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lia-mediated green synthesis of
zinc oxide nanoparticles: characterization,
photocatalytic and antifungal activities†
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The biological synthesis of zinc oxide nanoparticles (ZnO NPs) from plant extracts has emerged as a novel

method for producing NPs with great scalability and biocompatibility. The present study is focused on bio-

fabricated zinc oxide nanomaterial characterization and investigation of its photocatalytic and antifungal

activities. ZnO NPs were biosynthesized using the leaf extract of Polyalthia longifolia without using

harmful reducing or capping chemicals, which demonstrated fungicidal activity against Fusarium

oxysporum f. sp. ciceris. The results showed that the inhibition of the radial growth of F. oxysporum f. sp.

ciceris was enhanced as the concentration increased from 100 ppm to 300 ppm. The effectiveness of

the photocatalytic activity of biosynthesized ZnO NPs was analyzed using MB dye degradation in

aqueous medium under ultraviolet (UV) radiation and natural sunlight. After four consecutive cycles, the

photocatalytic degradation of MB was stable and was 84%, 83%, 83%, and 83%, respectively, during

natural sunlight exposure. Under the UV sources, degradation reached 92%, 89%, 88%, and 87%,

respectively, in 90 minutes. This study suggests that the ZnO NPs obtained from plant extract have

outstanding photocatalytic and antifungal activities against F. oxysporum f. sp. ciceris and have the

potential for application as a natural pest control agent to reduce pathogenesis.
Introduction

Addressing the growing nutritional demands has become
a major challenge given the ever-expanding global population
but increasingly limited natural resources. An annual reduction
of nearly 20–40% in crops is because of factors such as pest
invasions, pathogen attacks, insufficient nutrients, and
degraded soil quality.1,2 Phytopathogenic fungal diseases are
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responsible for 70–80% of all microbial infections in crop
production.3,4 Traditional methods such as disease-resistant
plant varieties and synthetic fungicides can partially mitigate
fungal pathogens. However, chemical fungicide usage oen
leads to soil and plant tissue contamination, has limited
effectiveness, and is costly.5 To address these issues, there is
a need for innovative technologies that are both cost-effective
and environmentally friendly. Recently, nanotechnology has
sparked a revolution in the agricultural sector, resulting in
signicant advancements in current farming practices.6 The
development of new concepts and agricultural products has led
to the potential to manage problems such as food insecurity and
environmental degradation1 and holds the promise of reshap-
ing resilient agricultural systems to ensure food security.2

Therefore, employing nano-tools for disease management in
plants can provide valuable protection against pathogens7 and
enable the precise and targeted delivery of active ingredients to
the desired sites.8 Nanoparticles and related formulations such
as nano-fungicides9 and nano-fertilizers have been developed.10

The use of bio-synthesized silver nanoparticles to control fungal
phytopathogen shows promise in eliminating or reducing their
impact.11

Chitosan nanoparticles have demonstrated both in vitro and
in vivo effects in preventing the growth of various fungi
including Aspergillus niger12 and A. parasiticus13 as well as
RSC Adv., 2024, 14, 17535–17546 | 17535
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Alternaria alternata, Botrytis cinerea, Colletotrichum gloeospor-
ioides, and Rhizopus stolonifer.14,15 Copper nanoparticles have
also been found effective against multiple species of phyto-
pathogenic fungi, such as Phoma destructiva, Curvularia lunata,
A. alternata, F. oxysporum, Penicillium italicum, P. digitatum, and
Rhizoctonia solani.16,17 Various researchers have achieved the
green synthesis of zinc oxide nanoparticles (ZnO NPs) using
different plant species viz., Cynara scolymus, Justicia spicigera,
Jujube fruit, Azadirachta indica, Boswellia mukul, and their
photocatalytic degradation.18–23 Due to its abundant poly-
phenolic components, Polyalthia longifolia extract possesses
various pharmacological qualities, including anti-
inammatory, antibacterial, antioxidant, hepatoprotective,
and anticancer properties.24 Flavonoids and phenolic chem-
icals, abundant in P. longifolia extract, may aid in naturally
capping, reducing, and stabilizing the fabricated
nanoparticles.25–27 Therefore, using P. longifolia extract to
synthesize ZnO NPs makes this study innovative.

Conventional chemical pesticides for nematode treatment
are expensive, contaminate the environment, and cause pesti-
cide resistance in nematode populations. These chemical
nematicides are also harmful to non-target creatures and can
remain in the environment. In comparison, green bio-
synthesized ZnO NPs provide different advantages. Compared
to other plant extracts, the biosynthesis of ZnO NPs utilizing P.
longifolia leaf extract is a viable option due to its cheap cost,
security, and straightforward production methods. Phyto-
chemicals that have been extracted function as stabilizing and
reducing agents when ZnO NPs are being formed. Therefore, we
designed the research experiment to create ZnO NPs for pho-
tocatalytic and antifungal activity utilizing Polyalthia longifolia
leaf extract without using harmful reducing or capping chem-
icals. Additionally, we used XRD, FTIR, SEM-EDX, TEM-SAED,
and UV-vis NIR spectrophotometers to characterize the
synthesized ZnO NPs.
Materials and methods
Materials

No additional purication was performed on any analytical
grade compounds before use in this experiment. Zinc acetate
dihydrate [Zn (OAc)2$2H2O], >98.6%, was purchased from
Fisher Scientic. Fresh (disease-free) and full-grown leaves of P.
longifolia and double distilled water (DDW) were used for leaf
extract preparation.
Synthesis of ZnO NPs

The ZnO NPs were prepared by the biological synthesis method
using P. longifolia leaf extract as follows:

Preparation of the plant extract. About 30 g of P. longifolia
leaf extract was washed, cut into small pieces, and introduced
into a conical ask, followed by the addition of 200 mL of DDW,
then the mixture was autoclaved at 121 °C and 15 pounds per
square inch pressure for 30 minutes. The mixture was then
ltered and cooled, and the resultant plant extract was
collected.
17536 | RSC Adv., 2024, 14, 17535–17546
Calculation of salt weight. The quantity of zinc acetate
((CH3COO)2Zn$2H2O) required was determined using the
equivalent weight formula:

W ¼ ðM � E � VÞ
1000

where W is the molecular weight of the material in grams, E is
the equivalent of material, M is the molecular weight of the
material, and V is the volume of the solution.

Reaction. The obtained plant extract was mixed with 0.1 M
zinc acetate dehydrate and subjected to vigorous stirring at 60 °
C for 2 hours.

Precipitate isolation and drying. Following the reaction, the
precipitate was isolated, and then dried using a hot air oven.
The dried precipitate was ground using an agate mortar.

Calcination process. The collected nano-powder was sub-
jected to a nal calcination step at 650 °C for 3 hours in a muffle
furnace to remove the sample's moisture content and improve
the crystallinity. This process yielded the desired ZnO NPs.

By employing this method, ZnO NPs were successfully
synthesized by utilizing the biogenic properties of the P. long-
ifolia leaf extract and were characterized by various processes, as
detailed in subsequent sections. This synthesis approach pres-
ents a novel and eco-friendly strategy for fabricating ZnO NPs,
showcasing the potential for sustainable nanomaterial
synthesis. The schematic diagram for the synthesis of ZnO NPs
is shown in Fig. 1.
Characterization techniques

XRD patterns were collected using a Rigaku Miniex II (make:
Rigaku, Japan; model: Miniex II desktop) X-ray diffractometer
equipped with Cu-Ka radiation, operating at 30 kV and 15 mA,
and emitting a wavelength of 1.541838 Å. Optics: ZnO NPs at the
angle 2q were used in a monochromator with an automatic
divergence slit and beta ltering with graphite, covering a range
from 20.0°–80.0° at intervals of 0.04°. SEM micrographs were
obtained via SEM-EDX (JSM-6510 LV, Japan; with energy-
dispersive X-ray spectrometer) to examine the surface
morphology and for element identication. To determine the
morphology and structural properties (size, shape and crystal
structure) of ZnO NPs, the TEM images and selected area elec-
tron diffraction (SAED) pattern were obtained using the JEM-
2100 model (JEOL, Japan). Ethanol was used to suspend
powder samples of ZnO before they precipitated on the grid.
Prior to scanning, the sample was dried. The particle size
distribution of the prepared ZnO NPs was estimated using
ImageJ Launcher, Tokyo, Japan, Broken Symmetry Soware,
version (1.4.3.6.7). To analyze the functional bio-molecules in
ZnO NPs, solid-state FT-IR spectroscopy (model: Spectrum 2,
make-PerkinElmer) was performed within the 4000–400 cm−1

range. An optically transparent background medium, KBr (200
mg), was combined and compressed under high pressure to
create each sample. The ZnO NPs' UV-visible absorption spectra
were captured in the 200–800 nm wavelength range using
a Carry Series UV-visible NIR (model-Carry 5000, make-Agilent
Technologies) spectrophotometer. The uorescence data from
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of the synthesis of ZnO NPs using P. longifolia leaf extract.
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250 to 600 nm were recorded using a uorescence spectrometer
(make: PerkinElmer, model: LS55). The Raman spectra were
collected using a Raman microscope (make-Renishaw, model-
RM-1000) with a 50× objective and a 532 nm He–Ne laser
excitation source.
Isolation, purication, and identication of F. oxysporum f.
sp. ciceris

The infected root samples were collected from the chickpea and
green gram crops grown in farmers' elds in and around Ali-
garh, India. Collected root samples were washed with DDW.
Infected root samples were cut into small pieces of 3 to 5 mm
size with the help of a sharp blade from healthy and diseased
portions inside a laminar airow cabinet. For surface steriliza-
tion, small pieces of both diseased and healthy portions were
moved through 1% sodium hypochlorite solution for one
minute and washed three times with changed DDW. Infected
root samples were then kept on a sterile lter paper, and 2–3
pieces were transferred onto potato dextrose agar (PDA) plates
inside a laminar airow cabinet and then incubated in a bio-
logical oxygen demand (BOD) incubator at 28 ± 2 °C. Aer the
appearance of mycelial growth, the fungus was then transferred
by taking the hyphal tip into a fresh media-poured petri plate
and culture tubes. The isolated fungus was puried using the
hyphal tip method and single spore isolation technique.28 The
isolated pathogen was identied based on morphological
characteristics by placing a tiny tip from the pure culture on
a glass slide and examining it under a microscope.
In vitro assessment of ZnO NPs against pathogenic fungus
and growth inhibition

The antifungal activity of ZnO NPs at three different concen-
trations (100, 200, 300 ppm) on the colonization of a pathogenic
© 2024 The Author(s). Published by the Royal Society of Chemistry
fungus, namely F. oxysporum f. sp. ciceris, was tested using the
poison food technique29 under in vitro conditions. The
concentrations of ZnO NPs were also prepared in DDW to get
the desired ZnO NPs aer mixing the DMSO (dimethyl sulf-
oxide) solution in the PDA media in equal amounts before
pouring it into sterilized Petri plates. Approximately 20–25 mL
of themedium containing the test ZnO NPs solution was poured
into each sterilized Petri plate under a laminar airow chamber.
Each plate was then inoculated with the seven-day-old cultures
of F. oxysporum f. sp. ciceris by transferring 5 mmmycelial discs
cut with the help of a cork borer. The control was maintained by
adding DDW to the medium. Each treatment was replicated
thrice, and the inoculated plates were incubated at 28 ± 2 °C in
a BOD incubator. The colony diameter of all the cultured plates
was recorded seven days aer inoculation when the control
plates acquired full growth of the mycelium of the pathogen.
The percentage of mycelial growth inhibition of the pathogen
was calculated according to the following formula:30

Mycelial growth inhibitionð%Þ ¼ C � T

C
� 100

where C = the radial growth of fungus in the control, and T =

the radial growth of fungus in ZnO NPs.
Results and discussion
X-ray diffraction (XRD)

Fig. 2A displays the XRD pattern of ZnO NPs. A well-dened,
distinct peak was observed for the NPs that were bio-
fabricated using P. longifolia leaves and consisted of parti-
cles in the nanoscale range, as conrmed by TEM. Using the
Origin [version 2019b (9.65)] soware for XRD data, the
pattern positions of the peaks, intensity, full width at half
maximum (FWHM), and width were determined.31 The XRD
RSC Adv., 2024, 14, 17535–17546 | 17537
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Fig. 2 ZnO NPs synthesized by P. longifolia leaf extract were characterized by (A) XRD and compared with the standard PDF#96-210-7060,
having maximum intensity along the (101) plane. (B) Raman spectroscopy revealed peaks at 236 and 434 cm−1. (C) The UV-visible spectrum
showed the absorption band at 377 nm. (D) The direct band gap calculated using a tau plot was found to be 3.15 eV from UV-visible data.
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diffraction peaks situated at 31.847°, 34.550°, 36.540°,
47.694°, 56.745°, 63.087°, 66.558°, 68.161°, 69.284°, 72.870°
and 77.205° corresponding to the (100), (002), (101), (102),
(110), (103), (200), (112), (201), (004), and (202) planes have
been keenly indexed with lattice constants a = b = 3.2420 Å
and c = 5.1880 Å (JPCDS card (PDF) number: 96-210-7060),32

which conrmed the purity of the biosynthesized ZnO pho-
tocatalysts, with no impurities detected in the XRD peaks
except for those of pure ZnO NPs. The fabricated ZnO NP's
crystallite size (d) was calculated using the Debye–Scherrer
formula:33

d ¼ 0:9l

b cos q
(1)

where 0.9 is Scherrer's constant.l is the incident wavelength
(Cu-Ka) of X-rays.b and q represent the FWHM of the diffraction
peak located in the plane, and the Bragg diffraction angle
concerning (101) lattice planes, respectively.

Using Scherrer's formula in eqn (1), it was calculated that the
crystallite size of ZnO NPs was 22.5 nm. This value is based on
the FWHM of the prominent peak associated with the (101)
lattice plane at 36.540°. However, using the Debye–Scherrer
equation, the average crystallite size corresponding to all peaks
was 24.50 nm. The calculated average crystallite size is consis-
tent with the TEM particle size of 27.50 nm.
17538 | RSC Adv., 2024, 14, 17535–17546
Raman spectroscopy

ZnO NPs' Raman spectroscopy allows the detection of defects
such as oxygen vacancies, zinc excess or surface contaminants,
and the high crystal quality of the wurtzite structure. The
Raman-active modes of the ZnO wurtzite crystal are responsible
for the Raman characteristics observed in ZnO powder.34

Wurtzite-type ZnO, with two formula units per primitive cell, is
a member of the space group P63mc. Güell et al.35 reported
Raman scattering results that showed a narrow (∼7 cm−1) full
width at half maximum of the E2 high optical phonon mode,
demonstrating the good crystal quality of the ZnO nanowires.
The irreducible representation can be used to categorize the
zone centre optical phonons:

Gopt = A1 + E1 + 2E2 + 2B1,

where A1 and E1 are polar modes that are both infrared and
Raman active, B1 modes are mute, and E2 low and E2 high are
non-polar and exclusively Raman active at the same time.

Fig. 2B shows the Raman spectra of ZnO NPs stimulated by
laser lines at 532 nm. The oxygen vibration is primarily attributed
to the (high) Raman mode detected at 434 cm−1.36 Second-order
Raman scattering is typically the source of the E1 (LO) mode,
which is absent. The detected spectroscopic peaks indicated in
Fig. 2B can be attributed to a wurtzite ZnO structure based on
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 FTIR bands and functional groups of ZnO NPs

Functional group Zn–O Zn–O C–O C]C -OH

Wave number (cm−1) 468 873 1453 2346 3450
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literature values. The basic phonon modes of hexagonal wurtzite
ZnO NPs have been obtained at 236 cm−1 and 434 cm−1, which
correspond to the A1 (TO) and E2H modes, respectively.37

UV visible NIR spectroscopy

The characteristic absorption peaks of ZnO NPs were observed
in Fig. 2C at 377 nm. The band gap calculated using the tau plot
of UV-visible data was 3.15 eV, which is slightly lower than the
standard reported value of 3.34 eV (Fig. 2D). The decrease in
band gap is due to the biological capping of the P. longifolia leaf
extract in the ZnO nanostructure.38 It has been observed that
nanomaterial synthesized by different plant extracts shows
a slight change in the band gap energies due to the presence of
the phytochemicals in the plant in different concentrations.39

The change in the band gap was seen for the semiconductor
nanomaterials; a decrease in the band gap was also observed
due to the doping of the nanomaterial.40 In recent research, it
was observed that the presence of an aldehyde group in the
plant extract is responsible for the reduction.41

Fourier transform infrared (FTIR) spectroscopy

The functional bonds of the synthesized ZnO NPs were deter-
mined using FTIR. The spectrum was obtained at room
temperature across a 4000–400 cm−1 range (Fig. 3A). The
characteristic ZnO bands at 468 cm−1 and 873 cm−1 indicate the
E2 mode of a typical hexagonal wurtzite structure.41 The
absorption band at 1453 cm−1 was attributed to the stretching
vibration of symmetric and asymmetric carboxyl groups,
respectively.42 The relatively broad band at 3450 cm−1 corre-
sponds to –OH stretching due to variable hydrogen bond
strength. Table 1 depicts all the functional bonds present in
ZnO NPs along with the wave number and conrms the
formation of ZnO NPs using the extract of P. longifolia leaves.

Photoluminescence spectroscopy (PL)

The impacts of morphology on electrical, optical, and photo-
chemical properties of semiconductors such as ZnO can be
Fig. 3 (A) FTIR spectrum of ZnONPs showing the presence of the Zn–Ob
fluorescence spectrum.

© 2024 The Author(s). Published by the Royal Society of Chemistry
effectively studied using (PL) spectra. A prominent and distinct
emission peak was observed at 378 nm for the ZnO NPs man-
ufactured using sol–gel-assisted green synthesis (Fig. 3B). The
excitation of ZnO NPs at 325 nm yielded an emission wave-
length of 378 nm. The liberated excitons recombined through
an exciton–exciton collision mechanism to produce this UV
emission, also known as UV band edge emission.43

Scanning electron microscopy (SEM)

SEM was used to investigate the ZnO NPs' surface morphology,
and EDAX was used for elemental composition. The at surface
of ZnONPs is depicted in Fig. 4a. Results from XRD experiments
support the prediction of polycrystalline ZnO NPs made by
elongated grains and a specic granular structure (Fig. 4b).
Although there is no porosity between the NPs, water evapora-
tion creates a dense structure. Fig. 4c shows the mapped
elements like Zn, O and Au. The EDAX attachment (Fig. 4d and
e) conrmed the formation of ZnO NPs. Au was present (Fig. 4f)
due to the gold coating during sample preparation for SEM. The
gold coating was performed to cause the semiconductor mate-
rial to be conducting for the easy passage of electron beams,
which increases the clarity of the SEM images.

Transmission electron microscopy (TEM)

The TEM technique was used for a far greater resolution for
examining ZnO NPs using an electron beam. The size, shape,
size distribution, and morphology of nanoparticles were
directly measured. Fig. 5a shows a TEM picture of ZnO NPs. The
TEM study was conducted to comprehend the crystalline
properties and size of the ZnO NPs. The TEM image validates
the SEM ndings by conrming the particles' hexagonal shape
ond. (B) Excitation at 325 nm yielded an emission peak at 378 nm in the

RSC Adv., 2024, 14, 17535–17546 | 17539
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Fig. 4 Scanning electronmicroscopy (SEM): (a) microphotograph, (b) electron beam focused on a particular area for elemental confirmation; (c)
the mapped elements were Zn and O; Au was present due to coating. (d) Confirmation of Zn, (e) confirmation of O, and (f) Au was present due to
coating during SEM.

Fig. 5 (a) TEM image of the ZnO NPs showing the formation of nanoscale particles. (b) The particle distribution histogram depicts the average
particle size of 27.50 nm. (c) The interplanar spacing (d) between the two planes was 0.199 nm. (d) The SAED pattern of TEM shows the formation
of polycrystalline ZnO NPs.
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and minimal thickness variation. The average particle size
calculated by the Image J soware was 27.50 nm (Fig. 5b) with
an average d spacing of 0.199 nm as shown in Fig. 5c. The
17540 | RSC Adv., 2024, 14, 17535–17546
polycrystalline nature of the ZnO NPs was conrmed by the
SAED pattern of TEM exhibiting concentric rings in Fig. 5d.
Thus, our ndings conrm the formation of bio-assisted ZnO
© 2024 The Author(s). Published by the Royal Society of Chemistry
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NPs in the nanoscale range with a polycrystalline nature and the
XRD ndings are consistent with TEM results.
Photocatalytic study of ZnO NPs under ultraviolet and solar
light

The degradation of MB was examined using the ZnO NPs by
subjecting the MB solution to solar and UV irradiation [UV A
lamp (2 Nos), intensity of 6 W, Philips, Amsterdam, Germany].
The reaction kinetics were studied to understand the order of
the photocatalytic degradation reactions, and it was determined
that the dye degradation followed rst-order kinetics, given by
the following eqn (2):

Ct = C0 e
−kt (2)

C0 is the starting dye concentration in ppm,Ct is a concentration
at time t in minutes.k is the rate constant in min−1t is time, as
shown in eqn (3)

�ln
�
Ct

C0

�
¼ kt (3)
Fig. 6 (A and B) shows a typical measurement of the absorbance of an o
and UV wavelength vs. reaction time. According to (A and B), ZnO NPs un
organic dye. A conjugated system of hetero-poly aromatic linkage c
absorbance peak of methylene blue at 664 nm (A and B). However, bec
atom) and p to p* (conjugated system) transitions, the MB solution exhibit
UV light and the ZnO2 catalyst (E), the absorbance of the MB solution redu
After 90minutes of ZnO2 irradiation, MBwas degraded; however, after 90
and 87% in 90 minutes for the 1st, 2nd, 3rd, and 4th cycles, respectively. S
and degraded up to 84, 83, 83, and 83% in the 1st, 2nd, 3rd, and 4th cycle
the ZnO NPs' photocatalytic performance in the presence of UV and so
degradation of MB dyes, UV light works better than solar radiation. MB ph
show the degradation kinetics of ZnO NPs under UV light; the plot of C/C
activity of MB in the presence of solar radiation is depicted in D(b), which
the C/C0 MB degradation curve under sunlight at a slower rate than UV

© 2024 The Author(s). Published by the Royal Society of Chemistry
The rate constant calculated using eqn (2) and (3) revealed
that the degradation rate of MB was only minimally different for
UV light compared to solar light irradiation. The photocatalytic
degradation efficiency of the organic dyes was calculated using
the following formula (4):�

A0 � At

At

� 100

�
(4)

where A0 is the absorbance of the dye solution before photo-
irradiation, and At is the absorbance of solutions in suspension
aer photo-irradiation for a specic time t (0 min to 90 min).

The photocatalytic performance of MB in the absence of
photocatalyst (ZnO NPs) under natural sunlight and a UV light
source remained unchanged as shown in Fig. 6C(a) and D(a).
On comparing MB solutions with two different light sources, it
was observed that the solution exposed to UV light showed
a greater decrease in absorbance as compared to the average
solar radiation. The MB absorbance remained largely
unchanged, indicating weak degradation activity when no
photocatalyst was present, as observed during photo-
degradation under both UV and solar irradiation in blank
conditions. Githala44 found that the phyto-fabrication of silver
rganic dye following irradiation with sunlight and a UV lamp with visible
der UV lamps are more effective than sunlight in decomposing the MB
ontaining sulfur and nitrogen as hetero atoms resulted in a central
ause of n to p* (the presence of a lone pair of electrons on a nitrogen
ed dual absorbance at 664 and 615 nm. After 10minutes of exposure to
ced dramatically, showing that ZnO2 has a strong degrading capability.
minutes of ZnO2 irradiation, the UV sources degraded up to 92, 89, 88,
imilarly, for natural sunlight, the photodegradation of MB (E) was stable
s, respectively. C/C0 vs. time plots are shown in (C), which shed light on
lar radiation and show the degradation rate over time. Regarding the
otocatalytic efficiency under UV light is depicted in C(c) and D(c), which

0 illustrates the quicker decay of MB under UV light. The photocatalytic
shows the MB degradation kinetics. In contrast, C(b) shows the plot of
radiation.
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nanoparticles showed the breaking down of organic dyes such
as MB and Congo red, effectively inhibiting the fungal growth of
A. alternata.

Fig. 7 explains the degradation mechanism of methylene
blue using ZnO NPs as photocatalysts in the presence of natural
sunlight and UV sources. When light (UV/visible) is exposed on
a photocatalyst's surface, electrons (e−) are excited from the
valence band to the conduction band. The holes (h+) could be
made in the valence band. Photogenerated holes can react with
water molecules (H2O) to form hydroxyl radicals (OH). Super-
oxide radicals are formed when electrons in a conduction band
mix with ambient oxygen (or provided oxygen). Thus, photo-
generated holes, hydroxyl radicals, and superoxide radicals play
essential roles in MB degradation. ZnO has good photocatalytic
activity when exposed to UV light but because of its large band
gap, it has comparatively poor photocatalytic activity when
exposed to visible light.45

Regarding the degradation mechanism, it was assumed that
a slow electron–hole pair recombination rate is the prime
requirement of semiconductor nanoparticles for successful
photocatalysis. Nano ZnO2, when irradiated by UV and sunlight,
initiates a photocatalytic process via the electron and hole
mechanism due to electronic excitation within ZnO2. The
energy higher than the band gap of ZnO2, i.e., 3.15 eV, can
directly excite nanoparticles. Similarly, photogenerated elec-
trons will reduce the dye or may react with absorbed O2 on the
surface of ZnO NPs to form the superoxide radical anion O2

−.
When irradiated with sunlight or UV light, the catalyst is acti-
vated, generating free electrons and holes on the catalyst
surface and hydroxyl radicals. These generated radicals oxidize
and degrade/decompose organic pollutants. Oxygen is present
in the environment, and water reacts with the surface. It
generates free electrons from ZnO2 NPs, forming the O2

− anion
through an initial combination of unstable oxygen free radicals
Fig. 7 The mechanism of electron–hole pair separation in ZnO NPs (pho

17542 | RSC Adv., 2024, 14, 17535–17546
(superoxide), further oxidizing organic compounds. Many of
these reactions occur on the surface of zinc dioxide, leading to
the breakdown of organic dyes and making it an efficient pho-
tocatalyst. Wang46 reported that a maximum of 99% photo-
catalytic degradation of MB was achieved with a metal oxide
catalyst loading of 1.0 g L−1 and an initial MB concentration of
10 mg L−1, under conditions of neutral pH. Aroob47 found that
CuO NPs exhibited high potential for the degradation of water-
soluble industrial dyes, and the degradation rates for methyl
green andmethyl orange were 65.23% and 65.07%, respectively.

The photocatalytic activity of ZnO NPs was evaluated for
degrading MB dye under solar light and UV-light sources.
Moreover, oxygen vacancies enhanced charge carrier mobility
within the particles, which helped photo-induced electron–hole
pairs to migrate and separate more effectively.48 Because of this,
when ZnO NPs were included, a remarkable 87.00% and 83.00%
of MB dye degradation efficiency was reached in 90 minutes by
the ZnO NPs synthesized by P. longifolia under UV and solar
irradiation. Compared to other morphologies,49 spherical
nanoparticles typically have a larger surface area.50 ZnO NPs
fabricated using P. longifolia leaf extract and MB dye molecules
could interact more oen in the current study due to the
increased surface area, which offers more active sites for pho-
tocatalytic processes. Because a more extensive response
surface was available, the degradation efficiency increased.
Additionally, the symmetrical geometry of the spherical ZnO
NPs contributed to their high dispersibility in solution.51 This
homogeneous dispersion facilitates the consistent and effective
photocatalytic breakdown of MB dye throughout the solution,52

which guarantees that every particle is equally exposed to the
reactive species.53 The crystalline structures of the spherical
ZnO NPs are frequently distinct. When photo-induced electron–
hole pairs are efficiently separated and migrate during the
photocatalytic degradation of MB dye, this can increase charge
tocatalyst) during MB degradation under UV and solar light irradiation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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carrier mobility inside the particles. The negatively charged ZnO
NP surface could easily absorb cationic MB dye molecules
through electrostatic attraction. The oxidative radicals are
generated when exposure to UV and solar irradiation damage
the MB dye molecules adsorbed on the ZnO NPs surface in
a unidirectional manner.54

Antifungal activity of ZnO NPs

The effect of ZnO NPs on the colonization of pathogenic fungus,
namely F. oxysporum f. sp. ciceris, was tested using poison food
techniques under in vitro conditions. The potential inhibitory
effects of ZnO NPs at three different concentrations (100, 200,
and 300 ppm) were evaluated to determine their effectiveness in
inhibiting the mycelial growth of a pathogenic fungus to varying
extents (Fig. 8 and Table 2). The data were recorded seven days
aer inoculation. A signicant decline in the radial growth of
the pathogenic fungus was recorded with an increase in the
concentration of ZnO NPs seven days aer inoculation (P #

0.05). The ZnO NPs were found to be most effective at the
concentration of 300 ppm, inhibiting the radial growth of F.
oxysporum f. sp. ciceris by 68% as compared to the control. The
Fig. 8 The effect of different concentrations of ZnO NPs against F. oxysp

© 2024 The Author(s). Published by the Royal Society of Chemistry
next efficacy was found at 200 ppm of ZnO NPs, which inhibited
53% radial growth. Aer seven days of inoculation, treatment
with 100 ppm of ZnO NPs resulted in 35% suppression of the
radial growth of F. oxysporum f. sp. ciceris over cintrol (P# 0.05).

In the present study, the biosynthesized ZnO NPs showed
fungicidal activity and could control pathogenic soil fungi.
However, the results revealed that inhibition in the radial
growth of F. oxysporum sp. ciceris increased as we increased the
concentration from 100 ppm to 300 ppm. In this way, we can
say that inhibition in radial growth was directionally propor-
tional to the concentration of ZnO NPs. Similar effects have
been reported for copper nanoparticles used against Asper-
gillus niger, Aspergillus oryzae, and F. oxysporum.55 This
demonstrates the direct toxicity mechanism of copper nano-
particles, which involves permeation through the cell wall and
disturbances in the enzymes involved in controlling free
radicals, causing an imbalance in all the metabolic pathways.56

Similar results have been observed for silver and copper NPs,
which caused detrimental effects on the fungal hyphae of some
fungi.57 According to Feng's research,58 silver ions can combine
with DNA bases in pathogenic fungi to form cross-links and
orium f.sp. ciceris. (A) Control, (B) 100 ppm, (C) 200 ppm, (D) 300 ppm.
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Table 2 The efficacy of different concentrations of ZnO NPs on the
colonization of F. Oxysporum f. sp. cicerisa

Treatment
Concentrations
(ppm)

Radial growth inhibition (%) of
F. oxysporum f. sp. ciceris aer 7 days

ZnO NPs 300 68.4a

200 52.8b

100 35.3c

Control 0d

LSD Df 2
Sum of squares 1645.21
Mean squares 822.61
F-calculated 58.66
Signicance 0.00012

a Each value is an average of ve replicates. Values followed by the same
letter within a column are not signicantly different according to
Duncan's multiple-range test (p # 0.05).
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then replace the hydrogen bonds adjacent to nitrogen in
purines and pyrimidines. This will change the structure of
fungal DNA and eliminate the ability to replicate to achieve the
effect of killing fungi.
Conclusions

Our study has focused on the green fabrication of ZnO NPs
using the leaf extract of P. longifolia and assessed its antifungal
effectiveness against F. oxysporum f. sp. ciceris. Various applied
concentrations of ZnO NPs were employed and the results
suggest that ZnO NPs showed toxicity to F. oxysporum f. sp.
ciceris. The biosynthesized ZnO NPs were characterized by X-ray
diffraction, photoluminescence, FTIR, SEM, UV-visible diffuse
reectance spectroscopy, and TEM to check the purity and
nanoscale conformation of zinc oxide. TEM conrmed the
formation of particles at the nanoscale with an average particle
size of 27.50 nm. FTIR conrmed the formation of Zn–O bonds,
while UV visible and photoluminescence conrmed the
absorption and emission spectra of ZnO NPs with a band gap of
3.15 eV. Raman analysis conrmed the purity peaks of ZnO NPs.
XRD and SEM conrmed the crystal structure and morpholog-
ical studies.

ZnO NPs showed antifungal potential against F. oxysporum f.
sp. ciceris used as substitutes for high-risk chemical fungicides
without generating phytotoxicity. Based on photocatalysis
principles, studies demonstrated the potential of ZnO NPs as
a dye-removal agent that helps regulate water pollution. Using
nanoparticles as a bio-control against fungal phytopathogens
proved to be a promising method in disease management. Plant
components such as carbohydrates, lipids, enzymes, avonoids,
terpenoids, polyphenols, and alkaloids are used in the green
synthesis of ZnO NPs and act as capping, stabilizing, and
reducing agents. Because green synthesis is less expensive,
produces less pollution, and enhances the safety of the envi-
ronment and human health, it is preferable to traditional
chemical synthesis. Green synthesis is a faster and more envi-
ronmentally friendly solution than physicochemical processes
17544 | RSC Adv., 2024, 14, 17535–17546
since it eliminates the cumbersome reaction steps and
dangerous substances. Chemical fungicides are expensive,
cause environmental pollution, and cause pesticide resistance
in fungal populations. Compared to chemical fungicides, green-
biosynthesized ZnO NPs provide different advantages as
follows: primarily, biodegradability reduces environment
pollution and resistance development; secondly, the cost-
effectiveness and simple fabrication of ZnO NPs benet small-
scale agricultural farmers; lastly, the eco-friendly ZnO NPs do
not affect benecial creatures, which promotes environmental
sustainability. This work on the green synthesis of ZnO NPs and
their application against Fusarium oxysporum suggests
a possible alternative to conventional pesticides, addressing
their limitations while giving a long-term solution for fungal
control in agriculture.
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