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A B S T R A C T

This study investigates the synthesis of transition metal oxide nanoparticles, including Zirconium oxide (ZrO2), 
Barium oxide (BaO), and Yttrium oxide (Y2O3), using Eucalyptus leaf extract as a green reducing agent through a 
sonication-assisted approach. The nanoparticles were thoroughly characterized for their crystalline structure, 
functional groups, morphology, and elemental composition. The results confirmed the successful formation of 
distinct metal oxide bonds and unique morphological features: ZrO2 exhibited semi-spherical shapes, BaO 
showed monodisperse spherical morphology, and Y2O3 displayed a flaky non-spherical structure. The photo
catalytic activity of the nanoparticles was evaluated for the degradation of Brilliant Blue (BB) and Rhodamine B 
(RhB) dyes. Among the samples, BaO nanoparticles achieved the highest degradation efficiency, reaching up to 
99 % for both dyes under natural sunlight. Antibacterial studies revealed significant activity, with BaO exhibiting 
18 mm and 21 mm inhibition zones against E. coli and S. aureus. Real-time turbidimetric growth inhibition tests 
further demonstrated BaO’s superior performance, with growth inhibition rates of 81.4 % and 88.6 % against 
E. coli and S. aureus. Additionally, antioxidant activity assessed through the DPPH assay indicated that BaO 
nanoparticles exhibited the highest radical scavenging ability, surpassing ZrO2 and Y2O3. These findings un
derscore the multifunctional capabilities of BaO nanoparticles, particularly in environmental remediation ap
plications such as dye degradation, antibacterial treatments, and antioxidant activity, highlighting their potential 
for sustainable and eco-friendly solutions to pressing biological and ecological challenges.

1. Introduction

The textile dyeing industry has a history of 4,000 years, with natural 
dyes dominating until synthetic dyes emerged 150 years ago. Today, 
many dyes are used in textiles, leather, and printing to colour materials 
like fabrics, carpets, and inks. Approximately 7 million tons of textile 
dyes are produced annually, with around 10 % discharged into water 
bodies as industrial effluent [1,2]. Among these, the most prominent are 
azo, anthraquinone, and phthalocyanine dyes. Azo dyes account for over 
1 million tons of annual production and are widely used in textiles, 
printing, pharmaceuticals, cosmetics, and food processing [3,4]. Azo 
dyes are classified as micropollutants due to their persistence in aquatic 
environments, even at low concentrations (ng/L). Their presence dis
rupts sunlight penetration, affecting photosynthesis and biological ac
tivity in marine ecosystems while reducing dissolved oxygen levels [5]. 
These dyes contribute significantly to coloured wastewater, with dye 
wastage in the textile industry ranging from 5 % to 50 %, resulting in 

approximately 200 billion litres of effluent annually. Slow or negligible 
biodegradation further exacerbates their environmental impact, leading 
to prolonged contamination. Azo and anthraquinone dyes are toxic to 
aquatic life, affecting bacteria, microalgae, and ciliates, and pose health 
risks to humans, including mutagenic effects and kidney diseases [6,7]. 
Therefore, removing these dyes from industrial effluents is essential to 
mitigate environmental and biological hazards.

Various techniques have been explored to eliminate harmful dye 
contaminants, including adsorption, coagulation, flocculation, mem
brane filtration, ion exchange, and ozonation [8–12]. However, these 
methods often merely transform the dye components into different 
states, leaving their toxic nature largely unchanged. Consequently, 
current research efforts are focused on removing dye pollutants and 
their degradation into non-toxic byproducts. Among the available ap
proaches, photocatalytic degradation has emerged as a highly effective 
technique for achieving this dual goal. The photocatalytic degradation 
technique employs a photocatalyst material to mineralize organic 
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pollutants effectively in contaminated water into harmless byproducts 
such as carbon dioxide and water [13–15]. The photocatalytic degra
dation efficiency depends on the properties of the photocatalyst mate
rials, which should possess an optimal band gap energy, prolonged 
charge carrier recombination time, high photoactivity, superior 
adsorption capacity, and robust chemical stability. Transition metal 
oxide nanoparticles are up-and-coming candidates, exhibiting these 
desirable characteristics. A variety of such nanoparticles, including ti
tanium oxide (TiO2), zinc oxide (ZnO), cobalt oxide (Co3O4), nickel 
oxide (NiO), and tin oxide (SnO2), have been extensively studied for 
their efficacy in degrading dye pollutants through photocatalytic pro
cesses [16–19].

Several transition metal oxide nanoparticles have been compara
tively less studied but offer significant advantages as photocatalysts. 
Zirconium oxide (ZrO2) nanoparticles stand out due to their exceptional 
optical and electronic properties. Their notably low conduction band 
energy and wide band gap facilitate the efficient generation of oxygen 
vacancies, which act as active sites for catalytic interactions [20,21]. 
Combined with their remarkable stability, these properties render ZrO2 
nanoparticles highly effective as photocatalysts. Similarly, barium oxide 
(BaO), an alkaline earth metal oxide family member, demonstrates 
exceptional catalytic activity, particularly in the epoxidation of terminal 
alkenes such as styrene [22–24]. The high stability and distinctive 
properties of BaO nanoparticles reduce the reliance on conventional 
transition metal oxide (TMO) photocatalysts, which are often prone to 
corrosion. Another rare earth metal oxide nanoparticle with significant 
potential as a photocatalyst, though relatively underexplored, is yttrium 
oxide (Y2O3). Y2O3 nanoparticles exhibit a wide optical band gap and 
excellent chemical and thermal stability [25–27]. Beyond 

photocatalysis, they are also recognized as key components in the 
fabrication of optoelectronic devices, highlighting their versatility and 
importance in advanced materials research.

This study adopts a novel approach to synthesizing the transition 
metal oxide nanoparticles, namely ZrO2, BaO, and Y2O3. It investigates 
their potential multifaceted applications in dye pollutant degradation, 
antioxidant activity, and antibacterial properties. A green synthesis 
methodology was employed to ensure an environmentally sustainable 
synthesis process, utilizing Eucalyptus leaf extract as a natural reducing 
agent. Specifically for photocatalytic degradation of organic pollutants, 
green synthesis of nanoparticles offers several advantages, including 
environmental friendliness, cost-effectiveness, and enhanced biocom
patibility. Eucalyptus, a genus belonging to the Myrtaceae family, is 
widely recognized for its rapid growth and adaptability to diverse cli
matic conditions [28]. Phytochemical analyses of Eucalyptus leaves 
reveal an abundance of bioactive compounds, such as flavonoids, tan
nins, terpenoids, and essential oils. These phytochemicals are crucial in 
reducing metal salts to nanoparticles while imparting the synthesized 
materials with potent antibacterial and antifungal properties [29]. 
Traditionally, Eucalyptus has been employed in herbal medicine to treat 
ailments like respiratory infections, arthritis, and skin conditions. 
Eucalyptus extracts are known for their effectiveness as natural disin
fectants and insect repellents [30]. The bioactive components of Euca
lyptus not only serve as reducing agents in nanoparticle synthesis but 
also enhance the functional properties of nanomaterials, making them 
highly effective in applications like photocatalytic degradation and 
microbial inhibition.

Fig. 1. A brief representation of the synthesis of ZrO2, BaO, and Y2O3 samples.
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2. Experimental procedure

2.1. Materials required

The precursor metal salts used in this study are Barium chloride 
dihydrate (BaCl2⋅2H2O) (99 % purity), Zirconium Oxychloride Octahy
drate (ZrO2Cl2⋅8H2O) (99.5 % purity), and Yttrium (III) Chloride 
Hexahydrate extra pure (YCl3⋅6H2O) (99.9 % purity). The Eucalyptus 
leaf was used as a reducing and capping agent and was acquired from 
local forms near Tiruchengode, Tamilnadu, India. This study used ab
solute ethanol and double-distilled (DD) water as solvents. The chem
icals and solvents used in this study were purchased from Loba Chemie., 
India.

2.2. Preparation of Eucalyptus leaf extract

The collected Eucalyptus leaves were washed several times with DD 
water and shade-dried for 3 days to remove moisture. The leaves were 
then fine-grounded with a domestic mixer and stored in a desiccator. 30 
g of Eucalyptus leaf powder was then dispersed into 300 mL of DD water 
and boiled for 6 h at 80 ◦C. The extract was then centrifuged at 7000 rpm 
to collect the supernatant. The supernatant was again filtered with 
Whatman No. 1 filter paper to remove smaller constituents. The purified 
extract was then split into 100 mL to synthesize ZrO2, BaO, and Y3O4 

nanoparticles.

2.3. Preparation of ZrO2, BaO and Y3O4 nanoparticles

The synthesis of ZrO2 nanoparticles was carried out using a green 
synthesis approach facilitated by Eucalyptus leaf extract. Initially, 0.1 M 
of zirconium oxychloride octahydrate was dissolved in 100 mL of freshly 
prepared Eucalyptus leaf extract under constant stirring to achieve 
complete homogeneity. After the reaction, the solution was allowed to 
cool to room temperature and was then subjected to ultrasonication for 
120 min using a probe sonicator (operating at 10 s work time and 5 s rest 
intervals). This process ensured uniform nucleation and dispersion of 
nanoparticles. The sonicated solution was left undisturbed at room 
temperature for 24 h to allow homogeneous nucleation and particle 
growth. The resultant solution was centrifuged at 6000 rpm for 15 min 
to collect the formed nanoparticle pellet. The pellet was thoroughly 
washed multiple times with 70 % ethanol and deionized water to 
remove unreacted precursors or residual impurities. The washed pellet 
was dried in a hot air oven at 70 ◦C for 6 h. The dried material was 
ground into a fine powder using a mortar and pestle and subsequently 
calcined at 500 ◦C for 2 h in a muffle furnace to enhance the crystallinity 
of the nanoparticles. A similar synthesis protocol was followed to pre
pare barium oxide (BaO) and yttrium oxide (Y2O3) nanoparticles. For 
these, zirconium oxychloride was replaced with barium chloride 

Fig. 2. XRD spectra of prepared a) ZrO2, b) BaO and c) Y2O3.
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dihydrate and yttrium (III) chloride hexahydrate, respectively, in the 
same stoichiometric concentration. The synthesized zirconium, barium, 
and yttrium oxide nanoparticles were designated ZrO2, BaO, and Y2O3 
for further characterization and studies. A brief graphical representation 
of the synthesis procedure is depicted in Fig. 1. The yield of obtained 
ZrO2, BaO, and Y2O3 nanoparticles from the performed methodology is 
61.41 %, 49.53 %, and 38.46 %, respectively.

2.4. Characterization techniques

The crystalline properties of prepared ZrO2, BaO, and Y2O3 nano
particles were examined using X-ray diffraction analysis (Bruker D2- 
Phaser). The functional group attachments and role of Eucalyptus leaf 
as an effective reducing agent were evaluated with functional group 
analysis utilizing Fourier transform infrared spectroscopy (FTIR) (Per
kinElmer spectrum two FTIR spectrometer). The surface morphological 
analysis was carried out using a Field emission scanning electron mi
croscope fitted with an Energy dispersive x-ray analysis to evaluate the 
elemental composition of the prepared Transition metal oxide nano
particles (SIGMA HV – Carl Zeiss with Bruker Quantax 200 – Z10 EDS 
Detector). The optical absorbance of prepared samples was analyzed 
using UV–Vis spectroscopy (UV–Vis) (JASCO V-750 SPECTROPHO
TOMETER). The particle size of the prepared samples was analyzed 
using a Particle size analyzer (PSA) (Anton Paar, Litesizer 500).

2.5. Antibacterial examination

Fresh cultures of Escherichia coli (E. coli) and Staphylococcus aureus 
(S. aureus) were prepared by inoculating a single bacterial colony from 
each strain into separate nutrient broth media. These cultures were 
incubated at 37 ◦C for 18–24 h to ensure sufficient bacterial growth. 
Following incubation, the bacterial suspensions were standardized to 
match the turbidity of a 0.5 McFarland standard, ensuring uniformity in 
bacterial concentration. Mueller-Hinton agar plates were then prepared, 
and the standardized bacterial suspensions were evenly spread across 
the surface using sterile cotton swabs to ensure uniform inoculation. In 
each agar plate, wells with a diameter of 6 mm were carefully created 

using a sterile borer. Into these wells, 50 µL of nanoparticle solutions, 
specifically ZrO2, BaO, and Y2O3, were introduced at varying concen
trations of 25, 50, 75, and 100 µg/mL. A commercially available anti
microbial agent (S25) was included as a positive control to provide a 
reference for bacterial inhibition, while a well containing only the sol
vent served as a negative control to validate the test system. The agar 
plates were incubated at 37 ◦C for 24 h to allow the nanoparticles to 
interact with the bacterial strains. After incubation, the zones of inhi
bition around the wells were measured using a vernier calliper to 
determine the antibacterial efficacy of the nanoparticles.

2.6. Bacterial growth reduction analysis (turbidimetric analysis)

The antibacterial efficacy of the synthesized nanoparticles was 
evaluated using a turbidometric assay by measuring the inhibition of 
bacterial growth over time. Fresh cultures of E. coli and S. aureus were 
grown in nutrient broth and standardized to match the turbidity of a 0.5 
McFarland standard. In sterilized test tubes, 2 mL of the bacterial sus
pension was combined with 1 mL of nanoparticle solutions at 25, 50, 75, 
and 100 µg/mL concentrations. A control tube containing 2 mL of bac
terial suspension and 1 mL of sterile distilled water was prepared for 
comparison. A blank solution consisting of nutrient broth without bac
teria or nanoparticles was also included to serve as a reference for 
spectrophotometer calibration. The test tubes were incubated at 37 ◦C, 
and the samples’ optical density (OD) was measured at 600 nm using a 
UV–Vis spectrophotometer at intervals of 60 min for a total duration of 
360 min. The extent of bacterial growth inhibition was determined using 
the following formula [31]: 

Growth inhibition efficiency =
OD of control − OD of test

OD of control
× 100 

2.7. Free radical scavenging activity

The antioxidant activity of the synthesized ZrO2, BaO, and Y2O3 
nanoparticles was determined using the DPPH (2,2-diphenyl-1-pic
rylhydrazyl) radical scavenging assay. Stock solutions of the nano
particles were prepared by dispersing them in methanol (100 %) to 

Fig. 3. FTIR spectrum of prepared metal oxide nanoparticles with Eucalyptus leaf extract.
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achieve various concentrations (25, 50, 75, and 100 µg/mL). A DPPH 
solution was prepared by dissolving 0.1 mM DPPH in methanol and 
shielding it from light to maintain stability. For the assay, 2 mL of the 
DPPH solution was mixed with 1 mL of the nanoparticle solution in clean 
test tubes. The methanol solution was used as a blank in the scavenging 

activity. All test tubes were incubated in the dark at room temperature 
for 30 min to allow the reaction to occur. After incubation, the absor
bance of the reaction mixtures was measured at 517 nm using a UV–Vis 
spectrophotometer. The percentage of DPPH radical scavenging activity 
was calculated using the following formula [32]: 

Fig. 4. Surface morphology analysis of prepared ZrO2 (a-b), Bao (c-d) and Y2O3 (e-f).

Radical scavenging activity (%) =
Absorbance of control − Absorbance of sample

absorbance of control 
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This assay allowed the evaluation of the free radical scavenging 
potential of the nanoparticles based on their ability to reduce the DPPH 
radicals, which was indicated by a decrease in absorbance at 517 nm. 
The results were compared across the different samples and concentra
tions to assess their antioxidant efficiency.

2.8. Photocatalytic activity procedure

The photocatalytic degradation of brilliant blue (BB) and rhodamine 
B (RhB) dyes using the prepared ZrO2, BaO, and Y2O3 nanoparticles was 
conducted to assess the efficiency of the catalysts in pollutant removal. 
Stock solutions of both dyes were prepared by dissolving 15 ppm of BB 
and RhB in 100 mL of DD water. 10 mg/L of the synthesized nano
particles were added to the dye solutions to ensure equilibrium 
adsorption, followed by stirring in the dark for 30 min. This step allowed 

the dyes to adsorb onto the catalyst surfaces. Subsequently, the solutions 
were exposed to natural sunlight (~ 800 W/m2) under constant stirring 
using a magnetic stirrer at 150 rpm to initiate photocatalytic degrada
tion. The degradation process was allowed to continue until near- 
complete degradation was achieved. The progress of the degradation 
was monitored by measuring the absorbance of the solutions every 15 
min using a UV–Vis spectrophotometer, with the maximum absorbance 
wavelengths of 560 nm for BB and 555 nm for RhB. The degradation 
efficiency of the catalysts was calculated using the formula [33]: 

Degradation efficiency (%) =
B0 − Bt

B0
× 100 

Where B0 is the initial concentration of the dye (based on absor
bance), and Bt is the concentration at time t.

3. Results and Discussion

3.1. X-ray diffraction analysis

The XRD spectra, as shown in Fig. 2, reveal the characteristic 
diffraction peaks of the prepared ZrO2, BaO, and Y2O3 nanoparticles, 
corresponding to their respective crystal structures. For ZrO2 (Fig. 2 (a)), 
the predominant peaks observed at specific 2θ positions correspond to 
the (11–1), (111), and (002) crystal planes, indicative of a Baddeleyite 
structure. This phase aligns with the standard diffraction data (ICDD: 
96–901-6715) and is associated with the monoclinic space group P 1 21/ 
c 1 [34]. Similarly, the BaO nanoparticles (Fig. 2 (b)) exhibit diffraction 
peaks that match a tetragonal crystal structure, as indexed by the space 
group P4/m (ICDD: 96–901-3414) [35]. The Y2O3 sample (Fig. 2 (c)) 
displays intense peaks corresponding to the (222), (044), and (226) 
planes, characteristic of the cubic phase of Yttrium oxide with the space 
group Ia3 (ICDD:96–720-5918) [36]. The crystalline sizes of the nano
particles were calculated using the Debye-Scherrer equation [37], 
revealing average sizes of 19.43 nm, 35.44 nm, and 23.88 nm for ZrO2, 
BaO, and Y2O3, respectively. The relatively small crystallite sizes indi
cate effective nucleation and growth of the metal oxide nanoparticles, 
facilitated by the bioactive compounds in Eucalyptus leaf extract, which 

Fig. 5. Elemental composition analysis of prepared a) ZrO2, b) BaO and c) Y2O3.

Fig. 6. Particle size analysis of prepared nanoparticles.
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acted as both a reducing and capping agent. Further, the dislocation 
density and microstrain were calculated using equations from previous 
literature [38,39]. The calculated dislocation density values were 2.65 
× 10− 3 nm− 2, 0.79 × 10− 3 nm− 2, and 1.75 × 10− 3 nm− 2 for ZrO2, BaO, 
and Y2O3, respectively. The microstrain values were 0.0125, 0.0083, 
and 0.0102, respectively. These results suggest that BaO exhibits the 
lowest dislocation density and microstrain, indicating better crystal
linity than ZrO2 and Y2O3. The overall structural analysis highlights the 
high-quality crystalline nature of the synthesized nanoparticles, with 
minimal lattice imperfections.

3.2. Functional group analysis

The functional groups present in the prepared samples were analyzed 
using FTIR spectroscopy to assess phase purity and evaluate the role of 
Eucalyptus leaf extract in stabilizing the nanoparticles. As shown in 
Fig. 3, several predominant peaks were observed in the spectra. A broad 
peak at 3442 cm− 1 across all samples is attributed to O–H stretching 
vibrations, likely due to adsorbed atmospheric moisture or residual KBr 
used in pellet preparation [40]. The peak observed at 1625 cm− 1 cor
responds to C=O stretching vibrations, indicating the presence of 
carboxyl groups derived from the Eucalyptus leaf extract, which may 
play a crucial role in capping and stabilizing the nanoparticles [41]. The 
bending vibration observed at 1101 cm− 1 is associated with H–C–H 
groups, characteristic of methylene functional groups found in the 
organic composition of the extract [42,43].

Additionally, peaks within the 1000–500 cm− 1 region are charac
teristic of metal–oxygen (M− O) bonds, confirming the formation of 
metal oxides. Specifically, for ZrO2, a prominent peak at 622 cm− 1 is 
attributed to Zr–O stretching vibrations [44]. Similarly, the Ba–O and 
Y–O bonds in BaO and Y2O3 samples are identified at 605 cm− 1 and 574 

cm− 1, respectively [45,46]. The absence of extraneous peaks in the FTIR 
spectra indicates the formation of phase-pure metal oxide structures, 
effectively functionalized and stabilized by the Eucalyptus leaf extract.

3.3. Morphology and elemental analysis

The surface morphology and structural characteristics of the pre
pared ZrO2, BaO, and Y2O3 nanoparticles were examined using FESEM 
at different magnifications, as shown in Fig. 4 (a–f). Fig. 4 (a) and (b) 
depict the FESEM images of ZrO2 nanoparticles at 500 nm and 200 nm 
magnifications, respectively. The photos reveal a uniform and compact 
structure with well-defined grain boundaries. The ZrO2 nanoparticles 
exhibit a semi-spherical morphology with minimal agglomeration. The 
observed surface texture suggests the presence of interstitial Zr3+ ions, 
consistent with the monoclinic phase of ZrO2.

The relatively smooth particle surfaces further indicate effective 
stabilization, likely influenced by using the Eucalyptus leaf extract dur
ing synthesis. The BaO nanoparticles, as seen in Fig. 4 (c and d), exhibit a 
predominantly spherical morphology, with moderate agglomeration 
evident at higher magnifications. The particles appear relatively 
monodisperse, indicating uniform size distribution. The surface 
morphology of BaO also indicates enhanced particle stability and high 
specific surface area, which can contribute to its photocatalytic effi
ciency. The Y2O3 samples, as seen in Fig. 4 (e and f), display a distinct 
flaky and layered morphology, with a non-spherical, irregular structure. 
The particles exhibit significant agglomeration, forming dense clusters. 
This unique morphology could provide an extended reactive surface 
area, potentially enhancing the material’s interaction with pollutant 
molecules during photocatalytic applications. The structural features 
also suggest the role of the synthesis process and the stabilizing agent in 
influencing particle growth and morphology.

The elemental composition of the synthesized ZrO2, BaO, and Y2O3 
nanoparticles was analyzed using EDAX, as shown in Fig. 5 (a–c). The 
EDAX spectrum of ZrO2 nanoparticles (Fig. 5(a)) displays prominent 
peaks corresponding to zirconium (Zr), oxygen (O), and carbon (C). 
Zirconium accounts for 55.60 % by weight and 16.65 % by atomic 
percentage, indicating its dominance in the sample composition. The 
EDAX spectrum of BaO nanoparticles (Fig. 5 (b)) shows characteristic 
peaks for barium (Ba), oxygen (O), and carbon (C). Barium is the major 
element, with a weight percentage of 72.00 % and an atomic percentage 
of 21.94 %, confirming the successful synthesis of BaO. The EDAX 
spectrum of Y2O3 nanoparticles (Fig. 5(c) identifies yttrium (Y), oxygen 
(O), and carbon (C) as the primary elements. Yttrium accounts for 52.85 
% by weight and 14.65 % by atomic percentage, confirming the for
mation of Y2O3. All samples are detected with the minimum rate of 

Fig. 7. Optical properties for prepared ZrO2, BaO, and Y2O3 a) Absorbance spectra and b) Optical band gap.

Table 1 
Antibacterial zone formation by prepared nanoparticles against E. coli and 
S. aureus.

Sample Zone of inhibition (mm)

E. coli S. aureus

S25 25 
µg/ 
mL

50 
µg/ 
mL

100 
µg/mL

S25 25 
µg/ 
mL

50 
µg/ 
mL

100 
µg/mL

BaO 12 13 15 18 13 15 19 21
ZrO2 12 10 13 16 13 13 16 19
Y2O3 12 9 12 15 13 10 14 18
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carbon constituents, which could have arisen due to the capping agent 
employed or adsorbed atmospheric carbon species. The detection of 
attachment of carbon groups in the samples is consistent with the FTIR 
results showing the effective functionalization of Eucalyptus leaf as a 
capping agent.

3.4. Particle size analysis

The particle size distribution of the synthesized ZrO2, BaO, and Y2O3 
nanoparticles was analyzed using a particle size analyzer, and the results 
are presented in Fig. 6. The data reveal a clear distinction in particle size 
distribution among the samples, with median particle sizes (d50) for 
ZrO2, BaO, and Y2O3 being 26.81, 47.93, and 30.91 nm. The particle size 
of prepared samples correlates with the crystalline size observed in the 
Debye-Scherrer equation. The smaller particle size of ZrO2 indicates a 
highly effective nucleation process facilitated by the Eucalyptus leaf 
extract as a capping and reducing agent. The moderate particle size 
observed for Y2O3 reflects its uniform growth and dispersion. BaO 
nanoparticles exhibit the largest particle size among the samples, sug
gesting a tendency for agglomeration during synthesis, likely due to 
differences in the ionic nature and crystal growth mechanism. The 
relatively narrow distribution range for all samples indicates the suc
cessful synthesis of nanoparticles with controlled size and morphology. 
Smaller particles, such as ZrO2, are expected to have a higher surface 
area, which could enhance their photocatalytic and antibacterial activ
ities. These observations correlate well with the XRD analysis, where the 
calculated crystalline sizes using the Debye-Scherrer equation align with 
the particle size trends obtained from PSA. The results confirm the 
capability of the green synthesis approach in controlling particle size 
and distribution while maintaining the structural and morphological 
properties required for advanced applications. This demonstrates the 
effectiveness of Eucalyptus leaf extract in producing nanoparticles with 
tailored characteristics for environmental and biological applications.

3.5. Uv–vis spectroscopy

The UV–visible absorbance spectra of the prepared ZrO2, BaO, and 
Y2O3 nanoparticles, recorded in the wavelength range of 190–800 nm 
(Fig. 7(a)), reveal distinct absorption characteristics. The maximum 
absorbance peaks were observed at 214 nm, 231 nm, and 418 nm for 
ZrO2, BaO, and Y2O3, respectively. As reported in earlier studies, the 
absorbance peak for ZrO2 nanoparticles aligns well with its monoclinic 
crystal structure, which is associated with interstitial Zr3+ ions [47]. For 
BaO nanoparticles, a strong shoulder absorption feature is evident in the 
visible region, highlighting their excellent optical properties as visible- 
light-driven photocatalysts. The absorbance spectrum of Y2O3 nano
particles displays a strong peak in the UV region, accompanied by a 
weak shoulder in the visible region, suggesting limited visible-light ac
tivity. To further analyze their optical properties, the band gaps of the 
samples were determined using Tauc plots. As depicted in Fig. 7 (b), the 
calculated optical band gaps are 4.06 eV for ZrO2, 3.16 eV for BaO, and 
5.1 eV for Y2O3. Generally, an optimal band gap for photocatalytic ap
plications lies in the 1.2–3.5 eV range, enabling efficient light absorption 
and charge separation under visible light [48,49]. Among the prepared 
samples, BaO demonstrates a band gap within this optimal range, 
making it particularly effective for photocatalysis. The narrower band 
gap of BaO facilitates enhanced absorption of visible light and promotes 
efficient charge transfer, minimizing the recombination of photo
generated electron-hole pairs [50]. This characteristic improves the 
generation of reactive oxygen species (ROS), such as hydroxyl radicals 
(•OH) and superoxide radicals (O2

.− ), which are crucial for photo
catalytic degradation [51]. Consequently, due to their favourable opti
cal properties and sustained charge separation, BaO nanoparticles 
demonstrate strong potential as effective photocatalysts in visible-light- 
driven reactions.

Fig. 8. Antibacterial zone of inhibition for ZrO2, BaO, and Y2O3 for E. coli (a-c) and S. aureus (d-f).
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3.6. Antibacterial activity

The antibacterial activity of the synthesized BaO, ZrO2, and Y2O3 
nanoparticles demonstrated significant zone formation against E. coli 
and S. aureus in a concentration-dependent manner. Table 1 highlights 
the highest zones of inhibition observed at a concentration of 100 µg/ 
mL. Specifically, as seen in Fig. 8, inhibition zones for BaO, ZrO2, and 
Y2O3 nanoparticles were 18, 16, and 13 mm against E. coli and 21, 19, 
and 18 mm against S. aureus, respectively. These results confirm that all 
synthesized nanoparticles exhibited notable antibacterial efficacy, with 
BaO showing superior activity. The enhanced antibacterial effect of BaO 
nanoparticles can be attributed to their smaller particle size, which fa
cilitates penetration through bacterial cell walls and disruption of 
intracellular components such as proteins and DNA [52].

The antibacterial mechanism of the prepared nanoparticles is likely 
initiated by targeting the bacterial cell membrane. This involves several 
disruptive processes, including interference with periplasmic functions, 
inhibition of dehydrogenase activity, and disruption of key metabolic 
pathways by adhering to the bacterial surface. Once internalized, the 
smaller particles exacerbate cellular damage by inducing leakage of 
intracellular contents, ultimately resulting in bacterial cell death. 
Interestingly, the nanoparticles exhibited greater antibacterial efficacy 
against S. aureus than E. coli. This difference can be ascribed to varia
tions in the structural and surface characteristics of the bacteria. Unlike 
E. coli, which has an outer membrane enriched with lipopolysaccharides 

that act as a barrier, S. aureus lacks this protective layer, making its 
peptidoglycan membrane more susceptible to nanoparticle penetration.

Additionally, the moderately negative surface charge of S. aureus is 
lower than that of E. coli, promoting stronger electrostatic interactions 
with negatively charged reactive oxygen species (ROS) generated by the 
nanoparticles [53]. This enhances oxidative stress and cellular damage 
in S. aureus compared to E. coli. Overall, the synthesized nanoparticles 
demonstrated substantial antibacterial activity, highlighting their po
tential for applications in clinical and healthcare settings.

3.7. Bacterial growth reduction activity

Quantitative analysis of the antibacterial efficacy of the synthesized 
ZrO2, BaO, and Y2O3 nanoparticles is essential to evaluate their potential 
applications and validate their practical implications. Many real-world 
applications, such as infection treatment, coatings, and liquid-based 
disinfection systems, involve bacterial exposure in aqueous environ
ments. The turbidimetric analysis provides insights into the effective
ness of antibacterial agents under such conditions. As depicted in Fig. 9, 
the optical density (OD) values for E. coli initially increased during in
cubation with the nanoparticles, indicating bacterial growth. However, 
after 300 min (5 h), a marked decrease in OD values was observed, 
confirming bacterial cell death. Notably, at higher nanoparticle con
centrations (100 µg/mL), the OD values began to decline as early as 240 
min, suggesting faster inhibition of bacterial growth than at lower 

Fig. 9. Bacterial growth reduction activity against E. coli with prepared nanomaterials at a) 25 µg/mL, b) 50 µg/mL, and c) 100 µg/mL concentration, and d) growth 
inhibition efficiency.
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concentrations (25 and 50 µg/mL). The growth inhibition efficiency 
against E. coli increased from 37.6 %, 41.6 %, and 33.1 % for ZrO2, BaO, 
and Y2O3 nanoparticles at 25 µg/mL to 68.7 %, 81.4 %, and 61.8 %, 
respectively, at 100 µg/mL.

Similarly, for S. aureus, faster growth reduction was observed than 
for E. coli. As shown in Fig. 10, at lower concentrations (25 and 50 µg/ 
mL), OD values began decreasing at 240 min, while at 100 µg/mL, the 
reduction started earlier, at 180 min (3 h). The growth inhibition effi
ciency of ZrO2, BaO, and Y2O3 nanoparticles against S. aureus increased 
from 43.2 %, 48.2 %, and 40.8 % at 25 µg/mL to 81.9 %, 88.6 %, and 
74.5 % at 100 µg/mL, respectively. The higher susceptibility of S. aureus 
(Gram-positive) compared to E. coli (Gram-negative) is likely due to 
structural differences. S. aureus lacks the outer lipopolysaccharide layer 
of E. coli, which acts as a protective barrier, making it more vulnerable to 
nanoparticle penetration [31]. Furthermore, the lower surface charge of 
S. aureus facilitates stronger interactions with reactive oxygen species 
(ROS) generated by the nanoparticles, enhancing bacterial damage. 
Among the tested nanoparticles, BaO demonstrated the highest anti
bacterial efficacy against E. coli and S. aureus at all evaluated concen
trations. This can be attributed to its smaller particle size, enabling 
efficient penetration of bacterial cell walls and subsequent intracellular 
disruption. Overall, the growth inhibition activity of the synthesized 
nanoparticles highlights their potential for practical applications, 
particularly in sanitation and disinfection protocols.

Fig. 10. Bacterial growth reduction activity against S. aureus with prepared nanomaterials at a) 25 µg/mL, b) 50 µg/mL, and c) 100 µg/mL concentration and d) 
growth inhibition efficiency.

Fig. 11. Antioxidant activity of Eucalyptus and prepared BaO, ZrO2, and Y2O3 
nanoparticles.
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3.8. Antioxidant activity

The antioxidant potential of nanoparticles is a critical factor enabling 
their application across diverse fields. Antioxidant nanoparticles are 
vital in mitigating oxidative stress-related disorders, including cardio
vascular diseases caused by free radicals in the human body. Addition
ally, they are extensively used in polymers, fuels, and lubricants to 
prevent damage induced by free radicals generated through UV radia
tion and heat exposure. This study evaluated the antioxidant activity of 
BaO, ZrO2, and Y2O3 nanoparticles synthesized using Eucalyptus leaf 
powder using the DPPH radical scavenging assay. As illustrated in 
Fig. 11, the DPPH scavenging activity of the samples increased with the 
concentration, ranging from 25 to 100 mg/mL. Specifically, the scav
enging efficiencies at 25 mg/mL were 45.2 %, 41.2 %, 38.3 %, and 35.1 

% for Eucalyptus, BaO, ZrO2, and Y2O3, respectively, which raised to 
93.2 %, 89.6 %, 83.9 %, and 79.26 % at 100 mg/mL. The superior 
antioxidant activity of Eucalyptus leaf powder (93.2 %) is attributed to 
its high content of phenolic compounds, which are known for their 
potent free radical scavenging capabilities. These phytochemicals act 
through hydrogen or sequential proton loss electron transfer (SPLET) 
mechanisms, stabilizing reactive oxygen species. OH, and ROO radicals 
[52]. The BaO nanoparticles also exhibited significant antioxidant ac
tivity (89.6 % at 100 mg/mL), underscoring their potential utility in 
various applications. The antioxidant mechanism of the synthesized 
nanoparticles is likely multifaceted. The first pathway involves the 
attachment of phytochemicals from the Eucalyptus extract, as evidenced 
by FTIR analysis, which facilitates free radical scavenging and stabili
zation. The second mechanism is intrinsic to the nanoparticles, resem
bling enzyme-mimetic antioxidant activity, a unique property of 
semiconductor nanoparticles [54]. These findings suggest that the syn
ergistic antioxidant potential of phytochemical-enriched semiconductor 
nanoparticles can be harnessed for practical applications in water 
treatment, packaging, and polymer industries.

3.9. Photocatalytic activity

The photocatalytic activity of the synthesized BaO, ZrO2, and Y2O3 
catalysts was evaluated using BB and RhB as model pollutants and 
monitored until maximum degradation efficiencies were achieved. 
Initially, the dye solution was added with a catalyst, and the adsorption 
efficiency was evaluated separately, where the overall adsorption effi
ciency under dark conditions was less than ~ 6 %, suggesting that 
irradiation is necessary to undergo photocatalytic mineralization of dye 
molecules. As shown in Fig. 12, the absorbance spectra of RhB and BB 
recorded at 15-minute intervals exhibit a consistent decrease in peak 
absorbance, signifying progressive degradation of the pollutants. The 
maximum degradation efficiencies for BB using ZrO2, BaO, and Y2O3 
were 98.64 %, 99.18 %, and 98.78 % at 150, 105, and 195 min, 
respectively. Similarly, RhB degradation efficiencies achieved were 
98.61 %, 98.9 %, and 98.3 % at 120, 90, and 165 min, respectively. 
Notably, BaO demonstrated the highest degradation rate for both dyes in 
the shortest duration compared to the other catalysts, which can be 

Fig. 12. Absorbance spectra at the maximum intensity of BB dye with prepared nanocatalyst a) ZrO2, b) BaO, c) Y2O3, and for RhB dye d) ZrO2, e) BaO, and f) Y2O3.

Fig. 13. Point of zero charge of prepared nanocatalyst.
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attributed to its favourable properties, including a lower band gap en
ergy (3.16 eV), smaller particle size, unique morphology, and enhanced 
absorption in the visible spectrum. The reduced band gap of BaO facil
itates efficient electron excitation from the valence band to the con
duction band, enhancing charge carrier transfer to the Fermi level of the 
dye molecules. Moreover, the smaller particle size of BaO, synthesized 
under optimized conditions, increases the surface area and provides 
abundant active sites for dye-catalyst interactions, accelerating the 
degradation process. In contrast, the ZrO2 catalyst, with the second- 
lowest band gap among the tested materials, exhibited higher photo
catalytic activity than Y2O3 due to its enhanced visible-light absorption 
and efficient charge separation.

Notably, the maximum degradation of RhB dye by the synthesized 

nanocatalysts was achieved in a shorter time than BB dye, which can be 
attributed to the influence of point of zero charge (pHPZC) measure
ments, as illustrated in Fig. 13. The pHPZC values for the prepared ZrO2, 
BaO, and Y2O3 nanocatalysts were found to be 5.27, 4.97, and 5.7, 
respectively, all lower than the pH values of RhB (6.8) and BB (6.2). This 
enhanced adsorption fosters more efficient electron transfer and rapid 
degradation of RhB. In contrast, BB dye, which is anionic, carries a 
negative surface charge, leading to electrostatic repulsion from the 
similarly charged catalyst surface when the pH exceeds the pHPZC. This 
repulsive interaction reduces adsorption efficiency, resulting in slower 
degradation of BB compared to RhB. The findings suggest that the pHPZC 
of the nanocatalysts plays a pivotal role in adsorption dynamics, 
enabling more efficient degradation of cationic dyes like RhB. These 

Fig. 14. C/C0 and kinetic fit for the degradation of BB (a and b) and RhB (c and d).

Table 2 
Kinetic values obtained for prepared nanocatalyst.

Nanocatalyst Maximum efficiency (%) Time taken (min) Kinetic rate (min− 1) R2

BB RhB BB RhB BB RhB BB RhB

ZrO2 98.64 98.61 150 120 2.7 × 10− 2 3.7 × 10− 2 0.974 0.987
BaO 99.18 98.9 105 90 4.3 × 10− 2 4.8 × 10− 2 0.961 0.976
Y2O3 98.78 98.3 195 165 2.08 × 10− 2 2.2 × 10− 2 0.963 0.966
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insights underscore the significance of pH and catalyst surface charge 
interactions in optimizing photocatalytic efficiency for diverse dye 
pollutants.

3.10. Kinetics study

As the degradation efficiencies of RhB and BB dyes reach maximum 
levels with the synthesized nanocatalysts, assessing the rate constants is 
essential to enable a comparative analysis of the ZrO2, BaO, and Y2O3 
nanocatalysts. To quantify the kinetics, a pseudo-first-order degradation 
model was applied, and the data were fitted using the Langmuir- 
Hinshelwood model based on the following equation [55]: 

ln
C
C0

= kt 

C and C0 are the concentration of the pollutant at time (t) and the 
initial concentration of the pollutant. The kinetic apparent rate constant 
is represented as k. Fig. 14 (a and c) shows the reduction in dye con
centration over time for BB and RhB dyes in the presence of each cata
lyst, while the kinetic fit curves are illustrated in Fig. 14 (b and d). The 
rate constant k for the degradation of both dyes showed an upward trend 
with increased exposure time, highlighting the influence of the catalyst’s 
surface interactions over prolonged photocatalytic exposure. As detailed 
in Table 2, BaO nanoparticles exhibit a significantly higher degradation 
rate than the other catalysts, achieving apparent rate constants of 4.3 ×

10− 2 and 4.8 × 10− 2 min− 1 for BB and RhB, respectively, with strong 
correlation coefficients (R2). This enhanced degradation rate can be 
attributed to BaO’s optimized band gap and favourable surface prop
erties, which promote efficient pollutant breakdown. Under sunlight 
irradiation, these features, particularly the narrowed band gap and 
extended absorption within the visible spectrum, facilitate the genera
tion and transfer of photogenerated electron-hole pairs, resulting in the 
effective degradation of dye molecules. Comparative analysis of the 
degradation efficiency of the synthesized nanocatalysts with other 
semiconductor metal oxides (see Table 3) further underscores the su
perior performance of the prepared catalysts at reduced concentrations, 
indicating that BaO nanoparticles are particularly well-suited for envi
ronmental remediation applications due to their unique electronic and 
surface characteristics.

3.11. Scavenging activity

A scavenging test was performed to elucidate the degradation 
mechanism of RhB and BB with a prepared nanocatalyst. This study 
involved the scavenging of photogenerated electrons (e− ), holes (h+), 
hydroxyl radical (⋅OH), and superoxide species (O2

⋅− ) with 100 mM 
concentrations of AgNO3, EDTA, P-BCQ, and IPA, respectively. The re
action was carried out with a similar duration for the degradation ac
tivity. Fig. 15 (a) shows that the degradation efficiency of ZrO2, BaO, 
and Y2O3 against BB significantly reduced to 30.1, 34.7, and 38.7 with 
the addition of IPA. This signifies that the scavenging of hydroxyl groups 
produced from semiconductor nanocatalysts by IPA significantly 
reduced the degradation activity of the catalyst [66]. Using P-BCQ 
scavengers also considerably reduced the degradation efficiency of 
prepared nanocatalysts by an average of 50 %, signifying the potential 
involvement of superoxide ion species in the degradation of BB dye [67]. 
A similar trend was observed for RhB dye with IPA and P-BCQ scaven
gers. Though the degradation efficiency was minimally reduced with the 
usage of AgNO3 and EDTA, a significant decrease in degradation effi
ciency was observed for IPA and P-BCQ. These results demonstrate that 
the degradation of BB and RhB dyes was predominantly dependent on 
the. OH and superoxide ions.

3.12. Degradation mechanism

As illustrated in Fig. 16, the proposed degradation mechanism of the 
BaO, ZrO2, and Y2O3 nanocatalyst against RhB and BB dyes is initiated 
through the absorption of photons from sunlight. Upon irradiation, the 
catalyst absorbs photons with sufficient energy to excite electrons (e− ) 
from the valence band (VB) to the conduction band (CB), thereby 
creating electron-hole pairs (e− /h+) [68]. These photogenerated charge 
carriers are critical in driving the subsequent generation of reactive 
oxygen species (ROS). The excited electrons react with dissolved oxygen 
molecules in the reaction system, producing superoxide radicals (O2

.− ) 

Table 3 
Comparison table with various transition metal oxide nanoparticles.

Sample Reducing 
agent

Sample 
Conc.

Pollutant Pollutant 
Conc.

Source of light Degradation efficiency (%) Reaction time Ref

ZrO2 Wrightia tinctoria leaf 0.05 g Reactive yellow 10 mg Sunlight 94 120 [56]
ZrO2 Lagerstroemia speciosa 0.2 g Methyl orange 10 mg Sunlight 94.58 290 [57]
Y3O4 Lantana camara L. 20 mg Rhodamine B 10 ppm UV–Vis 92 60 [58]
ZrO2 Sonchus asper aqueous 10 mg Methyl blue 10 ppm UV 93 180 [59]
ZrO2 Murraya koenigii 10 mg Methylene blue 10 ppm Visible 94 20 [60]
Y3O4 Aloe vera gel 60 mg Metanil yellow 10 ppm UV 79 90 [61]
ZnFe2O4/ Y2O3 Citrus limon (L.) 8 mg Malachite green 9 × 10− 5 Visible 95.44 120 [62]
Y2O3:Eu3+ Aloe Vera gel 60 mg Methyl blue 10 ppm UV 81 120 [63]
BaO NaOH 20 mg Malachite green 50 ppm UV 86.6 120 [50]
BaO KOH 25 mg Rhodamine B 2 x 10− 5 M Visible 99 60 [64]
BaO NaOH 150 mg Rhodamine B 1 x 10− 5 M UV 85 160 [65]
BaO Eucalyptus 10 mgL− 1 Rhodamine B 15 ppm Sunlight 98.9 90 Present work

Brilliant blue 99.18 105

Fig. 15. Quenching activity performed with different scavengers for deter
mining the degradation pathway of prepared catalyst on a) RhB and b) BB dyes.
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[69]. Simultaneously, the photogenerated holes facilitate the oxidation 
of water molecules or hydroxide ions (OH–) to generate hydroxyl radi
cals (•OH). These highly reactive ROS, confirmed by quenching exper
iments, play a pivotal role in degrading the RhB and BB dye molecules. 
The ROS interacts with the aromatic structures of the dyes, leading to 
the oxidative cleavage of benzene rings and the formation of interme
diate organic compounds [70]. These intermediates undergo further 
oxidation via continuous interaction with ROS, breaking down into 
simpler byproducts such as H2O and CO2.

Additionally, the degradation efficiency is significantly influenced 
by secondary factors, such as the surface charge of the catalyst particles 
[71,72]. The negatively charged catalyst surface enhances electrostatic 
interactions with the positively charged dye molecules, promoting 

greater dye adsorption onto the catalyst surface. This increased prox
imity between the dyes and the catalyst’s active sites enhances the 
photocatalytic degradation process, making it more effective. 

Metaloxide[ZrO2/BaO/Y2O3] + hv→e−CB + h+
VB 

e−CB +O2→ • O−
2 

h+
VB +H2O→ • OH+H+

h+
VB +OH− → • OH 

Pollutant(Rhb/BB)+ • OH/ • O−
2 →Degradationintermediates→CO2 +H2O 

Fig. 16. Degradation mechanism of prepared ZrO2, BaO, and Y2O3 samples.

Fig. 17. Cyclic stability of prepared nanocatalyst ZrO2, BaO, and Y2O3 for BB dyes (a) and RhB dyes (d).

Pushpa Mani et al.                                                                                                                                                                                                                             Materials Science & Engineering B 320 (2025) 118410 

14 



3.13. Cyclic stability

The reusability of the synthesized nanocatalysts was assessed by 
evaluating their degradation efficiency over five consecutive cycles 
under identical reaction conditions. After each cycle, the catalysts were 
recovered via centrifugation, followed by washing with ethanol and 
deionized water to remove residual dye and impurities. As depicted in 
Fig. 17, the degradation efficiency loss for Brilliant Blue (BB) dye after 
five cycles was 14.58 %, 4.57 %, and 9.55 % for ZrO2, BaO, and Y2O3 
nanoparticles, respectively. Similarly, for Rhodamine B (RhB), the 
degradation efficiency loss was 10.51 %, 3.03 %, and 6.03 % for the 
same nanocatalysts. Among the tested nanocatalysts, BaO nanoparticles 
exhibited the lowest degradation efficiency loss for both BB and RhB 
dyes, demonstrating excellent cyclic stability and reusability. This per
formance can be attributed to the higher surface area and smaller par
ticle size of BaO nanoparticles, which enhance their catalytic activity 
and structural stability. However, a minor loss in degradation efficiency 
observed with BaO could also result from sample loss during the 
centrifugation process. Notably, Y2O3 nanoparticles showed greater 
cyclic stability compared to ZrO2. This difference may be due to the 
stronger binding of dye molecules to ZrO2, which blocks active sites and 
reduces catalytic efficiency over repeated cycles. In contrast, the weaker 
interaction between dye molecules and Y2O3 helps preserve its active 
sites, maintaining structural integrity and catalytic performance across 
cycles.

The structural stability of the prepared nanocatalyst after the 5th 
cycle was evaluated using FTIR spectroscopy. As seen in Fig. 18, the 
FTIR spectrum of prepared samples shows the emergence of new peaks 
between 1500 and 1000 cm-1, possibly due to the sulfonated compounds 
of the model pollutant. However, no shifts were observed in the Metal 
oxygen peak vibration, confirming the structural stability of the pre
pared nanocatalysts. These results highlight the prepared catalyst’s 
robust reusability and cyclic stability, which suggests their potential 
uses in practical conditions [73].

4. Conclusion

This study successfully demonstrated the synthesis of ZrO2, BaO, and 
Y2O3 nanoparticles using Eucalyptus leaf extract, employing a sustain
able green synthesis approach. The prepared nanoparticles exhibited 
high crystallinity; as confirmed by XRD analysis, BaO showed the lowest 
dislocation density and microstrain values, highlighting the superior 
structural quality. Optical characterization revealed significant varia
tion in the band gaps of the sample; BaO’s band gap falls within the 
optimal range for photocatalytic activity, facilitating efficient light 

absorption and charge separation. This efficiency was evident in pho
tocatalytic tests, where BaO achieved remarkable dye degradation rates 
of 99 % for both RhB and BB dyes under natural sunlight. Cyclic stability 
assessments of BaO nanoparticles demonstrated consistent photo
catalytic performance over multiple cycles, indicating excellent reus
ability and stability. Also, BaO exhibited the highest antibacterial and 
antioxidant activities, outperforming ZrO2 and Y2O3 in inhibition zone 
measurements and DPPH radical scavenging assays. Integrating high 
crystallinity, optimal band gap, superior cyclic stability, and robust 
multifunctional performance positions BaO nanoparticles as a promising 
candidate for environmental remediation and biological applications. 
This study highlights the potential of green-synthesized transition metal 
oxide nanoparticles in addressing environmental and healthcare 
challenges.
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