
to create BaZrO; nanoneedles without the requirement for fur-
ther heating or calcination. The crystallite size was calculated
using Scherrer's formula and found to be approximately 30-32
nm. This nanoscale domain size is particularly significant, as it
correlates with the anisotropic growth observed in FESEM/
TEM and contributes to bandgap narrowing compared to bulk
BaZrO;. The absence of peak broadening beyond expected val-
uessuggestswell-ordered crystallinity despite the low-tempera-
ture, rapid synthesis process —highlighting the effectiveness
of ultrasound in directing controlled nucleation and growth.
Fourier transform infrared (FTIR) spectra further corroborate
the formation of BaZrOs, as shown in Figure 2 (b). The strong
absorption band at ~505 cm~' corresponds to Zr-0O vibrations
in the perovskite lattice, while the feature at 1457 cm™ is
attributed to Ba—O bonding. A broad band near 3475 cm~1 indi-
cates surface hydroxyl groups, likely arising from adsorbed mois-
ture. These hydroxyl groups are beneficial, as they provide
anchoring sites for dye adsorption and can act as precursors
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for the generation of hydroxyl radicals (*OH) under illumina-
tion, thereby linking structural features to photocatalytic activ-
ity. Notably, the absence of carbonate-related peaks confirms
that CO, contamination was avoided—a common problem in
Ba-based perovskites synthesized by hydrothermal or sol-gel
methods.

To evaluate the optical properties, UV-Vis (DRS) and the
Tauc plot were used to estimate the bandgap as shown in Fig-
ure 2(c-d). Bulk BaZrO; typically exhibits a bandgap in the
range of ~4.0 to 5.0 eV [29], consistent with its classification as
a wide-bandgap insulator. However, the nanoneedles dis-
played an optical bandgap of 3.26 eV, indicating a redshift into
the near-visible region. This reduction can be attributed to
nanoscale effects and anisotropic charge confinement, which
enhance light harvesting across the solar spectrum. The
observed shift in the absorption peak can be attributed to elec-
trostatic interactions arising from the negatively charged sur-
face of the BaZrO; nanoneedles, as confirmed by the zeta poten-
tial value of —41.3 mV. The narrowing of the bandgap is cru-
cial, as it enables activation under natural sunlight, unlike bulk
BaZrO; or doped systems that rely on artificial UV sources. This
visible-light response directly correlates with the high photocat-
alytic efficiency observed. Visible-light-driven photocatalysts
require the visible region of BaZrO3z (Aa= 326 nm). The equa-
tion relates the bandgap Eq to the wavelength A: E; = 1240/A.
The calculated bandgap of the sample is E; = 3.80 eV. There-
fore, in Figure 2(d), the bandgap determined from the Tauc
plot was 3.26 eV, which is less than the 3.80 eV bandgap of
bulk BaZrOs;. Therefore, it confirms that the ultrasound-
assisted synthesis did not significantly alter the intrinsic opti-
cal characteristics of the BaZrO; lattice. At the nanoscale, quan-
tum confinement effects lower the bandgap. This finding
implies that BaZrOs; can serve as an effectivevisible-light photo-
catalyst. Because of its broad bandgap, light absorption, forma-
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Fig. 2. (a) XRD, (b) FT-IR, (c)UV-Vis (DRS) of BaZrO; Nanoneedles, and (d)Tauc's plot.

Environmental Chemistry and Safety 2026, 2: 9600058

(3 of 11)

27k | Sci@pen

Tsinghua University Press



Environmental Chemistry and Safety doi: 10.26599/ECS.2025.9600058

tion of reactive charge carriers, chemical stability, surface reac-
tivity, potential applications, and affordability, BaZrO; is a
promising photocatalyst [30].

Figure 3 shows the Photoluminescence (PL) spectra to
investigate defects in BaZrOs;, which analyzes the recombina-
tion efficiency between photogenerated holes (h*) and elec-
trons (e7). The emission spectrum of BaZrO; (A.,) is 356 nm,
462 nm, and 663 nm, as shown in Figure 3; there is a signifi-
cant reduction in PL intensity over 350-670 nm, resulting in
lower charge recombination rates and better charge-carrier sep-
aration, thereby increasing photocatalytic efficiency. Efficient
charge separation could increase the lifetime of charge carri-
ers by enhancing interfacial charge transfer to adsorbed sub-
strates, thereby improving photocatalytic activity[31]. All
these suggest enhanced photocatalytic activity of BaZrO;

nanoneedles.

3.2. Morphological studies

Morphological analysis by FESEM revealed the formation of uni-
form nanoneedles, typically several hundred nanometers in
length, with diameters in the tens of nanometers Figure 4
(a-b). Such anisotropy is rarely reported for BaZrO; synthe-
sized without templates or surfactants, underscoring the
unique effect of ultrasound cavitation. The needle-like morphol-
ogy provides a high surface-to-volume ratio, thereby increas-
ing the number of adsorption sites for pollutant molecules. Fig-
ure 4 (c) shows that Energy-dispersive X-ray spectroscopy
(EDX) confirmed the elemental composition, detecting only
Ba, Zr, and O, further supporting the phase purity of the synthe-
sized material. Furthermore, as demonstrated in Figure 5 (a-
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Fig. 3. spectra of BaZrO; Nanoneedles
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Fig. 4. (a-b) FESEM under low magnification (20 um and 10 pum) showing nanoneedles morphology, (c) EDX spectrum of BaZrO; nanoneedles
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10 1/nm

Fig. 5. (a-b) HRTEM under high magnification (100 nm and 50 nm), (c) SAED pattern, and (d-f) Elemental mapping of BaZrO; nanoneedles

b), HRTEM images confirm the formation of a nanoneedle mor-
phology, showing elongated structures originating from parti-
cle nucleation; this observation is further supported by FESEM
analysis. Therefore, it confirmed the one-dimensional
anisotropicgrowth, showingwell-resolved lattice fringes consis-
tent with the cubic BaZrOj; structure. The selected region of
the electron diffraction pattern (SAED) aligns with the
obtained XRD result. The SAED pattern in Figure 5(c) shows
well-defined diffraction rings corresponding to the (100),
(110), (111), and (200) planes of cubic BaZrOs, indicating the
polycrystalline nature of the nanoneedles. The measured inter-
planar spacings (d-spacings) closely match those obtained
from XRD analysis, further validating the phase purity. Figure
5 (d-f) shows the corresponding elemental mapping for Ba, Zr,
and O.The elemental mapping resultindicates that all of the ele-
ments are evenly distributed throughout the sample [32].
These results establish a strong correlation between synthesis
conditions, structure,and photocatalyticperformance.Theultra-
sound-induced anisotropy not only directs the growth of
BaZrO; into nanoneedles but also produces a narrowed
bandgap, surface hydroxylation, and high crystallinity—all of
which synergistically enhance visible-light absorption, charge-
carrier separation, and dye adsorption. These structural and
optical features directly rationalize the rapid photocatalysis
observed in subsequent studies.

3.3. DLS and Zeta Potential Studies

Figure 6 shows the Dynamic Light Scattering (DLS) analysis of
BaZrOs, which involves dispersing the particles in water and
detecting the fluctuations in scattered light induced by their
Brownian motion. This examination can reveal the particle size
distribution. The DLS analysis of the size distribution of BaZrO;
nanoneedles corroborated the XRD and TEM results. To under-
stand the characteristics and behaviour of BaZrO3; nanoneedles-
for catalyst applications.

Zeta potential measurements have been conducted to
determine the surface charge of synthesized BaZrO; nanonee-
dles. Generally, zeta potential is used to analyze biomolecular
stability and nanoparticle interactions. Figure7 shows the sur-
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Fig. 6. DLS of BaZrO; Nanoneedles

face charges on BaZrO; nanoneedles, with zeta potentials rang-
ing from -41 to —41.3 mV. The zeta potential indicates that the
samples are stable.

3.4. Photocatalytic activity

Indigo Carmine (IC), an anionic dye, and Rhodamine B (RhB), a
cationic dye, were selected as model organic pollutants. Using
BaZrO; nanoneedles exposed to sunlight, the effects of indus-
trial pollutants from textiles and dyes were examined. Photocat-
alytic experiments were performed under natural sunlight
between 11:30 AM and 2:00 PM in May, on clear, cloudless
days with high solar irradiance.

Figures 8(a) and 8(c) show the de-dying procedure; both
dyes were observed in the blank studies without a photocata-
lyst. RhBand IC dye solutions in water are exceptionally stable
since sunlight only slightly alters the dyes' color. The degrada-
tion of dyes requires an appropriate photocatalyst.

Todistinguishadsorption effectsfrom photocatalyticdegra-
dation, the dye—catalyst suspensions were stirred in the dark
for 60 min to reach adsorption-desorption equilibrium. The
adsorption data indicated that BaZrO; nanoneedles removed
only 23% of RhB and 12% of IC in the dark, demonstrating mini-
mal adsorption of the dye molecules on the catalyst surface.
After illumination, the degradation significantly increased to
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BaZrO; nanoneedles as photocatalyst

99.5% for RhB and 98% for IC, confirming that the observed  catalysis is the dominant removal mechanism.

dye removal predominantly arises from photocatalytic activity Toinvestigate the photocatalytic activity, BaZrO; nanonee-
rather than dark adsorption. These results align with the typi-  dles were then added to the dye solution. To achieve satura-
cal behavior of wide-band-gap perovskite oxides, where photo-  tion adsorption equilibrium, the material was agitated in the
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dark for 60 min. The absorption spectra were then recorded
every 10 min after the sample was exposed to direct sunlight.
At 550 nm, RhB exhibited an absorption peak. After 50 min of
photodegradation, the BaZrO; nanoneedles' absorbance max-
ima disappeared, as seen in Figure 8(b). The IC dye's peak
absorption spectrum, displayed in Figure 8(d), peaked at 610
nm and then decreased significantly after 60 min. Under typi-
cal conditions, sunlight degrades RhB and IC dyes similarly. Fur-
thermore, the shift in absorption peak intensity supports the
presence of a negative charge on the surfaces of the BaZrO;
nanoneedles, as indicated by the zeta potential measure-
ments. Because RhB dye is cationic, electrostatic interactions
and forces play a significant role in its rapid degradation [33].
RhB degrades in under 50 min, whereas IC takes 10 min
longer, according to equation (1). Figure 8 (e) and (f) employ
the Langmuir-Hinshelwood formulation equation (2) to dis-
play pseudo-first-order kinetics, denoted by a straight line. The
BaZrO; nanoneedles' apparent rate constant (Ky,p,) for RhB
dyes is 0.0020 min-' (R2 = 0.981), while for IC dyes it is 0.0018
min-' (R2 = 0.986), according to pseudo-first-order kinetics.
Based on these findings, BaZrO; nanoneedles are reasonably
active at photodegrading both dyes.
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3.5. Reusability and stability studies

A photocatalyst's utility in commercial and industrial contexts
is high, particularly in terms of stability and reusability. There-
fore, despite reducing costs, the durability and reusability of
the photocatalyst should be evaluated. After degrading RhB
and IC in sunlight, the potential for reusing BaZrO; nanonee-
dles was assessed. RhB and IC can be broken down by recy-
cling the produced BaZrO; nanoneedles four times, as shown
in Figure 9 (a). Additionally, to remove the degraded dye
nanoparticles from the catalyst's surface, the catalyst was
rinsed with an ethanol-deionized water solution after the experi-
ment. After drying, it was subjected to the same testing proce-
dures again. Following four cycles, RhB's photocatalytic activ-
ity was 79%, whereas IC's was 76%. After four cycles, the
BaZrO; nanoneedles continue to perform more efficiently and
exhibit outstanding photocatalytic activity[34].

Additionally, after four cycles, agglomeration of BaZrO3
nanoneedles was observed.The Fourier transforminfrared spec-
tra of the pure dye and its solution following degradation by a
BaZrO; nanoneedle photocatalyst are shown in Figure 9(c-f).
The results indicate that the BaZrO; photocatalyst was effec-
tive, as evidenced by the significantly shifted peak. A pure and
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Fig. 9. (a) Degradation behavior of RhB and IC at variable cycles (b) Photodegradation caused by the effect of quenchers RhB and IC dye using
BaZrO;, FT-IR spectrum of (c) Degraded RhB, (d) Degraded IC, (e) RhB dye, and (f) IC dye
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post-degradation dye with a functional group ofRhB and IC
dye group is shown in Table 1, along with the FTIR peak loca-
tion descriptions.

XRD analysis was performed on BaZrO; nanoneedles after
the fourth cycle. BaZrO; nanoneedles. Changes in peak posi-
tion, alterations in intensity, or the emergence of new peaks
may be visible in XRD patterns during the reuse of photocata-
lysts. Crystallite size fluctuations and phase transitions are exam-
ples of changes in crystal structure, as seen in Figure 10(a). As
illustrated in Figure 10(b), FT-IR spectra can reveal changes in
peak positions or intensities, as well as the emergence or disap-
pearance of peaks associated with functional groups during
reuse. After the fourth cycle, the morphologies of the RhB and
IC nanoneedles were observed by FESEM, as shown in Figures
10(c) and 10(d).

3.6. Mechanistic insights of dye degradation

Many reactive radicals, including holes (h+), hydroxyl radicals
(‘OH), and superoxide anion radicals (O,), are in charge of the
photocatalytic destruction of a dye. To understand the mecha-
nisms of photocatalytic reactions, it is crucial to investigate the
reactive radicals that drive the degradation process [35]. To
examine the effect of radical scavengers on the degradation of

RhB and IC dyes under visible-light exposure, trapping experi-
ments were performed. In this work, photogenerated O, -,
‘OH, and h* were quenched using benzoquinone (BQ), iso-
propanol (IPA), and ammonium oxalate (AO). Without a scav-
enging intermediate, the highest photocatalytic degradation
of RhB dye (99.5%) and IC dye (98%) was accomplished, as
seen in Figure 9(b). IPA was added, and the *OH radical signifi-
cantly reduced the degradation of both dyes, suggesting that
itis essential for photocatalytic degradation. The photodegrada-
tion decreased from 98.5% to 47% in RhB and from 98% to
45% in IC when BQ was introduced, indicating that O, is a sec-
ondary oxidative species. In the meantime, AO showed a slight
decrease, suggesting that h* was the most active species. There-
fore, it was determined that the influencing order was
‘OH>0,"~> h*. The scavenging study results suggest that the
improved photocatalytic mechanism of BaZrO; nanoneedles,
which may be described as follows:

BaZrO; + hv — BaZrO; (e~,) + BaZrOs (ht,,,)

BaZrO; (e,) + O, — BaZrO; + O,

BaZrO; (h*,p) + OH- —OH

0,~ + H,0 — OH~ + HOy»

HO, + H,O —OH* + H,0,

Table 1. Functional group analysis of RhB and IC dyes (before and after degradation)

Characteristic peak (cm=)

Functional group

Characteristic peak (cm=)

Functional group

RhB dye Degraded RhB IC dye Degraded IC
3388 3733 O-H stretching 3401 3626 O-H stretching
2307 2355 C=C stretching - 3007 C=C stretching
1582 1678 C=C stretching - 2663 C-H stretching
1345 1499 C-O stretching 1630 - C-O stretching
1166 - C-O stretching 1107 964 C-O-C stretching
704 - C-H stretching 668 620 N-H stretching
- 656 N-H stretching 584 - CH-HStretching
100 |
~ S
3 S O
& o]
Y 5
2 'é 80 |
£ &
=
70
20 30 40 50 60 70 80 4000 3500 3000 2500 2000 1500 1000 500
26 (9) Wavenumber (cm™)
(a) (b)
() (d)
Fig. 10. (a-b) XRD and FTIR of recovered photocatalyst (4th cycle), (c-d) FESEM of (4th cycle)
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H,0, — 20H"

Dye (RhB/1C) + OH— CO, ; + H,0 + degraded products
The photocatalytic reaction mechanism was examined to iden-
tify the reactive species responsible for dye degradation.
When exposed to sunlight, the photocatalyst is excited from
the valence band to the conduction band, generatingelec-
trons in the conduction band and holes in the valence band.
Consequently, photogenerated holes and electrons migrate
toward the nanoparticles' surface. In experiments, these exci-
tons can form a superoxide radical anion by directly reacting
with the dye, resulting in the production of oxidized products
and dissolved oxygen. Similarly, upon radiation exposure,
these photogenerated holes may migrate toward the surface
and directly react with the dye, producingdegraded intermedi-
ates.

As shown in Figure 11, the surface hydroxyl groups are
engaged with both electrons and holes at the VB and CB, respec-
tively. The highly oxidative nature of holes and OH' radicals
causes dyes to partially or entirely deteriorate. The production
of hydroxyl radicals (OH-), a key component of photocatalytic
activity, is enhanced. When sunlight strikes BaZrO; nanonee-
dles at 3.26 eV, electrons in the valence band are excited to
the newly created Zr*+ and Ba2*+ states. Superoxide radical
anions (0,~) were produced by induced electrons interacting
with dissolved oxygen molecules. These anions were then pro-
tonated to make hydroperoxyl radicals (HO,*), which in turn
were protonated to form hydroxyl radicals (OH"). But on sur-
face adsorbed water, the hydroxyl radicals produced by the
holes will react with RhB and IC. The dyes are oxidized by the for-
mation of the hydroxyl radical, producing harmless byprod-
ucts such as CO, and H,0, as well as degradation products[36].

Table 2 provides a comparative summary of different

Reduced
products

Oxidized
H,0 products
'S '

‘\,I\:,J\A&)-& P

At AL

"v‘} RhB

Fig. 11. Degradation mechanism of dye using BaZrO; nanoneedles

Environmental Chemistry and Safety doi: 10.26599/ECS.2025.9600058

BaZrOs-based photocatalysts reported in the literature, along
with their degradation performance toward various organic
dyes. The catalysts include pristine BaZrOs, doped variants (W-
doped and Mg-doped BaZrOs), and BaZrOs:Bi, each tested
against pollutants such as tetracycline (TC), phenol, methy-
lene blue (MB), and Congo red (CR). The reduction time
needed for dye degradation ranges from 60 min to 6 hours,
with degradation efficiencies from 80% to 100%, depending
on the catalyst and target dye. Notably, pristine BaZrO;
achieves complete phenol degradation in 60 min, while
doped versions show improved kinetics and efficiency for
otherdyes.Incomparison, the current study demonstrates supe-
rior photocatalytic activity with BaZrO3; nanoneedles, achiev-
ing rapid degradation of Rhodamine B (RhB) and Indigo
Carmine (IC) within 50 and 60 min, respectively, with efficien-
cies of 99.5% and 98%, respectively. The nanoneedle morphol-
ogy of BaZrO; provides a larger active surface area and
improved charge-transfer pathways, enabling faster and more
effective dye degradation.

4, Conclusion

The ultrasonic cavitation method was successfully used to pro-
duce BaZrO; nanoneedles. The ultrasound is essential to the
development of nanoparticles. It is beneficial for structuring sur-
face-active molecules and is made to bind them onto various
crystal planes of nucleating centers. TEM and XRD analyses
revealed a crystallite size of ~30-32 nm, indicating that the uni-
form ultrasonic treatment facilitated the formation of needle-
like structures, as confirmed by TEM and FESEM images, with
no impurity detected. Photocatalytic degradation of the
cationic dye RhB and the anionic dye IC under solar radiation
was studied. BaZrO; nanoneedles degraded RhB dye within 50
min, achieving99.5% catalytic efficiency. Concurrently, IC dye
was broken down in 60 min with 98% efficiency. Four succes-
sive cycles yielded 79% efficiency for RhB and 76% for IC, indi-
catingstrongreusability. Themorphology-dependent photocat-
alytic activity of BaZrO; was observed, and numerous
attempts were made to enhance its photoactivity by altering
its morphology. This study established an effective technique
for creating BaZrO; nanoneedles. With minimal energy and
cost-effectiveness, it can effectively inhibit harmful ionic dyes
and clean wastewater in large-scale processing.
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Table 2. Comparative study of photocatalytic activity of BaZrO; towards different dyes

Catalyst Dyes Reduction time % Degradation References

W doped BaZrO, TC 180 min 94.9% [37]

BaZrOs Phenol 60 min 100% [38]

BaZrOs:Bi MB 6 hours 87.5% [39]

Mg doped BaZrOs MB 180 min 80% [40]

BaZrO; CR 250 min 84.1% [41]
H 0,

BaZrO; Nanoneedles RhB 30 m!n 99.5% Present study
1C 60 min 98%
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