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Abstract
Developing a low cost, high-efficiency and environmentally friendly approach to synthesize nickel oxide
(NiO) nanoparticles (NPs) for biomedical applications has become a research focus in the current
scenario. In the present investigation, the NiO NPs were synthesised via a green process using different
plant extracts, such as Azadirachta indica (N1), Morinda citrifolia (N2), and Terminalia elliptica (N3). X-
ray diffraction (XRD), Field emission scanning electron microscopy (FESEM), Energy dispersive x-ray
analysis (EDX), X-ray photoelectron spectroscopy (XPS), and photoluminescence excitation spectroscopy
were used to investigate the evolution of the size, morphology, chemical composition, and surface defect
of NiO NPs. The synthesized NiO NPs were exhibited as cubic structures. As compared to conventional
antibiotics amoxicillin, Morinda citrifolia (N2) and Terminalia elliptica (N3) medicated NiO nanoparticles,
Azadirachta indica mediated NiO (N1) exhibits more antibacterial activity. From the antioxidant activity,
the DPPH assay of N1, N2, N3, and vitamin-c samples exhibited free radical scavenging potential. There
are increases in the inhibition percentage with increases in the concentrations of these NiO NPs. In
addition, the N1 sample demonstrates higher radical scavenging activity than N2 and N3. From the
observed results, we believe that Azadirachta indica mediated N1 condition synthesized NiO NPs are very
promising biocidal nanomaterials against human pathogens, which will be medically crucial for clinical
applications.

Introduction
The emergence of drug-resistant bacteria remains a critical public-health challenge because it is
associated with high mortality, morbidity, and treatment costs [1]. Researchers have made efforts to
develop alternative therapeutic approaches in the face of increasing resistance to frontline antimicrobial
agents and an increase in infections caused primarily by multidrug-resistant organisms. Because of the
unique properties of nanomaterials, the application of nanotechnology appears to be a viable solution.
According to their semiconducting nature and sizeable active surface area, metal oxide nanoparticles
such as ZnO [2], CuO [3], SnO2 [4], TiO2 [5], and CeO2 [6] nanoparticles are good choices for biomedical
application. However, despite the wide usage of different semiconductor metal oxide nanomaterials as
biocidal materials [7]. Amongst NiO, the most essential wide bandgap p-type metal oxide semiconductor
that can be used in various applications [8–11]. The crystallinity, phase composition, size, and
morphology of NiO enhance its performance in many applications [12, 13]. The Size, shape and surface
area of materials, especially in biocidal applications, has a vital role in improving bacterial killing efficacy
[14]. In recent decades, various synthesis techniques have been followed for preparation of nanoparticles,
such as sol-gel, hydrothermal, precipitation techniques, emulsions, and the green method [15]. However,
among different methods, the synthesis of NiO nanostructured materials using the green process
approach (using plant extract) has attracted the broadest attention because of its simple, cost-effective,
eco-friendly, biocompatible one and scalable production. The biomolecules functionalized plant extract
acts as a reducing and a capping agent. Nanoparticles are made less and more stable by phytochemicals
in the plant extract. These phytochemicals include alkaloids and amino acids, ascorbic acid and a
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carboxylic acid, polyphenols, flavonoids, alcohols and terpenes, glycosides, carbohydrates, thiamin,
vitamin C, and polyphenol components [16, 17]. Size distribution, shape, surface charge, surface
chemistry, capping agents, and other variables all influence the biological activity of inorganic NPs.
However, when it comes to the synthesis of NPs, the capping agent is among the essential elements. As a
result, selecting appropriate capping moieties is critical for stabilizing colloidal solutions and their
incorporation into various plant extract and the environment.

In the present work, from different leaves extracts, Azadirachta indica (N1), Morinda citrifolia (N2), and
Terminalia elliptica (N3) were used to prepare the NiO NPs. In characteristics of Azadirachta indica has a
complex of compounds, including nimbin, nimbidin, nimbolide, and limonoids, which play a role in patient
care by modulating multiple genetic pathways other activities. However, the Morinda citrifolia contains
fatty acid glycosides, iridoids, anthraquinones, coumarins, flavonoids, lignans, phytosterols, carotenoids,
and various volatile compounds such as monoterpenes, short-chain fatty acids, and fatty acid esters; it
will cure different diseases (antibacterial, antiviral, antifungal, antitumor, anthelminthic, analgesic,
hypotensive). Among them, Tannins, flavonoids, phenolic acids, triterpenes, triterpenoids glycosides,
lignan, and lignan derivatives are among the phyto-compounds in the Terminalia elliptica plate, which is
used for a broad spectrum of biological activities. The NiO NPs were successfully synthesized through a
green process using different plant extracts like Azadirachta indica, Morinda citrifolia, and Terminalia
elliptica as capping agents. The resulting nanomaterials were characterized further to study their optical,
structural, and biocidal properties.

Experimental Procedure
2.1 Materials

Nickel (II) nitrate hexahydrate (≥98.5%: CAS Number 13478-00-7), Neodymium (III) nitrate hexahydrate
(99.9%: CAS Number: 16454-60-7) have been purchased from Sigma Aldrich. 

2.2 Plant extract preparation

The freshly collected Azadirachta indica, Morinda citrifolia, and Terminalia elliptica leaves were washed
several times with de-ionized water to remove the adhering foreign impurities. The Azadirachta indica,
Morinda citrifolia, and Terminalia elliptica leaves extract were developed by taking 10 gms of fresh leaf
boiled at a temperature of 80 ˚C in 100 mL of de-ionized water for 15 mins. Followed by, leaves extract
were filtered using filter paper.

2.3 Preparation of NiO NPs

To synthesize NiO NPs, the 0.1 M of Ni (NO3)2 .6H2O salt was dissolved into the different plant extract

solution (Azadirachta indica, Morinda citrifolia, and Terminalia elliptica). The plant extract metal Ni2+ ions
solution was heated at 80˚C for 6 hrs using a reflux condenser to avoid solvent evaporation. After 5 hrs,
both the solutions were brought back to room temperature and evaporated at 120˚C to remove the
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moisture and annealed at 800˚C for 5 hrs. Synthesis of NiO NPs prepared via diffract plant extract such
as Azadirachta indica, Morinda citrifolia, and Terminalia elliptica as shown in scheme 1.

2.4 Antibacterial assay         

Determination of antibacterial activity was done well diffusion process against the test S. aureus, B.
megaerium, K. pneumonia and S. dysenteriae bacterial strain on Nutrient agar, according to the Clinical
and Laboratory Standards Institute (CLSI) [18].

2.5 Characterization techniques

The NiO NPs were subjected to different characterization techniques:  X-ray diffraction pattern using
X’PERT PRO PAN analytical, measured in the range between 20o - 80o at source CuKα (1.54 Å) was used.
The oxidation state and surface functionalization of the materials were identified by XPS measurement.
The topography and elemental composition were observed from FESEM with EDAX (Carl Zeiss Ultra
55FESEM and Inca: EDX). The functional group analysis was studied using FTIR spectrum recorded in
the range 4000-400 cm-1. The PL measurement was carried out by using a Cary Eclipse spectrometer.

Results And Discussion

3.1 Surface morphology and particle size of the NiO
nanoparticles
The biocidal properties of the material are greatly governed by their external morphologies and size. The
low dimensional particles improve the biocidal performance of the materials because of their large
surface to volume ratio and better carrier transition. Generally, diverse morphologies can have the ability
to tune the chemical activity, and biocidal properties [19].

The surface morphology of the obtained ultrafine NiO nanomaterials was evaluated using field emission
scanning electron microscope (FESEM) and presented in Fig. 2a-c. The average grain size (~ 150–500
nm) was obtained using IMAGE J software (Fig. 2a-c). The NiO NPs extracted from the Azadirachta
indica leaves were observed to be large grains with different facets at the bottom part and small
crystallites aggregates on the surface of these large crystallites, which were very vivid in the electron
micrograph (Fig. 2a). On the other hand the NiO nanocrystals synthesized from Morinda citrifolia, and
Terminalia elliptica leaves solution were found to be spherical in shapes with fairly uniform distribution
(Fig. 1b-c), due to the proper reaction of Ni solution in the reflux condenser at 80 ºC for 4 hrs followed by
slow cooling. Also, the crystallites size was detected to be less (Fig. 2b-c) as compared to the NiO NPs
extracted from the Azadirachta indica leaves (Fig. 1a). The determination of particle size from the SEM
images were more accurate estimation hence, the particle size was further evaluated by measuring the
changes in the intensity of light scattered from a nickel oxide suspension. From the dynamic light
scattering (DLS), the particle diameter was observed to be varied from 50 to 1000 nm, but the high



Page 5/18

diffraction intensity was noticed near to 150–300 nm in all the plots, depicted in the supplementary
information (S1a-c). The NiO NPs extracted from the Azadirachta indica leaves exhibits higher diameter 
~ 500 nm, the results is in accordance with the FESEM.

The SEM images (Fig. 1b-c) shows spherical shaped structure of NiO, but the NPs synthesized from the
Azadirachta indica leaves possess faceted microstructures with non-uniform distribution (Fig. 2a). In
order to explain the top-down growth mechanism of the nanocrystals, the growth mechanism explained
through schematic diagram (Fig. 3) resemblance to the FESEM images (Fig. 2a-c) similar to Ekernoth et
al. [3]. From the schematic (Fig. 2a) it’s very clear that the cavities originated in between the faceted NiO
particles are due to the improper merging of the different grains, which are analogues to the electron
micrographs (Fig. 2a). But the NiO NPs synthesized from the leaves were found to uniform particle
distribution with less cavities. Also, the particle size was estimated to be small as compared to the nickel
oxide extracted from Ni (supplementary information S1a-c), this is mainly due the reaction process of the
N1, N2 and N3 leaves.

3.2 X-ray diffraction studies
In general, X-ray diffractometer is a figure print technique to elucidate the monophase nature of the
synthesized materials. Thus, the structural characterization of the NiO nanoparticles was investigated
using power X-ray diffractometer (PXRD of model: XPERT-PRO). The X-ray diffractograms of the
nanoparticles extracted by green synthesis method are presented in Fig. 3. All the diffraction profiles
recorded from 10 to 80° with a scan rate of 0.02° and step size at 0.050º. The PXRD peaks were indexed
for the low dimensional NiO samples grown at different level of oxygen and were compared with the
standard JCPDS data base (Card No: 47-1049).

PXRD spectra confirmed the cubic crystal structure with face centered cubic (FCC) phase of NiO as
shown in Fig. 4(a-d). The five prominent diffraction peaks (111), (200), (220), (311) and (222) emerged at
2θ angles of 37.33°, 43.38°, 62.84°, 75.36°, and 79.22°, respectively. A highly intense diffraction peak was
observed at an angle 2θ of 43.38° which corresponds to the plane (200) orientation of cubic NiO lattice.
The absence of other peaks, justifies that the synthesized NiO nanoparticles possess cubic crystal
structure with FCC phase. The particle size was estimated using the Debye–Scherrer equation, crystallite

size (D) = , where λ represents the wavelength of light (Kα = 1.54056 Å), β is the full-width at half

maximum (FWHM) is equal to 0.1968 Å of peak (200) and θ is the Bragg’s angle to surface of the plane.
The calculated crystallite sizes of the NiO is 96.95 nm, which is in accordance with the average particle
size estimated from the SEM images. The lattice parameter (a) of the synthesized products were
calculated as 4.766 Å using the standard formula (1),

1

0.9λ

βcosθ

a2 =
λ2(h2 + k2 + l2)

√ (4sin2θ)
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where λ is the wavelength of x-rays, h, k and l are the Miller indices and a is the lattice parameter also the
dislocation density, δ = 1/D2 were calculated using this formula and tabulated in the Table 1.

Table 1
Crystallographic parameters of the NiO nanoparticles

Peak Positions
(degree)

Peak Heights

(Counts/second)

Planes FWHM Crystallite
size

(nm)

Dislocation
density

× 10− 3 (1/nm)

37.36 1540.89 (111) 0.1476 118.18 8.462

43.39 2893.42 (200) 0.1968 96.95 10.315

62.94 1334.77 (220) 0.1968 154.87 6.457

75.48 498.21 (311) 0.1476 374.67 2.669

79.46 310.68 (222) 0.1476 513.53 1.947

3.3 Energy dispersive X-ray analysis
The elemental in-homogenity is significantly controlled by the performance of the crystals, because the
presence of impurities may enhance or decrease physical properties of the material. Hence, to probe the
quality and elemental composition of the NiO nanoparticles the energy dispersive X-ray analysis (EDX)
was employed. Figure 5(a-c) shows the EDS spectra of the nickel oxide NPs extracted from the green
synthesis method. From the Fig. 5a, it was very clear that the elemental percentage of the nickel in the
NiO NPs were observed to be less, which was grown from the Azadirachta indica leaves. This result
suggests that, there has a slight compositional variation in the elemental nickel and the oxygen, due to
the improper development of the growth. The big cavities have been noticed in SEM (Fig. 2a) of these
NPs, this may be emerged due to the Ni vacancy in the crystal. On the other hand the low dimensional
NiO particles synthesized from the Morinda citrifolia, and Terminalia elliptica leaves exhibits
homogeneous proportion of elements (.at %). This result clearly indicates that the NPs do not contain any
multiphase other than nickel and oxygen. Hence the nanoparticles synthesized by the green method can
be effectively utilized for the biomedical application.

3.4 X-ray photoelectron spectroscopic analysis
The valence electronic states of the synthesized samples were further characterized by X-ray
photoelectron spectroscopy (XPS). In the present work, all the XPS spectra were presented the binding
energy (BE) values decreasing from left to right. The wide-scan NiO XPS spectrum in Fig. 6a, justifies that
the presence of only nickel, oxygen and carbon elements in the sample. All the peaks were identified and
indexed in the Fig. 6a-c, which were calibrated using the carbon (C1s) peak positioned at 284.6 eV. The
peak emerged at 284.6 eV and 288.19 eV in the core-level spectrum of C1s is due to the strong binding of
C – C and C = O, respectively [20]. The Ni 2p spectra were split based on the spin–orbit coupling, Ni 2p1/2

and Ni 2p3/2 peaks analogous to the binding energy in the range of 850 to 869 eV and 870 to 885 eV,
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respectively [21]. Figure 5c represents the core-level spectra of the Ni 2p, were all the peaks were indexed
as per the standard literature [21]. The satellite peak Ni 2p1/2 (NiO) positioned at 879.57 eV, the BE as
875.05 eV and 871.80 eV is owing to the multiplet-split at Ni 2p1/2. The satellite peak at 862.93 eV
representing the Ni 2p3/2 (NiO) and Ni 2p3/2 was originated due to the multiple-split at 857.61 eV. The
component at 529.91 eV corresponds to double bonded oxygen in the carboxylic group (O = C – OH)
when the other component at 533.25 eV was may be attributed to an oxygen atom in C – OH bond (O = C
– OH) [22]. Even though the peaks emerged only from the NiO nanoparticles, but the slight shift in the BE
is corresponding to the higher oxidation states. Also, the shift with noise peak was related to the satellite
peak or shake up and it is a case for only some metal or its oxide.

3.5 FTIR spectroscopic analysis
The functional groups present in the NiO nanocrystals extracted from three different leaves (N1, N2 and
N3) using the green synthesis method, were analyzed by Fourier transform infrared spectroscopy (FTIR)
at room temperature in the spectral range of 400 to 4000 cm− 1. Figure 7 shows the FITIR spectra of the
nickel oxide particles, which showed several significant absorption peaks. The strong absorption band at
600–700 cm− 1 in the NPs extracted from N1 and N3 is assigned to Ni‒O stretching vibration mode, but
such peaks were absent in the nanoparticles extracted from N2. The broad absorption band centered at
1635 cm− 1 is attributed to the H‒O‒H bending vibrations mode, this is also due to the adsorption of
water in air during the pellet preparation or the presence of H2O content in the sample during the

synthesis process. The broad band originated at 3400–3500 cm− 1 corresponding to the stretching
vibration mode of the chemically bonded O-H hydroxyl group which is generally connected with the water
[23]. This is prominent in the NPs extracted from the Azadirachta indica and Morinda citrifolia than
Terminalia elliptica leaves. These observations provided more evidence to the presence of hydration in
the synthesized structure. Meanwhile, it implied the presence of hydroxyl in the precursor, and the broad
absorption around 767 cm− 1 is assigned to the band C = O stretching vibrations. The sharp bands were
observed at 1600 to 1500 cm− 1 related to the = CH stretching and ‒C = H bending vibrations which may
indicate the presence of aldehyde groups, amides groups, and carboxylic acids [24]. It is worth to note
that, the peaks around 1750 − 1060 cm− 1 corresponding to the presence of ethers, i.e., 1159 cm− 1 show
the C‒O stretching vibrations. The weak absorption peak observed at 1000–1500 cm− 1 are assigned to
the O‒C = O and C‒O symmetric as well as asymmetric stretching vibrations, respectively. But in the
present work, the NPs extracted from the N3 leaves exhibits a very small intensity of absorption peaks at
1000–1500 cm− 1, which indicates that the ultra-fine powders have a strong physical absorption to H2O
and CO2.

3.6 Photoluminescence spectrum
The photoluminescence spectrum of green synthesized NiO NPs is shown in Fig. 8, and the exciting
wavelength is at 325 nm. The PL emission spectra of values observed at (368, 392, 416, 441, 457, 481,
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and 545 nm) for the N1 sample, (370, 391, 402, 440, 481, and 523 nm) for the N2 sample, and (363, 390,
420, 457, 468, and 484 nm) for the N3 sample, respectively. The UV emission peaks were found to be
(368 and 392 nm), (370 and 391 nm), and (363 and 390 nm) for N1, N2, and N3 samples, respectively.
The violet emission peak, located at 402 nm for the N2 sample, is owing to the energy transition of
trapped electrons at the Ni interstitial to the VB. The strong blue emission was located at (416, 441, 457,
and 481 nm), (440 and 481 nm), and (420, 457, 468, and 484 nm) for N1, N2, and N3 samples,
respectively. In this case, electrons from the double ions Ni vacancy (V2 − Ni) radiatively combine with
holes in the VB. The green emissions were centered at 545 nm and 523 nm for the N1 and N2 samples,
respectively, which correspond to defects caused by charge transfer between Ni2+ and Ni3+ in the NiO
lattice interstitial oxygen trapping and Ni vacancies [7].

3.7 Antibacterial properties
The potential antibacterial activity of the N1, N2, and N3 nanomaterials was performed against S. aureus,
B. megaerium, K. pneumonia and S. dysenteriae bacteria and was carried out by using the well diffusion
method. The results are shown in Fig. 9. and zone of inhibition values are given in Table 2. The N1, N2,
and N3 nanomaterials and the conventional antibiotic amoxicillin exhibit antibacterial activity. The N1
sample exhibits the highest antibacterial activity compared to the N2 and N3 conventional antibiotics,
Amoxicillin. Metal oxide nanoparticles kill bacteria by making active free radicals called reactive oxygen
species (ROS), releasing metal ions called Ni2+ ions, and having surface flaws called oxygen vacancies.
The photoluminescence study shows oxygen vacancies are higher in the N1 nanomaterials when
compared to N2 and N3 NPs. The green emission at 545 and 523 nm for N1 and N2 samples. The
increasing green emission band value shows an enhancement of oxygen vacancies, which is attributed to
the N1 sample that can be able to produce more ROS. These ROS can damage bacterial cell components,
such as nucleic acid, proteins, and macromolecules (DNA, lipids, and carbohydrates). For example, the
active free radicals hydrogen peroxide and hydroxyl radical penetrate the bacterial cell, which causes
undesired reactions and affects the cell's biological process, significantly affecting cell growth and
leading to cell death [25].

Table 2
Zone of inhibition of NiO nanomaterials tested against S. aureus, B. megaerium, K.

pneumonia and S. dysenteriae bacterias
Bacterial name N1 (A) (mm) N2 (M) (mm) N3 (N) (mm) Amoxicillin (mm)

S. aureus 20 ± 1 13 ± 0.65 15 ± 0.75 25 ± 1.25

B. megaterium 19 ± 0.95 15 ± 0.75 16 ± 0.8 19 ± 0.95

K. pneumonia 21.5 ± 1.075 11 ± 0.55 16 ± 0.8 22 ± 1.1

S. dysenteriae 21 ± 1.05 14.5 ± 0.725 15 ± 0.75 25.5 ± 1.275

3.8 Antioxidant properties
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Figure 10 depicts the antioxidant activity of N1, N2, N3 nanomaterials, and Vitamin-c in the DPPH assay.
They could scavenge free radicals. The percentage of inhibition increases as the concentrations of this
N1, N2, N3, and Vitamin-c nanomaterials increase. At concentrations ranging from 10 to 70 g/mL, N1, N2,
N3, and Vitamin-c NPs demonstrated scavenging activity, with activity percentages of 93.97%, 74.92%,
81.52%, and 94.86%, respectively, for N1, N2, N3, and Vitamin-c. In comparison to N2 and N3 NPs, N1
nanomaterials have some potential scavenging properties. The antioxidant properties of NiO
nanomaterials were thought to be caused by electron transfer from the oxygen atom to the nitrogen atom
in the DPPH solution, which increased inhibition of the n→π* transition at 517 nm. However, based on the
findings, it was determined that N1 nanomaterials have antioxidant properties and could be used in
advanced clinical applications in the medical field.

Conclusions
The NiO NPs were successfully synthesized via a green process derived from various plant extracts, such
as Azadirachta indica (N1), Morinda citrifolia (N2), and Terminalia elliptica (N3). The FESEM image of the
synthesized NiO NPs confirms that are in spherical-shaped structure, and the average size of the
nanoparticles is different from the N1, N2, and N3 samples. Moreover, the morphological and size
analyses suggest that the NiO NPs grown from the Morinda citrifolia and Terminalia elliptica leaves than
those extracted from the Azadirachta indica leaves due to their high surface-to-volume ratio. EDAX
spectrum, the elemental percentage of the nickel in the NiO NPs was observed to be less homogeneous
for the N1 sample than for the high homogeneous proportion observed for the N2 and N3 samples. This
result suggests a slight compositional variation in the elemental nickel and the oxygen due to the
improper development of the growth. The binding energy (BE) values decrease from left to right in the
XPS spectra. These results revealed the presence of only nickel, oxygen, and carbon elements in the NiO
surface matrix. The X-ray diffraction patterns show that the crystallites of the NiO NPs that were made
have a center cubic structure, and the average size of the NiO is 96.95 nm. The photoluminescence study
shows oxygen vacancies are higher in the N1 nanomaterials when compared to N2 and N3 NPs. The
green emission at 545 and 523 nm for N1 and N2 samples. The increasing green emission band value
shows an enhancement of oxygen vacancies, which is attributed to the N1 sample that can be able to
produce more ROS. These ROS can damage bacterial cell components, such as nucleic acid, proteins,
and macromolecules (DNA, lipids, and carbohydrates). Antibacterial activity was enhanced in N1
nanomaterials compared to N2 and N3 nanomaterials. Furthermore, from the antioxidant properties, the
N1 sample demonstrates higher radical scavenging activity than the N2 and N3 samples.
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Figures

Figure 1

Schematic diagram shows the preparation of NiO NPs using different plant extract Azadirachta indica,
Morinda citrifolia, and Terminalia elliptica.
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Figure 2

FESEM images NiO nanoparticles extracted from (a) Azadirachta indica, (b) Morinda citrifolia and (c)
Terminalia elliptica leaves
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Figure 3

Schematic of the nanoparticle growth resemblance to the SEM images

Figure 4

PXRD profiles of NiO nanoparticles extracted by green synthesis process from (a) N1, (b) N2 & (c) N3 and
(d) high resolution PXRD profiles
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Figure 5

EDAX images of NiO nanoparticles (a) N1 (b) N2 and (c) N3 using green extraction method
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Figure 6

(a) Survey spectrum of NiO and core-level spectra of (b) C1s (c) Ni2p and (d) O1s

Figure 7
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FTIR spectra of NiO nanoparticles extracted from the (a) N1, (b) N2 and (c) N3 leaves using green
synthesis method

Figure 8

a. PL spectrum of NiO nanoparticles leaf extracted from Azadirachta indica

b. PL spectrum of NiO nanoparticles leaf extracted from Morinda citrifolia

c. PL spectrum of NiO nanoparticles leaf extracted from Terminalia elliptica
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Figure 9

antibacterial activity of N1, N2 and N3 nanomaterials treated against S. aureus, B. megaerium, K.
pneumonia and S. dysenteriae bacterias

Figure 10

This image is not available with this version.


