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Perovskite-type metal oxides have sparked intense attention owing to their diverse structural, 
electrical, and catalytic characteristics, making them interesting materials for environmental and 
biological applications. In this study, Curcuma longa (turmeric) rhizome extract was used as a natural 
reducing and stabilizing agent to prepare bismuth nickelate nanoparticles (BiNiO3 NPs) using a green 
manufacturing method. Significant visible light absorption was shown by UV–visible absorption 
spectroscopy (UV–Vis), which confirmed its photocatalytic application with a predicted band gap 
of 2.90 eV. X-ray diffraction (XRD) confirmed the morphological and structural properties of the 
resultant nanoparticles and revealed a highly crystalline multiphase perovskite phase consisting of 
tetragonal (ICDD #96-900-8427) and cubic (ICDD #96-901-3981). The presence of phytochemicals 
generated from turmeric on the surface of the nanoparticles was confirmed by Fourier-transform 
infrared spectroscopy (FTIR), by revealing a broadband between 550 and 650 cm−1. The existence 
of quasi-spherical, rod-like, and pear-shaped nanoparticles with an average particle size of around 
15–20 nm was shown by investigations using transmission electron microscopy (TEM) and field 
emission scanning electron microscopy (FESEM). The elemental composition was authenticated by 
energy-dispersive X-ray spectroscopy (EDX) by affirming the characteristic peak of O 1s at 529.79 eV. 
Zone of inhibition investigations confirmed that the BiNiO3 NPs possess strong antibacterial efficacy 
against Staphylococcus aureus (21.33 mm) and Escherichia coli (22.66 mm). Furthermore, Rhodamine-B 
(Rh-B) dye was effectively degraded by photocatalytic studies when exposed to visible light, with 
93.82% degradation occurring in 100 min. The reduced band gap, surface phytochemical capabilities, 
and efficient charge separation inside the nanoparticles are the causes of the ensuing enhanced 
activity. This study demonstrates the potential of turmeric-assisted green-synthesised BiNiO3 NPs 
as a multipurpose substance for antibacterial and wastewater purification applications, offering a 
sustainable substitute for conventional chemical synthesis methods.
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The growing global emphasis on sustainable technologies has spurred the development of multipurpose, 
ecologically friendly nanomaterials. Conventional chemical methods for creating nanoparticles typically include 
hazardous chemicals1, toxic solvents2, and large energy expenditures, all of which present serious problems for 
biological compatibility and environmental safety3,4. Here, green synthesis techniques—particularly those that 
employ plant-derived phytochemicals—offer a scalable, affordable, and environmentally friendly way to produce 
functional nanomaterials5,6.

Bismuth perovskites are one of the functional metal oxides that have garnered the most interest due to their 
wide range of physicochemical characteristics and structural flexibility7. The optical and catalytic characteristics 
of BiNiO3, a perovskite oxide with the general formula ABO3, where Bi3+ is at the A-site and Ni2+/Ni3+ is at the 
B-site, are promising8,9. It is a great option for photocatalytic use due to its effective absorption of visible light 
energy and very narrow band gap (around 1.8–2.0 eV)10. Furthermore, the efficient transfer of charges and the 
generation of reactive oxygen species (ROS), which are essential for antibacterial and photocatalytic processes, 
are made possible by the redox activity of both Bi and Ni ions11,12. Because of these inherent qualities, BiNiO3 
is a viable option to address the present problems in the biological and environmental remediation domains.

Using plant extracts to synthesize BiNiO3 NPs has emerged as a needed approach to further enhance their 
biological interaction and sustainability13,14. The enormous variety of secondary metabolites—polyphenols, 
flavonoids, terpenoids, and alkaloids—found in plants, which act as reducing, capping, and stabilizing agents, is 
the foundation of plant-mediated synthesis15,16. These biomolecules provide surface capabilities that can control 
biological activity in addition to aiding in the creation of nanoparticles17. Turmeric is well-known for its high 
quantity of essential oils, various phenolics, and curcuminoids, particularly curcumin, which have good reducing 
and biocompatible properties18,19. These elements improve the nucleation and development of nanoparticles by 
interacting with metal precursors via functional groups such as hydroxyl, carbonyl, and methoxy units20.

Turmeric alone has broad-spectrum antibacterial and antioxidant qualities in addition to being used in 
the creation of nanoparticles21. Curcumin and related compounds are broad-spectrum antagonists of several 
infections because they can sequester metal ions, disrupt microbial cell membranes, and prevent the formation 
of nucleic acids22,23. The creation of materials with inherent biological activity is an extra benefit of including 
such bioactive chemicals in the nanoparticle production process24. BiNiO3’s redox activity and this biogenic 
surface alteration may work in concert to enhance the material’s antibacterial and catalytic capabilities25.

Given the rising threat of antibiotic resistance, it is especially crucial to examine the antibacterial properties 
of BiNiO3 NPs made in this environmentally friendly manner. One of the biggest threats to global public health 
is the rise of bacterial and fungal diseases that are resistant to many drugs26. One possible remedy for resistant 
infections in this case is the development of nanomaterials with intrinsic antibacterial action. BiNiO3 NPs may 
effectively harm microbial cellular structures, disrupt metabolic processes, and induce oxidative stress because of 
their large surface area, nanoscale size range, and ability to generate ROS27,28. An efficient antibacterial platform 
may be produced by further enhancing its bioactivity via the combined action of phytochemicals derived from 
turmeric29. At the same time, since most synthetic dyes are poisonous, carcinogenic, and non-biodegradable, 
the ecological impact of industrial effluents, more especially, wastewater tainted with colors, has gained more 
attention30–32. One effective, but eco-friendly, method for degrading these contaminants is visible light-induced 
photocatalysis33,34. BiNiO3 NPs generate electron-hole pairs in response to light, which start redox processes 
that create superoxide ions and hydroxyl radicals, which further degrade complicated dye molecules into less 
harmful byproducts35,36. With the help of turmeric extract-derived bio-functional surface properties, green-
synthesised BiNiO3 NPs ought to demonstrate improved photocatalytic activity in this situation when exposed 
to visible light.

Here, we report a green synthesis of BiNiO3 NPs using rhizome extract from Curcuma longa as a biological 
reducing and stabilizing agent. The production of bifunctional nanoparticles is facilitated by the biocompatible 
approach, which eliminates the need for harsh conditions or hazardous chemicals. The antibacterial activity 
studies and visible light-driven photocatalytic Rhodamine-B dye degradation properties of the produced BiNiO3 
NPs were examined. These data demonstrate its multifunctional excellence, which holds promise for future uses 
in environmental clean-up and antibacterial activity.

Experimental
Chemicals and techniques
BiNiO3 NPs are synthesized using bismuth nitrate pentahydrate [Bi(NO3)3·5H2O] and nickel chloride hexahydrate 
[NiCl2·6H2O] as primary precursors. The structural, functional, optical, and morphological characteristics of the 
as-prepared BiNiO3 NPs have been examined using various characterization techniques. A Shimadzu 8400 S 
spectrophotometer was used to perform Fourier-transform infrared (FTIR) spectroscopy in the 400–4000 cm−1 
range to identify the functional groups and validate metal–oxygen bonding. Using Cu Kα radiation and 
λ = 1.5418 Å, X-ray diffraction (XRD) examination was performed on a Bruker D8 Advance diffractometer to 
determine the crystallographic phase, purity, and crystallite size. To assess the optical absorption properties and 
ascertain the band gap energy, UV-visible absorption spectra were recorded using a Shimadzu UV-2600 UV-
Visible spectrophotometer. The same spectrophotometer was also used to monitor the photocatalytic activity 
of dye degradation by the BiNiO3 NPs. JEOL JEM-2100 transmission electron microscope (TEM) provided 
high-resolution features, was further used to cross-check particle size, shape, and agglomeration behaviour, 
while the ZEISS EVO 18 scanning electron microscope (SEM) examined surface morphology and particle 
size. Additionally, X-ray photoelectron spectroscopy (XPS) analysis was conducted using a Kratos AXIS Ultra 
DLD spectrometer with a monochromatic Al Kα (hν = 1486.6  eV) X-ray source to investigate the elemental 
composition and chemical states of the elements, providing insights into the surface chemistry and oxidation 
states of Bi and Ni in the nanoparticles.
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The characterized data underwent analysis through a range of software tools to ensure precise interpretation. 
The PXRD data were analyzed utilizing HighScore Plus 3.0.5, developed by PANalytic B.V. in Almelo, The 
Netherlands (​h​t​t​p​s​:​​​/​​/​w​w​​w​.​m​a​l​v​e​r​n​p​a​n​a​​l​y​t​i​c​a​​​l​.​c​​o​m​​/​​e​n​/​p​​r​o​d​u​​c​​t​s​/​c​a​t​​e​g​​o​r​y​​/​s​o​f​t​​w​​a​​r​e​/​​​x​-​r​a​y​-​​d​i​f​f​r​a​​​c​t​i​o​n​​/​s​o​​f​t​​w​a​r​
e​/​h​i​g​​h​s​c​o​​r​e​-​w​i​​t​h​-​p​l​u​s​-​o​p​t​i​o​n). Rietveld Refinements were conducted utilizing the FullProf Suite. The crystal 
structure was obtained from VEST, a freely accessible software (https://doi.org/10.1107/S0021889811038970). 
The morphology was analyzed through FESEM and TEM images utilizing ImageJ, a free software available 
at https://imagej.net/ij/index.html. The complete RAW data from the characterization underwent analysis 
and processing for graphical representation utilizing Origin (Pro), Version 2024. OriginLab Corporation, 
Northampton, MA, USA.

Preparation of turmeric rhizome extract
With the help of a plant taxonomist (Dr. Murali, University of Mysore), turmeric fingers were gathered from a 
farmland nearby in the Chamarajanagar district and deposited in the Herbarium lab at the University of Mysore 
(voucher code: 039-2012). Following three rounds of sterile water washing to clean the outside, the gathered 
fingers were rubbed with a grater to break them up into little pieces, left to dry in the Sun, and then processed 
in a grinder to a fine powder. A magnetic stirrer set at 470 rpm was used to mix 50 g of powder with 500 mL of 
distilled water at 60 °C for 30 min. The mixture was then allowed to cool at room temperature for 30 min. The 
concentration was then filtered through muslin cloth, and the collected extract was stored in the refrigerator at 
4 °C for later use in the experiment.

Synthesis of bismuth nickel oxide bimetallic nanoparticle
1.5 g of Bi(NO3)3·5H2O and 1.5 g of NiCl2·6H2O salts were stirred in an aqueous solution at 60° C for 2 h in a 
magnetic stirrer. At the time of stirring, 100 mL of turmeric rhizome extract was added to the above mixture 
dropwise. This was followed by cooling for 30 min, filtering using Whatman filter paper, and drying in a hot air 
oven at 90 °C for 1 h. Thus, the obtained material was finely powdered using a mortar and pestle, and calcinated 
for 2  h at 500  °C. The powder of bismuth and nickel bimetallic nanoparticles was collected and stored in a 
microcentrifuge tube for further analysis.

Antibacterial assay
The two pathogenic bacterial strains of Escherichia coli (Gram-negative) and Staphylococcus aureus (Gram-
positive) were tested for the antibacterial capability of the produced BiNiO3 NPs using the conventional agar well 
diffusion technique3738. The bacterial cultures were standardized to around 0.5 McFarland standard (∼10⁸ CFU/
mL) after being cultivated fresh in the nutrient broth overnight. To create an even confluent lawn of growth, 
Mueller-Hinton agar (MHA) plates were prepared and uniformly inoculated with the bacterial suspensions 
using sterile cotton swabs. A sterile cork borer (6 mm diameter) was used to punch four wells on each agar plate. 
Each well held 50 µL of suspensions of BiNiO3 NPs at concentrations from 200 to 800 µg/mL, respectively. After 
adding the BiNiO3 NPs, the plates were left at room temperature for 30 min to allow compound diffusion before 
incubation. After incubation, a digital Vernier caliper was used to measure the zones of inhibition around each 
well in millimeters (mm), and the average of the three readings was recorded. To ensure there was no external 
contamination or solvent influence, a control well containing sterile distilled water was also maintained.

Photoassisted degradation of Rhodamine-B dye
The degradation of Rhodamine-B (Rh-B) dye under visible light irradiation was used to examine the green-
synthesized BiNiO₃ NPs’ photocatalytic activity39. For all degradation experiments, a stock solution containing 
10 ppm of dye in deionized water was used. For every photocatalytic run, 40 mg of the BiNiO₃ catalyst was 
dispersed in 100 mL of the Rh-B solution in a 250 mL borosilicate beaker. The dark was agitated in the solution 
for half an hour before lighting to attain adsorption–desorption equilibrium between the catalyst surface and 
dye molecules. A 250 W tungsten halogen lamp placed at a fixed distance was then used to irradiate the mixture 
with visible light. To provide the catalyst with uniform light exposure throughout the experiment, constant 
stirring was ensured to occur.

3 mL aliquots were obtained at regular intervals (usually 10  min), centrifuged for ten minutes at 
6000 rpm to separate the catalyst particles, and the absorbance of the supernatant was measured in a UV-Vis 
spectrophotometer at the maximum absorption wavelength of Rh-B (λmax = 554 nm). The following formula was 
used to calculate the efficiency of deterioration (1)40:

	
Degradation efficiency (%) =

(
A0 − At

A0

)
× 100� (1)

Where A0 is the initial absorbance and At is the absorbance at time t. To evaluate the photocatalytic efficacy of 
the BiNiO3 NPs and ascertain the degradation rates, the data were plotted.

Results and discussion
Absorbance studies
Figure 1 displays the UV-Vis absorption spectra of the synthesized BiNiO3 NPs. The presence of BiNiO3 is 
confirmed by the maximum absorption peak at 316 nm41. Because of the particle size, the absorption peaks 
show a slightly broadened peak. According to UV-Vis’s absorption spectra. A small bump was found just above 
700 nm in the spectrum, affirming the purity of the produced BiNiO3 NPs. Furthermore, the band gap was 
estimated by analysing the obtained spectrum through Tauc’s relation (2)42. The obtained result suggests that 
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the estimated band gap is 2.90 eV (insight of Fig. 1), making the synthesized BiNiO3 suitable for photo-assisted 
processes like catalysis.

	 (α hν )
1/

n = A (hν − Eg)� (2)

Structural studies
The crystalline characteristics of the synthesized BiNiO3 NPs were detailed through an analysis using powder 
X-ray diffraction (PXRD). The sample’s polycrystalline nature is confirmed by the observed PXRD pattern 
(Fig.  2a), which displays a well-known collection of diffraction peaks. Two primary phases are seen in the 
diffraction pattern, which correspond to the tetragonal structure of Bismoclite (BiClO) (ICDD #96-900-8427) 
and the cubic structure of Bunsenite (NiO) (ICDD #96-901-3981). The assigned hkl values for the corresponding 
peaks are mentioned in Table 1.

NiO and BiClO phases indicate that a multiphasic BiNiO3 NPs was formed during synthesis43. The structural 
data acquired using the VESTA program further helped the identification of these phases, demonstrating cubic 
symmetry for NiO unit cells and tetragonal symmetry for BiClO (Fig. 2b). Clarifying the inherent characteristics 
and potential multifunctional uses of the produced BiNiO₃ NPs requires this kind of structural knowledge. Also, 
three low-intensity impurity peaks that are unrelated to either of the two indexed phases were seen. These would 
result from unreacted precursors or trace quantities of secondary phases. Despite their very low intensity, these 
impurities are noteworthy for their completeness and may be improved in further synthesis. Furthermore, the 
crystallite size was evaluated using Scherrer’s method (3)44,

	
Dhkl = kλ

β cosθ
� (3)

Where: Dhkl; crystallite size, k; shape factor (0.9), λ; wavelength of the x-rays used, β; Full Width at Half 
Maximum (FWHM), and θ: Diffracting angle. The evaluated crystallite size was found to be 16.55 nm, making 
it suitable for multifunctional applicability.

Functional group assessments
The identification of functional groups of the synthesized BiNiO3 NPs was conducted using Fourier-transform 
infrared (FTIR) spectroscopy in the range 400–4000  cm−1. Numerous distinctive absorption bands in the 
turmeric rhizome extract’s FTIR spectra are suggestive of metal–oxygen bonding and lingering organic 
components that were probably acquired from plant extract or precursors. As depicted in Fig. 3, the stretching 
vibrations of O–H in adsorbed water molecules or hydroxyl groups on the surface are responsible for a broad 
band seen around ~ 3400 cm−145. A faint absorption peak about ~ 2920 cm−1 contains C–H stretching vibrations, 
which is attributed to residual organic species from turmeric extract46. It is possible to explain the distinctive 
absorption band at 1380–1450 cm−1 to the symmetric and asymmetric stretching vibration of NO₃− ions, which 
typically result from the breakdown of bismuth nitrate pentahydrate47. The Bi–O and Ni–O stretching vibrations 
of the perovskite-type oxide structure, which attest to the production of BiNiO3, are responsible for the strongest 
peaks in the BiNiO3 NPs spectra, which appear below 1000 cm−1 at around 550–650 cm−148. As is common in 

Fig. 1.  UV-visible absorption spectrum revealing the formation of BiNiO3 NPs.
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vibrations in the BiNiO3 tetragonal lattice, these low-frequency bands verify that Bi and Ni have been successfully 
incorporated into the oxide network49.

SEM analysis
Figure 4 displays the polydispersed distributions of the particle sizes in addition to the spherical and rod-like, 
pear-shaped morphology of as-synthesized BiNiO3 NPs. Furthermore, it has been discovered that the oxidation 
and aggregation of nickel and bismuth oxide nanoparticles are noticeable, most likely because the turmeric 
rhizome caps the Ni-Bi-O nanoparticles. The smaller, decreased nanoparticles attest to the turmeric rhizome’s 
ability to be used in the creation of nanoparticles50.

EDAX analysis
The EDAX analysis has been used to authenticate the precursor elements qualitatively, as shown in Fig. 5. The 
peaks for oxygen, bismuth, and nickel are visible in the photograph. Nonetheless, the compositional % shows 
that the proportion of bismuth element is higher than that of nickel and oxygen elements. Insights of Fig. 5 
provide the weight and the fraction of atoms.

TEM analysis
The transmission electron microscopy (TEM) was used to examine the morphology, size, and distribution of 
the synthesized BiNiO₃ NPs. According to the TEM micrograph indicated in Fig. 6 (a-f), the majority of the 
nanoparticles had a spheroid shape, smooth surfaces, and a rather uniform size distribution. Because of their 
high surface energy and inter-particle interactions, nanoscale metal oxides often exhibit loose agglomeration 
of these spheroid particles. As predicted by the projected crystallite size based on XRD, the mean particle 

Fig. 2.  (a) Recorded PXRD pattern assigned peaks of BiNiO3 NPs and (b) crystal structures obtained from 
VESTA software.
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size falls between 15 and 20 nm. Aside from the common spheroid particles, the sample also has a secondary 
morphology of rod-like shapes dispersed thinly across it. Rod-like characteristics suggest the possibility of 
anisotropic development during nucleation, which might be controlled by precursor chemistry or synthesis 
conditions. Both morphologies might work in concert to improve electron transport and surface reactivity. 
The strong crystallinity of the BiNiO3 nanoparticles is further confirmed by the SAED image depicted in 
Fig. 6g. High purity and structural integrity are shown by the absence of any discernible secondary phase or 
amorphous component. Additionally, the lattice d-spacing was evaluated by HRTEM images depicted in Fig. 6h 
and 6i and found to be 0.346 nm. By permitting a variety of active surface orientations and enhanced light-
scattering capabilities, this morphological variation—spheroid and rod-like shapes—may enhance the material’s 
performance in photocatalysis and sensing applications.

Fig. 3.  Recorded FTIR spectra of turmeric rhizome extract and synthesized BiNiO3 NPs.

 

2θ (°) ICDD #96-900-8427 ICDD #96-901-3981

12.03 (001) -

24.20 (002)

25.92 (101) -

32.62 (110)

33.51 (102)

36.64 (003)

37.23 - (222)

40.93 (112)

43.67 (103) (400)

46.68 (200)

49.81 (113)

55.22 (104)

58.68 (212)

60.80 (203)

63.14 (005) (440)

68.17 (220)

75.14 (214) (622)

Table 1.  Depicting the Hkl values assigned for the obtained BiNiO3 nanoparticles.
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XPS analysis
The oxidation states of the synthesized BiNiO3 NPs were analyzed using X-ray photoelectron spectroscopy 
(XPS). The high-resolution Bi 4f spectrum (Fig. 7a) exhibits two distinct peaks at 158.88 eV and 164.18 eV, 
which are associated with Bi 4f7/2 and Bi 4f5/2, respectively. As anticipated, when Bi is present in a perovskite 
oxide lattice, these binding energies confirm that bismuth (Bi3+) is in the + 3-oxidation state50. Four major peaks 
can be seen in the Ni 2p spectra (Fig. 7b) at 855.15 eV, 861.26 eV, 872.84 eV, and 879.25 eV. The major peaks 
at 861.26 eV and 879.25 eV demonstrate the presence of Ni in the + 2 oxidation state typical of nickel in NiO-
like environments, but the peaks at 855.15 eV and 872.84 eV are characteristic of Ni+2 ((Ni 2p3/2 and Ni 2p1/2), 
while the peaks at 861.26 eV and 879.25 eV are satellite peaks confirming the oxidation state of Ni in the NiO 
environment51. Lattice oxygen (O2-) has a high peak at 529.79 eV in the O 1 s spectrum (Fig. 7c), whereas surface-
adsorbed oxygen species such as hydroxyl groups or oxygen vacancies have a low-intensity peak at 531.38 eV. 
The development of surface reactivity may be significantly influenced by these oxygen species52. Additionally, 
peaks at 284.88, 289.08, 293.11, and 295.78 eV are seen in the C 1 s spectrum (Fig. 7d), which are indicative 
of carbonates, adventitious carbon pollution, and possible surface carbon-oxygen bonds53. The spectra show 
typical ambient exposure during handling but no interference from carbon species in the lattice. The effective 
synthesis of BiNiO3 containing Bi3+, Ni2+, and O2- species is often confirmed by the XPS analysis.

Fig. 5.  Selected area (left) for EDAX analysis and recorded spectra (right) with atomic% and weight% of 
precursor elements.

 

Fig. 4.  SEM images of the as-synthesized BiNiO3 NPs at 10 μm (a), 3 μm (b), 2 μm (c), and 300 nm (d, e, and 
f) scale lengths.
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Antimicrobial activity
The antibacterial effectiveness of the synthesized BiNiO3 NPs was assessed against two bacterial pathogens—
Escherichia coli (Gram-negative) and Staphylococcus aureus (Gram-positive)—using the agar well diffusion 
method. Nanoparticles have shown a concentration-dependent inhibitory effect, as depicted in Figs. 8(a) and 8(b). 
Both bacteria showed clear zones of inhibition around wells supplied with 200, 400, 600, and 800 µg of BiNiO3. 
Zone diameters for S. aureus (Fig. 8a) have shown increased proportionality with concentration, indicating a 
higher level of bactericidal action. For 600 and 800 µg, the zone diameters were about 17.33 ± 1.15 mm and 
21.33 ± 1.15 mm, respectively. The broad-spectrum antibacterial potency of BiNiO3 was shown in the instance 
of E. coli (Fig. 8b), where a similar pattern was seen with clearly defined zones at all tested doses. The increase 
in growth inhibition diameter suggests that the nanoparticles interact with cell membranes, causing rupture or 
ROS production to limit bacterial growth54. The presence of Bi3+ and Ni2+ ions may have an additional impact 
via ion release processes that compromise bacterial integrity55. Perhaps as a result of differences in their cell 
wall architectures, S. aureus exhibited a comparatively greater sensitivity to the nanoparticles than E. coli. The 
findings show that BiNiO₃ nanoparticles are excellent antibacterial agents with promising potential for use in 
medicine or as antimicrobial coatings.56,57,58

Photocatalytic degradation analysis
A thorough investigation into the light-induced photocatalytic breakdown of Rh-B dye by prepared BiNiO3 
NPs revealed the catalyst’s critical role in the breakdown process. The dye’s characteristic absorbance band (at 
around 550 nm) showed clear degradation in UV-Visible spectroscopy of Fig. 9(a), going from a high initial 
level to almost nothing within 100 min. The photocatalytic process outperformed the photolysis alone in kinetic 
measurements, as showcased in Fig. 9(b), eliminating over 93% of the dye in 100 min, compared to less than 10% 
degradation for the photolysis alone. After the first cycle, the degradation rate with the catalyst reached 93.82% 

Fig. 6.  TEM images of BiNiO3 NPs at 500 nm (a, b, and c), 200 nm (d and e), and 100 nm (f) magnifications, 
(g) SAED image suggesting the crystallinity, and (h and i) HRTEM images suggesting the d-spacing value.
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as depicted in Fig. 9(c), demonstrating effective photocatalytic activity, with degradation efficiency increasing 
linearly with illumination time.

The photocatalyst’s reusability was also evaluated over multiple cycles after several centrifugations and 
washes with ethanol to remove dye residues, and the results demonstrated exceptional stability and degradation 
efficiency over the long term. Figure 9(d) indicates a slight decrease in performance from 93.82 to 88.56% over 
4 cycles. This is attributed to the surface buildup or loss of a portion of the photocatalyst. These findings provide 
credence to the photocatalyst’s effectiveness and recyclable nature in removing dye pollutants from water 

Fig. 8.  Antibacterial activity of prepared BiNiO3 NPs against Staphylococcus aureus and Escherichia coli 
bacterial strains.

 

Fig. 7.  Deconvoluted HR-XPS spectra of Bi 4f (a), Ni 2p (b), O 1 s (c), and C 1 s (d), indicating the oxidation 
states of precursors.
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environments, paving the way for additional optimization and mechanistic studies to enhance performance and 
understand degradation processes better59.

By fitting experimental data into 0th, 1 st, and 2nd -order kinetic models, the degradation kinetics of 
Rh-B were investigated (Fig. 10). The best linear fit, with an adjusted R² value of 0.8334 for the logarithmic 
plot (Log(C0/C) v/s illumination time), was found using linear regression of the transformed concentration 
data against illumination time. A value of 0.01031 min−1 was determined for the first-order rate constant (k). 
Nevertheless, the experimental data showed significantly weaker correlations with the second-order (1/C vs. 
time) and zero-order (C0/C vs. time) models, with adjusted R-squared values of 0.48569 for both. The findings 
show that Rh-B degradation under the studied circumstances is a pseudo-first-order process, with the rate of 
degradation being directly correlated with the Rh-B concentration. Understanding the reaction process and 
developing efficient degradation strategies for dye pollutants are both aided by this kinetic data.

The efficacy of photocatalytic degradation was greatly affected by the dosage of the photocatalyst. 
Figure 11(a) indicates that the degradation efficiency increased significantly from around 45–93% after 100 min 
of illumination time when the dosage was raised from 10  mg to 40  mg. But when the photocatalyst dosage 
was increased to 55  mg, the efficiency dropped to about 69%. This suggests that the photocatalytic reaction 
may be hindered by factors such as increased light scattering or particle agglomeration beyond a certain dose 
of photocatalyst, which is likely to be around 40 mg in this instance60. The efficiency of degradation was also 
significantly affected by the original dye concentration, as depicted in Fig.  11(b). The degradation efficiency 
was approximately 65% at a low dye concentration of 5 ppm. An efficiency of around 93% was achieved at a dye 
concentration of 10 ppm. But when the dye concentration was raised to 15 ppm and 20 ppm, the efficiency fell 
to around 62% and 50%, respectively. This indicates that while it’s true that more reactant molecules are available 
at a higher concentration of a particular dye, there is an optimal concentration beyond which light penetration 
constraints and reduced active sites availability per dye molecule reduce degradation efficiency61.

Furthermore, the photocatalytic degradation was significantly affected by the solution pH. The pHpzc, or zero 
charge point, of the catalyst was determined to be 5.3 (Fig. 11c). At a pH of 5.5, the degradation efficiency reached 
its peak at about 93% following a certain amount of illumination time. Degradation efficiency was reduced a 
little, by around 70%, at an exceedingly acidic pH of 2.4. Around 65% and 45% of the degrading effectiveness, 
respectively, was seen after the same period as the pH increased to 7.8 and 9.2, respectively, as indicated in 
Fig. 11(d). An explanation for the degrading phenomenon that depends on pH is that the ionic nature of the 
pollutants and changes in the catalyst’s surface charge, concerning pHpzc influence the electrostatic interactions 
and adsorption at the catalyst surface62. Surface charge and pollutant speciation interact synergistically to 

Fig. 9.  (a) Time-variant spectral intensity decrement, (b) concentration variation, and (c and d) degradation 
efficiency improvement of Rh-B dye against prepared BiNiO3 NPs.
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enhance adsorption and subsequent photocatalytic degradation, as indicated by the maximum degradation 
efficiency at around pHpzc.

Benzoquinone (BQ) served as a scavenger for superoxide radicals (O₂•-), ammonium oxalate (AO) was used 
to scavenge holes (h+), tert-butanol (TBT) acted as a second scavenger for hydroxyl radicals (•OH), and isopropyl 
alcohol (IPA) was employed to capture hydroxyl radicals (•OH) to identify the primary reactive species involved 
in the photocatalytic degradation of Rhodamine B using BiNiO3 nanoparticles. It is clear from Fig. 12 that the 
degradation efficiency dropped significantly to 42.58% with IPA, compared to 58.67% with TBT, indicating that 
hydroxyl radicals play a major role in the photocatalytic process, with IPA being a more effective scavenger for 
•OH species63. In contrast, the presence of BQ and AO led to relatively minor decreases in degradation efficiency 
(to 87.54% and 86.47%, respectively), suggesting that both superoxide radicals and photogenerated holes have 
a minor or secondary contribution to the overall photocatalytic process. All these findings point to hydroxyl 
radicals as the primary reactive species responsible for dye degradation, with superoxide radicals providing a 
secondary contribution.

Under visible light, the photocatalytic degradation of Rhodamine-B (Rh-B) using green-synthesised BiNiO3 
nanoparticles entails a series of redox reactions that are started by photon absorption. BiNiO3 nanoparticles 
generate electron–hole pairs when exposed to visible light; holes (h+) are left in the VB while electrons (e−) are 
stimulated from the VB to the CB. The charge carriers produced by photolysis play a crucial role in the start of 
degradation processes. Scavenger experiments have shown that the primary oxidative species responsible for 
Rh-B degradation are the highly reactive hydroxyl radicals (•OH), which are created when the holes (h+) react 
with water molecules adsorbed on the surface (H2O) or hydroxide ions (OH−). The dye molecules are broken 
down and oxidized by the •OH radicals, which causes the chromophoric unit to cleave and further mineralize 
into non-toxic by-products. Superoxide radicals (O2

−•) are produced concurrently by the photoexcited electrons 
(e−) in the CB, reducing adsorbed oxygen on the surface. These radicals may then contribute to the production 
of additional •OH via intermediary chemistry. However, the primary function of •OH radicals outweigh their 
contribution. It is also believed that the presence of bioactive phytochemicals from the extract of Curcuma longa 
helps to sustain the photocatalytic cycle by encouraging charge separation and recombination inhibition64,65.

Fig. 10.  Time-variant kinetics involved in degrading the Rh-B dye using prepared BiNiO3 NPs.
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Plausible degradation pathways
The photocatalytic degradation of Rh-B dye by BiNiO₃ nanoparticles was thoroughly examined using LC-MS 
measurement of the reaction mixture after 100 min of visible light irradiation. The data in Fig. 13 shows that Rh-B 
degrades via two major routes. In Pathway-1, the first step is sequential N-deethylation of Rh-B (compound A, 
C28H31N2O3) to generate intermediate B (C26H27N2O3). Intermediates C (C22H19N2O3), D (C20H14N2O3), and E 

Fig. 12.  Scavenger test conducted for identifying the reactive species.

 

Fig. 11.  Time-variant (a) catalyst dosage, (b) dye dosage effect on degradation rate of Rh-B dye. (c) PZC 
evaluation and (d) pH effect on degradation rate of Rh-B dye.
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(C20H15NO3) are formed by further amine demethylation and oxidation. Intermediate E includes chromophore 
breaking and aromatic ring opening, resulting in F (C19H14O), G (C13H11NO), and benzoic acid as the ultimate 
low-molecular-weight products of degradation. Similarly, in Pathway-2, Rh-B degrades into intermediate H 
(C24H23N2O3) via N, N-diethyl group elimination. This is followed by sequential deamination and dealkylation 
reactions to create intermediates I (C23H23N2O), J (C22H21N2O), and finally K (C21H20NO), indicating severe 
structural degradation of the dye molecule. These routes unambiguously demonstrate the dye’s step-by-step 
disintegration via deethylation, ring cleavage, and the formation of simpler, less hazardous aromatic molecules.

The identified intermediates indicate that BiNiO3 NPs possess high photocatalytic activity, attributable to 
their appropriate bandgap, redox potential, and active surface locations. BiNiO3 is an effective photocatalyst 
for treating dye-polluted wastewater due to its ability to detoxify and mineralize Rh-B via degradation. Table 2 
provides a full review of the degradation intermediates and their relevant structural features, while Fig. 14 depicts 
the related LC-MS spectral data, representing the fragmentation pattern when the dye undergoes degradation, 
and its graphical representation is shown in Fig. 15.

Conclusion
This study demonstrates a green synthesis of BiNiO3 nanoparticles using Curcuma longa rhizome extract, 
providing an ecologically friendly alternative to traditional chemical procedures. Turmeric’s phytochemical 
constituents were effective stabilizing and reducing agents, which promoted the creation of nanoparticles in 
moderate environments. A highly crystalline multiphase perovskite structure with tetragonal (ICDD #96-900-
8427) and cubic (ICDD #96-901-3981) phases was detected by XRD investigation. The UV-Vis spectra confirmed 
its photocatalytic capabilities by showing strong visible light absorption at a 2.90 eV band gap. The wide band in 
the FTIR spectrum, which represents metal–oxygen interaction and phytochemical bonding, ranged from 550 
to 650 cm−1. The particle sizes ranged from 15 to 20 nm, and the TEM and FESEM revealed quasi-spherical, 
rod-like, and pear-shaped morphologies. The elemental composition was verified by EDX analysis, which 
showed the distinctive O 1 s peak at 529.79 eV. Significant antibacterial activity against Staphylococcus aureus 
(21.33 mm) and Escherichia coli (22.66 mm) was observed at 800 µg. Additionally, photocatalytic tests showed 

Fig. 13.  Plausible degradation pathways estimated from the recorded LC-MS data.
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that, following 100  min of exposure to visible light, Rh-B dye degraded by 93.82%. The reduced band gap, 
effective charge separation, and surface phytochemical functions are the causes of the increased activity. These 
findings support the multipurpose potential of turmeric assisted BiNiO3 nanoparticles for wastewater treatment 
and antibacterial applications, offering a more environmentally friendly and efficient alternative to chemically 
produced nanomaterials.

Fig. 14.  Recorded LC-MS data for the degraded solution.

 

Intermediate of
Rhodamine B Molecular formula Molecular weight Mass found in LC-MS

A C28H31N2O3 443.2 [M]+=443.67

B C26H27N2O3 415.1 [M]+=415.6

C C22H19N2O3 359.1 [M + H + K]+= 399.58

D C20H14N2O3 330.1 [M + K]+= 369.68

E C20H15NO3 317.1 [M + H + Na]+= 341.63

F C19H14O 258.1 [M + Na]+= 282.4

G C13H11NO 197.2 [M]+=196.17

H C24H23N2O3 387.2 [M + K]+=427.63

I C23H23N2O 343.2 [M]+=343.68

J C22H21N2O 329.2 [M + H + K]+=369.68

K C21H20NO 302.2 [M + K]+=341.63

Table 2.  Identified photocatalytic degradation intermediates during Rhodamine B dye degradation.
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