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Bio-derived NiO nanoparticles from Colocasia
esculenta leaf extract with enhanced antibacterial

activity and efficient photocatalytic degradation of

methylene blue
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Alemnesh Bekele,” Zerfu Haile Robi® and Tamirat Engida Gebremikael®

Colocasia esculenta leaf extract was utilized for the green synthesis of nickel oxide nanoparticles (NiO NPs)

through an easy, phytochemical-mediated, environmentally friendly reduction method. Fourier transform

infrared (FTIR) spectroscopic analysis of the nanoparticles revealed that the phytochemicals served as

both capping and reducing agents, and the morphology of these nanoparticles was studied using
scanning electron microscopy (SEM). The surface plasmon resonance (SPR) peak was observed at
348 nm, the optical band gap was 3.45 eV based on UV-visible analysis, and the crystallite size of the

synthesized NPs was 26.89 nm, as evidenced by X-ray diffraction (XRD) analysis. Strong antimicrobial

potential was demonstrated against Staphylococcus aureus, Salmonella typhi and Candida albcans,
producing inhibition zones of 19.00 £ 0.94 mm, 17.33 + 0.62 mm and 20.67 + 0.58 mm, respectively.
Additionally, under optimal conditions (30 mg catalyst, 10 mg L™ dye, pH 8, 80 min), NiO NPs
demonstrated effective photocatalytic degradation of methylene blue under natural sun irradiation,
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attaining up to 96% degradation. Interestingly, after three consecutive cycles, the nanoparticles retained

85% of their photocatalytic activity, demonstrating exceptional stability and reusability. These results
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1 Introduction

Environmental pollution, especially water contamination, has
become a major worldwide concern.' The increasing discharge of
synthetic dyes and microbial contaminants into water bodies
poses significant environmental and health challenges.? Organic
colors from mining, textile, paper, food processing, cosmetics,
pharmaceuticals, and leather industries are among the many
pollutants that contaminate water.* Because of its toxicity, carci-
nogenicity, potential for bioaccumulation, and resistance to
biodegradation, methylene blue (MB), a common dye, is espe-
cially concerning.* In order to remove colors from wastewater,
a number of techniques have been used, such as adsorption, ion
exchange, membrane filtering, electrochemical treatment, and
photocatalysis.® Because of its great efficiency, affordability, and
environmental friendliness, photocatalytic degradation has
become one of the promising methods.® Metal-based
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demonstrate the promise of Colocasia esculenta-mediated NiO NPs as multipurpose, biocompatible,
and reasonably priced nanomaterials for biomedical and environmental remediation applications.

nanoparticles can simultaneously break down organic mole-
cules when exposed to light, and they have garnered attention for
their exceptional photocatalytic activity.” Meanwhile, microbial,
bacterial, fungal, viral, and parasitic infections continue to pose
serious health risks worldwide, especially in underdeveloped
nations where these issues exacerbate due to antibiotic resistance
and lack of available medications.*® The management of infec-
tious diseases has improved since the discovery of antimicrobial
drugs,'>"* but the emergence of resistance necessitates the use of
alternative antimicrobial techniques.*

Nanotechnology has emerged as an effective solution for these
biomedical and environmental threats.'>'* Nanoparticles exhibit
remarkable physical and chemical properties due to their small
size and high surface area.”® Among the different metal-based
nanostructures,'®” nickel oxide (NiO) nanoparticles have attrac-
ted considerable attention due to their unique physicochemical
properties, making them effective photocatalysts for dye degra-
dation and promising antibacterial agents.*'**

Recently, plant extract-based green synthesis techniques have
become environmentally benign and sustainable substitutes to
conventional chemical methods, offering advantages such as
reduced toxicity and cost-effectiveness and providing natural
capping and stabilizing agents.”**** Because the phytochemicals

© 2026 The Author(s). Published by the Royal Society of Chemistry
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in plant extracts can function as reducing agents, they are
promising biological templates in this regard.> However, there
are no reports on the antibacterial and photocatalytic capabilities
of NiO nanoparticles made from Colocasia esculenta extract.”>

Colocasia esculenta, commonly known as Godere (in
Ambharic), is a kind of root vegetable that is inexpensive and
widely available. The plant leaves are notable for their signifi-
cant therapeutic and nutritional value. They contain a wealth of
substances with potential medical uses, including terpenoids,
alkaloids, tannins, flavonoids, and saponins.*® These biomole-
cules possess strong reducing and capping ability, suggesting
that the extract of Colocasia esculenta leaves can act as an
controlling the growth and
morphology of NiO NPs.>* However, reports on the synthesis of
NiO NPs for simultaneous antibacterial activity and photo-
catalytic degradation of MB dye under visible-light irradiation
are extremely limited. To the best of our understanding, no
prior research has documented the environmentally friendly
production of NiO NPs using Colocasia esculenta leaf extract,
and the combined testing of their photocatalytic degradation of
dyes and antibacterial activity has not been investigated.
Considering this, the present research conducts an environ-
mentally friendly synthesis of NiO NPs, employing the leaf
extract from Colocasia esculenta, and evaluates their antibacte-
rial activity and photocatalytic degradation efficiency against
methylene blue dye.

The phytochemical composition of the extract and the struc-
tural properties of NiO NPs were examined using FT-IR, UV-vis
spectroscopy, SEM, and XRD analysis. The antimicrobial perfor-
mance was tested against B. cereus, S. typhi, E. coli, C. albicans,
and S. aureus, while the photocatalytic degradation of MB was
monitored under visible-light irradiation through UV-vis spec-
troscopy. This study demonstrates that synthesized NiO NPs can
serve as a dual-functional nanomaterial for disinfection and
wastewater treatment, underscoring their potential for use in
biomedical and environmental applications.

excellent bioreductant for

2 Experimental section

2.1 Chemicals and apparatus

Nickel nitrate hexahydrate (Ni(NO;),-6H,0, =99.9%), potas-
sium permanganate (KMnO,), methylene blue (MB), nutrient
agar, sodium hydroxide, sulfuric acid, nitric acid, chloroform,
bismuth nitrate (Bi(NOj);), potassium iodide, glacial acetic
acid, ferric chloride, and ammonia solution were used as
received. Fresh Colocasia esculenta leaves (Godere in Amharic)
were collected near Gambella University.

Apparatus included conical flasks, Petri dishes, digital
balance, magnetic stirrer, mortar and pestle, oven, hot plate,
centrifuge, glass rods, droppers, graduated cylinders, Erlen-
meyer flasks, cuvettes, refrigerator, Teflon-lined autoclave, hot
air drier, and furnace (D550, Ney Vulcan, USA).

2.2 Preparation of Colocasia esculenta leaves

Pure water was used to completely wash the fresh leaves of Colo-
casia esculenta, followed by distilled water, and allowed to air dry at

© 2026 The Author(s). Published by the Royal Society of Chemistry
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room temperature. Using a pestle and mortar, 25 g of leaves were
ground. The extract was prepared as follows: 10 g of chopped
leaves were boiled in 100 mL of water at 60 °C for 20 min under
continuous stirring. After filtering the mixture through Whatman
no. 1 filter paper, the clear extract was kept at 4 °C to be employed
as a reducing agent for the manufacture of NiO nanoparticles.>?>*

2.2.1 Preliminary phytochemical screening. Phytochemical
groups such as alkaloids, flavonoids, phenols, terpenoids,
tannins, saponins, and glycosides were tested according to
standard methods.*”*®

2.2.1.1 Alkaloids. 1 mL of Colocasia esculenta leaf extract was
mixed with 1 mL of 1.5% HCI, followed by 1 mL of Wagner's
reagent. The appearance of a yellow or brown precipitate indi-
cated the presence of alkaloids.

2.2.1.2 Saponins. 2 mL of Colocasia esculenta leaf extract was
mixed with 10 mL distilled water, and then shaken for 15 min.
Foam formation (1 cm) indicated the presence of saponins.

2.2.1.3 Flavonoids. 1 mL extract was treated with 5 drops of
NaOH. The appearance of an intense yellow color confirmed the
presence of flavonoids.

2.2.1.4 Tannins and phenolics. 1 mL extract was treated with
5% neutral ferric chloride. The appearance of a bluish-black or
dark blue color indicated their presence.

2.3 Synthesis of NiO nanoparticles

NiO NPs were synthesized via a green approach using nickel
nitrate hexahydrate. A 0.1 M nickel nitrate solution was
prepared by dissolving 3 g of Ni(NO3),-6H,O in 100 mL of
distilled water. Subsequently, 30 mL of Colocasia esculenta leaf
extract was added to 100 mL of the nickel nitrate solution and
stirred for 5 min, giving an initial pH of 3.2. To determine the
optimal precipitation condition, the reaction pH was screened
from acidic to basic ranges (pH 4-11). These preliminary tests
showed that pH 9 produced the most uniform and stable
precursor, resulting in well-defined NiO nanoparticles after
calcination. Therefore, the pH of the reaction mixture was
carefully adjusted to 9 by the dropwise addition of 2 M NaOH
while stirring continuously. A concentrated NaOH solution was
used to achieve precise pH control with minimal dilution of the
reaction mixture. Once the pH reached 9, the mixture was
stirred for 1 h at 60 °C until a greenish slurry was formed. The
precipitate was then collected by centrifugation at 4000 rpm for
30 min, washed three times with distilled water and ethanol,
and dried at 80 °C. Finally, the dry precursor was calcined at
500 °C for 2 h to yield crystalline NiO nanoparticles.***3°

2.4 Optimization of the synthesis parameters

To guide the optimization of the NiO nanoparticle synthesis, the
key findings by Kannan et al. (2020) are summarized in Table 1.
Kannan et al. demonstrated that the synthesis parameters,
including the plant extract volume, precursor concentration, pH,
temperature, and reaction time, strongly influence nanoparticle
properties such as the particle size, dispersity, crystallinity, and
UV-vis absorption characteristics.”> One parameter was varied at
a time while keeping others constant to achieve nanoparticles
with sharp peaks, small particle size, and narrow wavelength in

RSC Adv, 2026, 16, 2030-2043 | 2031
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Table 1 Summary of the photocatalytic and biomedical activities of nanostructured metal oxides (from ref. 25) upon nanoparticle optimization

Parameter investigated Variation studied

Observed effects on nanoparticles
(ref. 25)

Relevance to the current study

Precursor concentration Low — high

Plant extract volume Small — large

PpH of the reaction mixture Acidic — basic

Temperature Room temp — elevated

Reaction time Short — extended

Optical properties (UV-vis) Varies with parameters

Final recommendation —

Higher concentration increased the
particle size and broadened the UV-
vis absorption peaks due to the
faster nucleation and
agglomeration

Increased extract volume provided
more phytochemicals, improving
the reduction and capping, leading
to smaller and more stable NPs
Higher pH accelerated hydrolysis
and nucleation; pH ~9-10
produced smaller, uniform, well-
dispersed NPs

Higher temperature increased the
crystallinity, but excessive heating
led to particle growth and
aggregation

Longer reaction improved the
formation and stabilization, but

a very long reaction time caused
secondary growth

Sharp, narrow peaks indicate
monodispersity; broad peaks reflect
agglomeration or polydispersity
Optimal conditions produce
nanoparticles with small size,
narrow wavelength range, and good

Helped determine the suitable
Ni(NOj3), concentration to maintain
the small size and sharp peaks

Guided optimization of the extract
amount (30 mL) for controlled NiO
NPs formation

Supports the selection of pH 9 as
optimum for NiO NPs synthesis

Informed selection of 60 °C
synthesis temperature before
calcination

Helped define the 1 hour reaction
time for controlled particle size and
stability

Used as criteria to judge the
optimized NiO NPs in this study

Used as a benchmark for selecting
the optimized synthesis conditions
for NiO NPs

stability

UV-vis spectra. Optimized nanoparticles were stored in labeled
containers for further characterization, antimicrobial testing,
and dye degradation experiments.

2.5 Characterizations

2.5.1 UV-vis spectroscopy. The optical characteristics of the
NiO nanoparticles were measured using a Shimadzu UV-2600
spectrophotometer in the wavelength range of 200-800 nm. A
1 mg mL ' aqueous dispersion was sterilized with under
ultrasonic treatment for 10 min before measuring in a 1 cm
quartz cuvette.

2.5.2 FTIR spectroscopy. Functional groups were investi-
gated using a PerkinElmer Spectrum FTIR spectrometer in the
4000-400 cm ™' range, with 32 scans at 4 cm™' resolution.
200 mg of KBr and 2 mg of sample were mixed together for KBr
pellet readings.

2.5.3 XRD. A Bruker D8 Advanced diffractometer (Cu Ka,,
= 1.5406 A) was used to determine the crystallinity at 40 kv, 30
mA, in the 26 range of 10-80° with a step size of 0.02°. The
powdered samples were similarly packed on a flat holder. The
Debye-Scherrer formula is used to compute the crystallite size
(D) (eqn (1)).

D kA
G cos 6

1)

where k = 0.9, 8 is the FWHM in radians, A is the X-ray wave-
length, and @ is the Bragg angle.
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2.5.4 SEM. The morphology was investigated using a JEOL
JSM-6510 SEM at 15 kV. After drying, the nanoparticles were
coated with gold and placed onto carbon tape. Images were
acquired at 600-4400x magnification and the surface
morphology was analyzed via a compositional software.

2.5.5 Zeta potential analyzer. Zeta potential measurements
were carried out using a Malvern Zetasizer Nano ZS (Malvern
Instruments, UK) at room temperature. The point of zero charge
(PZC) of the NiO nanoparticles was determined from zeta
potential measurements as a function of pH. A suspension
was prepared in distilled water, and the pH was adjusted from
2 to 12 using 0.1 M HCl or NaOH. Measurements were performed
using a zeta potential analyzer in triplicate, and the PZC was
identified as the pH at which the zeta potential crossed zero.

2.6 Antimicrobial activity

2.6.1 Antibacterial activity. The agar disc diffusion method
was performed on nutrient agar against Gram-negative and
Gram-positive bacteria. Overnight bacterial cultures were
adjusted to 1-2 x 10®* CFU mL™". 6 mm discs soaked in NiO NP
solutions were placed on plates inoculated with B. cereus, E. coli,
S. typhi, and S. aureus. At 37 °C, plates were incubated for 24 h.
The zone of inhibition (ZOI) was measured in millimeters and
the experiments were performed in triplicate.®***

2.6.2 Antifungal activity. Fungal strain C. albicans was
swabbed onto Muller-Hinton agar. Wells were created with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a sterile cork borer and treated with NiO NP solutions, where
DMSO served as the control. Plates were incubated at 27 °C for
24 h and the ZOI was measured.**"¢

2.7 Photocatalytic activity

Photocatalytic degradation of methylene blue (MB) was con-
ducted using 10 mg NiO NPs in 100 mL of 5 ppm MB solution
under 250 W UV light irradiation. To ensure accurate mixing,
the solution was continuously air-bubbled. The following
formula (eqn (2)) was used to determine the percentage of dye
degradation:>°

(4o — 4)

Photodegradation (%) = 1
0

x 100%, (2)
where A, and A; are the initial and final absorbances,
respectively.***

3 Results and discussion

3.1 Phytochemical screening of Colocasia esculenta leaf
extract

Phytochemical screening was conducted to identify the bioactive
compounds present in Colocasia esculenta leaf extract. These
phytochemicals can serve as reducing agents during the synthesis
of NiO NPs. The qualitative analysis (Fig. 1 and Table 2) indicates
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the presence of secondary metabolites, including polyphenols,
flavonoids, saponins, tannins, alkaloids, glycosides, and terpe-
noids. The presence of phenolic compounds was confirmed by the
appearance of a dark blue-black colour upon the addition of ferric
chloride, indicating a significant concentration of these metabo-
lites. The development of a yellow hue with NaOH confirmed the
presence of flavonoids. The bio-reduction of Ni** ions depends on
these components. The observed phytochemicals and their rela-
tive abundance are listed in Table 2.

The findings are in line with earlier research,* suggesting
that the leaf extract of Colocasia esculenta contains alkaloids,
saponins, tannins, flavonoids, phenols, and glycosides that aid
in the stabilization and reduction of NiO NPs. FT-IR spectral
analysis further supported these conclusions.

3.2 UV-vis spectral analysis of NiO nanoparticles

UV-vis spectroscopy, an effective tool for analyzing the synthesis
and stability of NPs, was used to verify the formation of NiO
nanoparticles. NiO NPs have a distinct surface plasmon resonance
(SPR) peak at 348 nm, as seen in Fig. 2. This peak is blue-shifted in
comparison to bulk NiO (s = 362 nm). This is likely due to
surface defects and capping effects from the Colocasia esculenta
leaf extract, which can modify the electronic structure and influ-
ence the absorption edge.*»** The collective oscillation of the
nanoparticles’ conduction electrons under incoming light is what
causes the SPR. The measured absorption, which displays SPR
bands in the 330-350 nm range, is in line with previously reported
NiO NPs generated from a variety of bio-sources. The sharp and
narrow nature of the SPR band suggests uniform particle size
distribution and high stability of the synthesized NiO NPs. Tauc's
approach was used to measure the optical band gap () of NiO
NPs (Fig. 3). The Tauc relation is expressed in eqn (3):

(ahv)* = A(hw — E,), (3)

where A is a constant, « is the optical absorption coefficient,
hv is the photon energy, and n = 2 for the allowed direct tran-
sitions of the electron. The photon energy was calculated from
the wavelength A using eqn (4).

1240
hv(eV) = 4

V)= 3] @
Fig. 1 Phytochemical analysis of the Colocasia esculenta leaf extract.
Table 2 Phytochemical components of the Colocasia esculenta leaf extract®
Sl no. Phytochemicals Observation in tube (color) Inference Classification
1 Flavonoids Yellow-brown color Clear positive ++
2 Alkaloids Brown-orange coloration Weak positive +
3 Phenols Dark coloration Strong positive +++
4 Saponins Yellow solution with froth/foam Positive ++
5 Tannin Black/dark brown Strong positive +++
6 Glycoside Brownish solution Moderate positive ++
7 Terpenoids Yellow-orange color Weak positive +

4 «4” = low, “++” = moderate, “+++” = high, based on the color intensity observed in the standard assays compared to the reference controls.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 UV-vis absorption spectrum of NiO NPs showing the SPR peak at 348 nm.

Extrapolation of the linear portion of the (ahv)* versus hv plot
yielded a band gap. UV-vis analysis shown that NiO NPs synthe-
sized here have a direct band gap of approximately 3.45 eV, which
is somewhat greater than the 3.25 eV reported in earlier studies
using Senna auriculata-mediated synthesis. The increased band
gap may be attributed to the smaller particle size.*

The relatively large band gap contributes to enhanced

photocatalytic and antimicrobial performance of the NiO
nanoparticles.

3.3 FTIR analysis of NiO nanoparticles

The functional groups that were responsible for the reduction of
NiO NPs were identified using FTIR spectroscopy. Fig. 4 displays

surface charge and stability, which can improve the the FTIR spectra of Colocasia esculenta leaf extract and the
100 —
80 -
t
£ 60 o
~
-
2
L — NiO NPs
= 40 -
=
E
20 -
0 -
T T T T T T
2.6 2.8 3.0 32
hv (eV)
Fig. 3 Tauc plot ((whw)? versus photon energy (hw)) used to estimate the optical band gap of NiO NPs.
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Fig. 4 FT-IR spectra of the Colocasia esculenta leaf extract and green-synthesized NiO NPs.

green-synthesized NiO NPs recorded in the 400-4000 cm

range.

The leaf extract exhibited peaks at 3286, 2915, 2837, 2173,
1635, 1391, and 1028 cm ™" for the O-H stretching of phenols
and alcohols, C-H stretching of alkanes, N-C=0 stretching of
amides, C-H bending vibrations, and C-N stretching of amines.
These functional groups are engaged in reducing Ni** ions and
stabilizing the nanoparticles.

The FTIR spectrum of NiO NPs showed bands at 3328, 1607,
1395, 1046, 584, and 516 cm ™. The peaks at 3328 and 1607 cm ™!
correspond to the O-H and C=0 vibrations of adsorbed phyto-
chemicals, while the features at 1395 and 1046 cm ™' represent the
C-H and C-O vibrations of the residual organic moieties, respec-
tively. The peaks at 584 and 516 cm ™' are attributed to the Ni-O
stretching and bending vibrations, respectively, indicating the
successful formation of NiO NPs.**** Peaks in the NiO NP sample

0.8 NiO NPs
111
-~
- .
C& 0.6
el (200)
N
2
S (220)
= 04
e @311)
(222)
0.2
0.0
10 20 30 40 50 60 70 80
20 (degree)

Fig. 5 XRD pattern of the synthesized NiO nanoparticles.
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Fig. 6 SEM images of the synthesized NiO nanoparticles at different magnifications.

showed a modest shift and decrease in intensity.*® These results
confirm that phytochemicals in the Colocasia esculenta leaf extract
act as reducing agents, promoting the environmentally friendly
synthesis of NiO nanoparticles.*”

3.4 XRD analysis of NiO nanoparticles

The crystalline phase purity and structure of NiO NPs synthesized
using the Colocasia esculenta leaf extract were investigated using X-
ray diffraction in the 26 range of 10-80° (Fig. 5). The detected
diffraction peaks at 36.22°, 43.2°, 63.66°, 75.62°, and 78.84°
correspond to the (111), (200), (220), (311), and (222) planes of FCC
NiO NPs, respectively, in agreement with JCPDS card no. 47-
1049.'**® No additional peaks were detected, indicating the high
phase purity. The sharpness of the peaks verifies that the

nanoparticles were crystalline in nature, consistent with previously
reported NiO NPs.* Using the Debye-Scherrer equation (eqn (1)),
it has been determined that the typical crystallite size of NiO NPs is
26.89 nm, falling within the reported literature range of 20-
40 nm.**** Compared to previous reports using Senna auriculata
extract, the synthesized NiO nanoparticles in this work exhibited
slightly sharper and more intense peaks, suggesting improved
crystallinity. The average crystallite size was smaller than the re-
ported value (~53 nm), indicating that the current synthesis
method yields finer nanoparticles.*

3.5 SEM analysis of NiO nanoparticles

Utilizing scanning electron microscopy (SEM), the surface
morphology of the synthesized NiO nanoparticles was

12 [ NiO NPs

10

Frequency
>

5 10 15 20 25

30 35 40 45 50

Particle size (nm)

Fig. 7 Particle size distribution of the synthesized NiO NPs obtained from SEM analysis (Fig. 6). The histogram shows the distribution of particle
sizes measured using the ImageJ software (N = 57), ranging from 12 to 43 nm. The average particle size was 27.92 + 7.97 nm.
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Fig. 8 Zeta potential of NiO nanoparticles as a function of pH, showing two isoelectric points at pH 6.2 and 8.

Table 3 Zone of inhibition of the synthesized NiO nanoparticles
(mean £ SD, n = 3)

Gentamicin/Clomidazole

DMSO

Strain (+ve control) (—ve control) NiO NPs

S. typhi 25.33 £ 0.58 — 17.33 + 0.62
E. coli 23.00 £+ 1.00 — 16.00 + 0.82
S. aureus 23.00 £+ 0.58 — 19.00 + 0.94
B. cereus 25.00 £+ 1.00 — 13.00 + 0.58
C. albicans  19.33 + 0.58 20.67 £+ 0.58

examined at magnifications of 600x, 1500%, and 4400x (Fig. 6).
According to the images, the nanoparticles are primarily
aggregated, most likely as a result of the drying/calcination
process and high surface energy. The majority of the particles
have inconsistent plate-like forms, which is in line with NiO
nanostructures that have been previously observed.>"*

A polycrystalline structure was seen, with some particles
aggregating together as a result of smaller units overlapping or
clustering. The particle sizes, measured using Image] software,
ranged from 12 to 43 nm (Fig. 7), with an average size of approx-
imately 27.92 £ 7.97 nm (N = 57). This is consistent with the size
of the crystallites, as determined by XRD examination. This size is
smaller than that reported by Ganesan et al., where bio-fabricated
NiO NPs ranged from 43 to 47 nm. The smaller particle size in the
present study may enhance the surface area, contributing to the
improved photocatalytic and antibacterial performance
observed.” It is anticipated that the NiO NPs nanoscale size and
aggregated shape will improve the surface reactivity, which is
advantageous for photocatalytic and antibacterial applications.

3.6 Zeta potential measurements

Zeta potential studies were conducted as a function of pH to
determine the surface charge of the synthesized NiO NPs. The

Antimicrobial Activity
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Fig. 9 Antimicrobial activity of NiO NPs against bacterial and fungal strains.
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Fig. 10 Effect of catalyst dosage on the degradation efficiency of methylene blue (MB).

results show two isoelectric points (IEPs) at pH 6.2 and 8, which
may arise from different surface sites, such as hydroxyl groups, or
residual ions from the synthesis process. The nanoparticles
exhibit positive zeta potential values below the IEPs and negative
values above, indicating that the colloidal stability is highest at pH
values far from the IEPs. These findings are important for
understanding the adsorption behavior of methylene blue and the
photocatalytic performance of the nanoparticles™ (Fig. 8).

3.7 Antimicrobial activity

Using the agar well diffusion method, the antibacterial and
antifungal properties of green-synthesized NiO NPs were
assessed against the fungal strain C. albicans, Gram-positive
bacteria (B. cereus, S. aureus), and Gram-negative bacteria
(S. typhi, E. coli). Gentamicin and clotrimazole were used as
positive controls and DMSO was employed as a negative con-
trol. NiO NPs demonstrated significant antimicrobial activity,
with the zone of inhibition (ZOI) increasing with the nanoparticle
concentration (25-75 mg mL'). NiO NPs typically show

antibacterial activity at lower concentrations (low mg mL™"). The
effect observed here at 75 mg mL " likely reflects the assay type,
nanoparticle aggregation, and strain susceptibility.>* At 75 mg
mL ", the nanoparticles exhibited the highest antibacterial effect
against S. aureus (19.00 = 0.94 mm) and S. #yphi (17.33 £+ 0.62
mm), moderate activity against E. coli (16.00 & 0.82 mm) and B.
cereus (13.00 + 58 mm), and strong antifungal activity against C.
albicans (20.67 £ 0.58 mm) (Table 3 and Fig. 9).

The structural variations of the bacterial cell walls are respon-
sible for the reported variances in antibiotic activity. The outer
lipopolysaccharide layer of Gram-negative bacteria, such as E. coli
and S. typhi, prevents nanoparticle penetration. However, Gram-
positive bacteria (S. aureus and B. cereus) have a thicker peptido-
glycan covering with many pores, which makes it easier for
nanoparticles to enter and disrupt the cell membranes, ultimately
leading to bacterial death.*® The production of the reactive oxygen
species (ROS) and small particle size enables better membrane
penetration, which results in microbial cell damage and oxidative
stress, amplifying the antibacterial action of NiO NPs.>”*®

Determination of Point of Zero Charge (PZC)

Fig. 11
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Initial pH

ApH as a function of the initial pH for determining the point of zero charge (PZC) of the catalyst (PZC = 7.4).
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3.8 Photocatalytic activity

Under normal sun irradiation, methylene blue (MB) was used as
a model pollutant to assess the photocatalytic activity of NiO
NPs. Degradation of MB was monitored by UV-vis spectroscopy
at 665 nm.**** A noticeable color shift from blue to almost
colorless and a slow decrease in absorption intensity over time
(10-80 min) suggested effective degradation. The presence of
NiO NPs resulted in 96% MB degradation after 80 minutes of
exposure to visible light, whereas the absence of nanoparticles
caused very little degradation. This performance is slightly
greater than that reported by Sayoud et al. for NiO NPs, which
achieved 93%.>* This study achieved 96% degradation within 80
minutes, which is comparable to the 97% degradation reported
by Al-Zaqri et al. using NiO nanoparticles biosynthesized with
Senna auriculata flower extract in 90 minutes. The slightly faster
degradation observed in the present study may be attributed to

the smaller particle size and higher surface area, which enhance
the generation of reactive species and improve catalytic effi-
ciency.” Effective separation of electrons and holes on the NiO
NP surfaces and plasmonic stimulation in the presence of
visible light result in a strong affinity for the dye molecule for
adsorption, causing strong phytochemical activity.

3.9 Optimization of the photocatalytic parameters

3.9.1 Dosage of the catalyst. Because there were more
active sites and hydroxyl radicals formed, degradation improved
from 20% to 96% when NiO NPs were increased from 5 mg to
30 mg (Fig. 10), respectively. Light scattering caused doses
beyond 30 mg to lose efficiency.

3.9.2 Point of zero charge (PZC). The NiO nanoparticles
show two IEPs at pH 6.2 and 8 due to different surface sites. The
overall PZC is 7.4, which differs from the individual IEPs

Initial Dye Concentration vs. Degradation Efficiency
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Fig. 13 Effect of initial dye concentration on the photocatalytic degradation of methylene blue (MB).
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Fig. 14 UV-vis spectra of MB degradation over time using NiO NPs.

because the PZC represents the net surface neutrality, whereas
the IEP reflects the charge at the slipping plane. The catalyst
surface was negatively charged at pH > PZC, which improved the
photocatalytic activity and facilitated the adsorption of cationic
MB (Fig. 11).

3.9.3 Effect of pH. At pH 8, the maximum MB degradation
(96%) was attained. Electrostatic repulsion decreased the
adsorption at lower pH levels, whereas metal hydroxide

production at higher pH values (>8) decreased the efficiency
(Fig. 12).

3.9.4 Initial dye concentration. While greater doses
(30 mg L") decreased the degradation to 20% because of light
absorption by the excess dye, low concentrations of MB
(5 mg L") allowed for efficient photon penetration, resulting in
96% destruction after 80 minutes (Fig. 13).

3.9.5 Contact time. According to the UV-vis spectra
(Fig. 14), the MB absorbance rapidly dropped over the course of

MB Degradation vs. Catalyst Reuse Cycles
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Fig. 15 Photocatalytic degradation efficiency of methylene blue (MB) over three consecutive cycles using NiO NPs.
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80 minutes, reaching ~92% degradation, demonstrating NiO
NPs' effective photocatalytic activity.

3.9.6 Reusability. The catalyst was subjected to three reuse
cycles under the same conditions (15 mg, 50 mL MB, pH 8, 80
min). The reported algae-mediated NiO nanoparticles showed
good catalytic stability over three consecutive reuse cycles.>
Similarly, NiO NPs produced in the present study exhibited
excellent reusability, maintaining photocatalytic efficiencies
from 96% in the first cycle to approximately 85% after the third
cycle. This confirms the structural stability and photocorrosion
resistance of the catalyst during repeated use, indicating its
potential for practical wastewater treatment applications
(Fig. 15).

4 Conclusion

In summary, Colocasia esculenta leaf extract was effectively used
to synthesize nickel oxide (NiO) nanoparticles, providing
a productive, sustainable, and environmentally friendly green
synthesis method. Crystalline NiO nanoparticles with nanoscale
dimensions were formed, as validated by structural and
morphological characterization using XRD and SEM. The
produced nanoparticles exhibited notable antibacterial activity
against multiple microorganisms, including S. typhi (17.33 £
0.62 mm), E. coli (16.00 + 0.82 mm), S. aureus (19.00 + 0.94
mm), B. cereus (13.00 + 0.58 mm), and C. albicans (20.67 £ 0.58
mm). In addition, the nanoparticles demonstrated excellent
photocatalytic activity, achieving 96% methylene blue degra-
dation under visible light. After three cycles, 85% catalytic
activity was maintained, indicating the stability, reusability, and
potential of NiO NPs as an environmentally benign photo-
catalyst. These findings demonstrate the dual functionality of
the biosynthesized NiO NPs, highlighting their potential for
environmental remediation and antimicrobial applications.
Overall, this study shows the dual functioning of NiO nano-
particles produced using the leaf extract from Colocasia escu-
lenta, indicating their suitability for use in environmental and
medicinal domains.
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