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a b s t r a c t

In this study, nickel oxide nanoparticles (NiO NPs) were synthesized using Lantana camara

flower extracts. Electrochemical (EIS and PDP) are conducted on the synthesized NiO NPs

nanoparticles to show the corrosion inhibition efficiency. An XRD analysis showed that NiO-

NPs generated a FCC structure that exhibited single-crystalline properties. SEM images

showedparticle size to bebetween40and50nm,whichmatched theaverage size determined

from the XRD pattern. As compared to the reported spectrum, Fourier-transform infrared

spectroscopy confirms the formation of NiO-NPs. A degradation study of Methylene blue (MB

dye) photocatalytically showed up to 96e98%. Furthermore, the study reveals NiO-NPs

possess antimicrobial activity against Escherichia coli, Staphylococcus aureus, and Micrococcus

luteus. These nanoparticles were made in a sustainable and cost-efficient manner. The

research paves the way for future developments in the fields of biomedical applications.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC
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Nomenclature and abbreviations

NPs Nanoparticles

NiO-NPs Nickel oxide nanoparticles

NPs Nanoparticles

XRD X-ray diffraction

MB Methylene blue

FT-IR Fourier-transform infrared spectroscopy

SEM Scanning electron microscope

L. Camara Lantana camara (flowers)

E. Coli Escherichia coli

S. Aureus Staphylococcus aureus

M. Luteus Micrococcus luteus

MONPs Metal oxide nanoparticles

Ag Silver

Au Gold

Ni (NO3)2.6H2O Nickel nitrate hexahydrate

DW Deionised water

IR Infrared radiation

EIS Electrochemical impedance studies

PDP Potentiodynamic studies

MS Mild steel

EDAX Energy-Dispersive X-ray Spectroscopy

Ni Nickel

NiO Nickel oxide

FCC Face centred cube

ZPC Zero potential charge

PCA Photocatalytic activity

ABA Antibacterial activity

NMP N-methyl pyrrolidone

UV Ultraviolet
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1. Introduction

A significant impact of nanotechnology has been in the

development of materials suited to modern application areas

(space, food, medical, electronic, composites, energy,

biosensor etc.) [1,2]. Nanomaterials offer significant techno-

logical advantages due to their nano-scale particles

(1e100nm), higher surface area, volume, andquantumeffects,

chemical reactivity, conductivity, lightweight properties, and

customizable pores [2e5]. A nanoparticle is the basis of nano-

technology. It can be classified into organic particles, inorganic

particles (metals, metal oxides, ceramics, biologicals, and

carbon particles). It is possible to have nanoparticles made

from organic or inorganic materials (metal, metal oxide,

ceramic, biological), with 0D, 1D, 2D, and 3D structures [6e9].

These materials have many useful applications. The

improvement in photocatalytic removal of PO4
3� andNO3- in an

aqueous solutions subjected to different light irradiations are

carried out viz. ZnO/Moringa oleifera gum activated carbon

(MOGAC) nanocomposites constructed by solegel method [6].

Seaweed-mediated TiO2-NPs had a potential disruptive mate-

rial for bacterial pathogens and mosquito larvae resulted in

photocatalytic dye degradation [7]. Nano-biomedicine appli-

cations utilizing metal oxide nanoparticles (MONPs) have
demonstrated breakthroughs due to their excellent physico-

chemical, antifungal, antiviral and antimicrobial properties, as

well as their application in diagnostics, dentistry, healing,

biosensing, and therapy (immune and tissue) [10]. Further,

MONPs exhibit higher stability, are easier to synthesize to

desired dimensions (size, shape, porosity), and can be easily

incorporated into hydrophobic and hydrophilic systems

without experiencing swelling alterations, whichmakes them

ideal for biomedical applications [11e13]. A perception that

MNOPs can be achieved by chemical, physical and biological

routes has contributed significantly to their specific domain.

The NPs synthesis viz. Chemical and physical methods are

hazardous, toxic, and expensive and can pollute the environ-

ment which limits their use in biomedical applications

[2,14,15]. The rising environmental pollution due to physical

and chemical methods has led to employing eco-friendly sol-

vents and safer biosynthesis routes [16,17]. Therefore, an

extensive study on bio-mediated synthesis in developing

nanoparticles is of industrial relevance and global concern.

Nanoparticles can be produced by a bottom-up synthesis

method using the biological route. The process involves, plant

(source: root, leaf, flower), and microorganism (Source: yeast,

fungi, bacteria) etc. MONPs synthesised by bio-mediated pro-

cesses, i.e. from plant extracts, may provide potential advan-

tages (non-toxic, environmentally friendly, etc.), with metal

oxide nanomaterials often being applied to medical applica-

tions and energy storage applications [5,18e21]. The chemical

bath deposition, solgel method, thermal evaporating, pulsed

laser deposition, hydrothermal [16], precipitation, solgel have

all beenused tomakeNiONPs [22e24]. Due to its economic and

environmentally friendly benefits, green or bio-mediated

synthesises are popular because of their use of ultimate sol-

vents, organic ingredients, and organisms such as fungi, bac-

teria, and algae [25]. MONPs synthesized from various parts

(leaf, fruit, root, seed, stem, flower, latex etc.) of plants are re-

ported [13,26e28]. One pot rapid and green bio-synthesis of

fluorescent silver nanoparticles using root extract of Gymna-

denia orchidis at ambient temperature [29,30]. Silver NPs are

synthesized by both leaf and stem of Verbesinaen celioides the

synthesis rate of Ag nanoparticles is faster for stem compared

to leaf [31]. TheAgNPs are synthesized from the fruit (presence

of citric acid serves as a reducing agent and malic acid for

capping bio-reduced Ag NPs) extract of the tomato plant [29].

Gold NPs are synthesized by cumin seed powder andM. oleifera

flower [32,33] as flowers are composed of amaximumquantity

of sugar and proteins which are indeed useful in the reduction

of tetrachlorocuprate salt in Au NPs [34]. NiO NPs are synthe-

sized by leaf extracts of Rhamnus virgata and are applied in

potential biological applications [27,28,35]. Low cytotoxicity to

normal cellswith the synthesizedNPs could result in potential

biomedical applications [10]. NiO NPs were synthesized by

green synthesis methodology from Geranium wallichianum,

Agathosma betulina andM. oleifera are reported [36,37]. The green

Synthesis of Bunsenite NiO NPs via Callistemon Viminalis ex-

tracts are reported [38]. Sageretia thea and Leaf of Rhamnus tri-

quetrawasused to synthesize theNiONPs,which could benefit

biomedical applications [39,40]. The study of facile bio-

synthesis of gold nanoparticles (AuNPs) from flower petals

extracted from plants are often used as reducing and stabiliz-

ing agents [27,41]. In India, Lantana camara plants are replacing
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bamboo resources due to their abundant availability grown in

pasture lands (13.2 million ha) [42]. L. camara is a widespread

shrub that grows to roughly 1e3 m tall and forms dense

thickets in a variety of habitats. L. camarahas little blossoms of

various colours (colour changeswith age) and the leaves could

help to treat asthma, colds, bronchitis, eye infections, cough,

stomach pains, ulcers, and kidney disorders in India [43]. Even

at room temperature, NiO NPs possess unique properties and

hadagreaterpotential to convert thecoloureddye tocolourless

[44]. The bio-mediate synthesis of NiO NPs viz. L. camara

flowers offers better characteristics against different toxic

pathogens. This dictates L. camara flowers based on a plant-

mediated synthesis of nanoparticles possess greater poten-

tial to explore wider applications. Nature provides abundantly

abundant plants andflowers, and this process accounts for the

majority of nanoparticle fabrication utilizing plant/flower ex-

tracts [45]. An advantage of plant extract synthesis over other

biosynthesis extractionmethods is that culturesdonothave to

be maintained as they are often more suitable for mass pro-

duction under non-aseptic conditions. As a result, region-

specific plants and flowers that are economically available in

nature can be used for plant-mediated synthesis of NiO

metallic nanoparticles [46]. Recently, flower extracts for the

preparation of noble metal oxide nanoparticles have attracted

much attention, particularly in the nanomedicine and nano-

technology fields. In contrast, few research efforts are being

made to prepare NiO NPs from flower extracts, which have

potential applications in biomedicine.

Till date, nanoparticles (NPs) are conventionally synthe-

sized by either physical or chemical methods, which uses the

toxic chemicals. In addition to being expensive, these chem-

icals tend to pollute the environment, which limits their use in

biomedical applications. A bio-mediated synthesis of NPs

from biological extracts (Plants, micro-organisms, and living

organisms) limits these disadvantages. Thereby, Plant-

mediated NPs synthesis is often advantageous over tradi-

tional and biosynthesis methods in terms of mass production

of NPs at a faster rate, environmentally friendly, economical,

and do not require maintaining cell cultures - under non-

aseptic conditions. Not much research efforts, being

reported yet to prepare the plant extract-based bio-genic

materials and their various characterizations that could meet

the strict demands for use in biomedical applications. In the

present work, NiO NPs have proven benefits to treat the pa-

tients in various biomedical applications. Our work is inten-

ded to synthesize NiO NPs utilizing L. camara flower extract.

The synthesized NiO NPs were then subjected to electro-

chemical studies to show the inhibition property of the NiO

NPs. The SEM results have shown the formation of inhibitor

on the metal surface. In addition, bio-mediated synthesized

and characterised NiO NPs were subjected to anti-microbial

and photo catalytic dye degradation studies (for MB dye) to

explore wider applications. The graphical illustration of the

synthesis and characterization of NiO NPs are presented.
2. Materials and methods

The flowers of L. camara were collected in Mysore, Karnataka,

India, from the Chamundi hills. All chemicals, including
Nickel nitrate hexahydrate (Ni(NO3)2.6H2O), Methylene blue,

and deionized water (DW), were obtained from Merck chem-

icals, India. Synthesis was carried out with the analytical

grade chemicals.

2.1. Lantana camara flowers extract

In Mysuru, Karnataka, India, L. Camara blossoms were

collected from Chamundi hills near the author's research

laboratory. The Lantana flower extracts were prepared by

taking 100 g of the flowers that were previously grained and

soaked with 500 mL of distilled water. The flowers were dried

and ground into a fine powder [47]. About, Powder weighing

20g was mixed with 200 ml of DW in a Soxhlet extractor [48]

and boiled for 5e6h at 60e65 �C. The resultant solution was

cooled, followed by filtrate was filtered through a Whatmann

(No.1) filter paper.

2.2. Synthesis of NiO nanoparticles

The bio-mediated synthesis was conceded through the solu-

tion combustion method. An exact volume of 3 mL, 6 mL and

9 mL of Lantana flower extracts was mixed with 20 mL of

0.1 M, 0.2 M and 0.3 M of Nickel nitrate hexahydrate aqueous

solution, respectively. For 2 h the prepared solutions are stir-

red at a constant temperature maintained between 60 and

70 �C. The solutions are later calcined at 300 �C, 500 �C and

700 �C for 5 h in a muffle furnace. In the end, NiO NPs (NiO-1,

NiO-2, NiO-3) with an ash colour powder was obtained.

Similar, observations are reported in the published literature

[46,49].

2.3. Characterization techniques

NiO NPs were characterised using Fourier-transform infrared

spectroscopy (FTIR), X-ray diffraction (XRD), Energy-

Dispersive X-ray Spectroscopy (EDS), and Scanning electron

microscope (SEM) to examine the morphology, crystallinity,

and purity. An Agilent, Micro Lab, Chennai, India was used to

analyse the IR adsorption peaks, and an XRD spectrometer

(Bruker, German) possessing high-strength Cu Ka-radiation

was used to identify the phases of NPs (operating variables:

range 2q ¼ 20e80, scanning rate ¼ 5omin) [23,50]. EDX Spec-

troscopy was used for elemental analyses and an SEM (ZEISS -

SEM 360) could help to examine the structural morphology of

the nanoparticles. The PerkinElmer (USA), spectrophotometer

was used to record the UVeVis spectrum range between 190

and 900 nm range.

2.4. Photocatalytic activity (PCA)

Decolourization of MB dye during ultraviolet (UV) light illu-

mination permits the observation of dye degradation by

photocatalytic processes. For this process, 30 mg of NiO

nanoparticles were added to standard volumes of MB dye

solution. A photocatalytic experiment was conducted every

10 min 2 mL of the sample was withdrawn after 40 min and

the same has been centrifuged at 10,000 rpm. Later, UV

absorbance of MB dye was measured. Eq. (1) quantifies how

effective the NiO NPs start degrading.
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Efficiency ð%Þ¼Co � Ct

Co
� 100 (1)

where Co and Ct are the initial and final concentration pf dye,

respectively.

2.5. Electrochemical studies

The anti-corrosion properties of NiO NPs were examined in

1 M HCl on mild steel (MS) plates [51]. The metal plates of

1 cm2 area were exposed to a 200 ppm concentration of NiO

NPs that were previously mirror-polished using emery papers

(400e1600). The plates were subsequently cleaned utilizing

acetone and water followed by the drying process. 0.1g of NiO

NPs (NiO-1, NiO-2, NiO-3) were blended with a few drops of N-

methylpyrrolidone (NMP) to form a thick paste. The paste was

then deposited on MS plates using the spin coating technique

(CY Scientifics- SYP4) and dried to room temperature to get a

crack-free covering.

The potentiodynamic polarization studies were done with

a fixed scan rate of 0.4mV/s across a potential range of�200 to

þ200 mV [52]. Extrapolation the anodic/cathodic curves of

Tafel plots to potential axis would yield corrosion current

(icorr) and potential (Ecorr) respectively. Using Eq. (2), corrosion

inhibition efficacy h (%) has been evaluated.

h%≡
ðicorrÞa � ðicorrÞp

ðicorrÞa
� 100 (2)

here, i(corr)p and i(corr)a corrosion current (mAcm�2) values with

and without PLC inhibitor, respectively.

The electrochemical impedance studies (EIS) were per-

formed using the NiO NPs (NiO-1, NiO-2, NiO-3) of 200 ppm on

an MS plate using 3 electrode system (working e MS plate,

Reference eSCE, Counter electrode-Pt) subjected to 1 M HCl

medium at 298 K viz. electrochemical workstation, CH in-

struments eCH660E, USA [38]. The inhibition efficacy h (%)

was determined by utilizing Eq. (3).

h ð%Þ¼
1

ðRpÞa �
1

ðRpÞp
1

ðRpÞa
� 100 (3)

where, (Rp)a and (Rp)p being polarization resistances in

without and with PLC inhibitor correspondingly.
3. Results and discussion

3.1. FT-IR studies

FTIR spectroscopy studies are conducted in the infrared part

of the electromagnetic spectrum that shows that when mol-

ecules assimilate infrared radiation, their bonds stretch and

bend. A beam of IR light is made to pass through the sample,

and for the IR detector to detect a transition, the molecules of

the sample changes in dipole moment during vibration. A

spectrum is formed when the IR recurrence matches that of

the bond's vibrational frequency. Using Agilent, Micro Lab,

Chennai, India the NiO NPs was exposed to affirm the pres-

ence of useful functional group and formation of NiO
nanoparticles tested Fig. 1 shows the main absorption bands

at O-Hstr ¼ 3628 cm�1, C¼Ostr ¼ 1636 cm�1, and NiONistr-
¼ 1146 cm�1. A distinct absorption band at NiOstr ¼ 487 cm�1

shows the formation of NiO NPs. Similar observations are

reported in the published literature [53].

3.2. X-ray diffraction analysis

XRD (Bruker Advanced D8 diffractometer) investigation was

performed to estimate the phase purity, composition, particle

size and atomic andWyckoff positions of NiO NPs at different

annealing temperatures (300 �C, 500 �C, and 700 �C) of test

samples. The XRD investigations are carried out according to

the procedures reported in the literature [54]. NiO-NPs

annealed at 300 �C, 500 �C and 700 �C subjected to XRD anal-

ysis revealed that NiO particles possess FCC structure

(wherein, Bragg peaks occurred at 38.248, 43.270, 63.880,

75.426, and 79.599, associated with crystalline planes of 111,

200, 220, 311, and 222) (refer to Fig. 2).

The XRD peaks show that there will be no presence of

impurity phases, as no additional peaks have appeared.

Therefore, the results attributed all the Braggs peaks to the

FCC phase with its space group Fm m3 of NiO particles cor-

responding to the lattice constant (a ¼ 4.1771 �A). The XRD

peaks exactly match the JCPDS 1313-99-1.

The crystallite size of NiO nanoparticles of tested samples

is calculated by applying Debye Scherrer's equation (4) [55].

D ¼ kl/bcos(q) (4)

where D is the crystallite size of the coherently diffracting

domain which is different from the particle size, l is the

wavelength of X-ray (1.54056�A) for the CuKaradiation, bis the

full width at half maximum in the radian for the prominent

intensity peak k is constant of 0.89) for a spherical sample of

cubic symmetry and qis the Bragg angle of the reflection.

The crystallinity of the sample increases when annealed at

different temperatures from 300 to 700 �C but increases ag-

glomerations too at high temperatures. From XRD analysis,

the crystallite size of the annealed NiO NPs was determined

using Eq. (5) and are found to be 14.3 nm, 20 nm, and 26 nm for

the divergent sintering temperatures of 300 �C, 500 �C and

700 �C respectively.

Crystallinity ¼Area of the crystalline peaks
area of all peaks

(5)

The increase in grain size is mainly due to the sintering of

the nanoparticle samples, which leads to better crystallinity

with the increased crystallite size.

3.3. SEM and EDS analysis

Fig. 3 portrays SEM images of NiO at different calcined tem-

peratures along with the elemental composition of the ma-

terial (EDS). Here, Fig. 3(a) and (b) display SEM micrographs

alongside EDS investigation of NiO-1 calcined at 300 �C for

5hrs. From Fig. 3(a) we can observe sporadic particle form

(see arrows) with oval morphology along with little agglom-

eration at a few places (see mark 1). Figs. 3(c) and (d) show

SEM micrographs alongside EDS investigation of NiO-2

https://doi.org/10.1016/j.jmrt.2022.06.166
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Fig. 1 e FT-IR spectrum of NiO NPs.
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calcined at 500 �C for 5hrs. From Fig. 3(c) we can observe a

more sporadic particle form (see arrows) compared to Fig. 3(a)

with oval morphology at a few spots. Compared to Fig. 3(a)

more agglomeration is observed in Fig. 3(b). Fig. 3(c) and (f)

show SEM micrograph and EDS analysis of NiO-3 calcined at

700 �C for 5hrs. From Fig. 3(e) we can observe less sporadic

particle form (see arrows) compared to Figs. 3(a) and (c).

Compared to Fig. 3(a) and (c) more agglomeration and oval

morphology can be observed in Fig. 3(e). Overall, it can be

observed that the agglomeration is seen more in the case of

NiO-2 and NiO-3 as they are calcined at higher temperatures.

The image reveals the size of nanoparticles is about

40e50 nm on average. The partly clustered state (see Figs. 3(a)

and (c)) might be due to compound percolation approaches

which were utilized in green synthesizing. The additional
Fig. 2 e XRD analysis of NiO NPs.
reason which stimulates agglomeration is the NPsmay be due

to their tinier size [56]. Also, the occurrence of certain bigger

NPs (see Fig. 3(c)) could be observed that NiO nanoparticles

agglomerate owing to elevated interface energies and their

resistance causing sub-micron NPs to clump together. Figs.

3(b), (d), and 3(f) show EDS images of NiO NP calcined at

300 �C, 500 �C, and 700 �C at 5 h respectively. EDS reveals the

presence and formation of Ni (~66.78%), O (~23.1%), and C

(~9.61%), as the main elemental composition along with the

traces of other elements such as Si, P, K, and Cl that are

formed during the formation of NiO NPs present in the L.

camara flower extract.

3.4. Electrochemical studies

Fig. 4(a), clearly shows the anodic and cathodic polarization

curves for MS electrodes containing various concentrations of

nanoparticles NiO-1, NiO-2, and NiO-3 in 1M HCl. The elec-

trochemical parameters (i.e., corrosion potentials and corro-

sion current densities) are calculated using polarization taking

into account corresponding to the intersection of the cathodic

and anodic Tafel slopes [52]. NiO NPs significantly reduced

current density considering both cathodic and anodic curves

[57e59].

These results suggest nanoparticles inhibit corrosion. An

inhibitor is generally considered to be cathodic or anodic if the

corrosion potential shift with the inhibitor present exceeds

±85V compared to the corrosion potential without the inhib-

itor [60]. For NiO NPs studied, Ecorr changes are less than

85mV, for NiO-1 andmore for NiO-2 and NiO-3 indicating that

theywork as amixed type inhibitor forMS corrosion subjected

to 1MHCl. The values corresponding to Tafel plots are given in

Table 1. Fig 4(b) shows the impedance response of MS in a 1M

HCl corrosive medium consisting of various concentrations of

NiO nanoparticles.

https://doi.org/10.1016/j.jmrt.2022.06.166
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Fig. 3 e SEM of NiO NPs at different calcined temperatures along with EDS analysis.
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The roughness and inhomogeneity of the electrode sur-

face are attributed to the frequency dispersion effect, in that

all impedance plots contain a depressed semicircle. Inter-

estingly, a comparison with bare MS plates, the MS/NiO NPs

plate exhibits a greater corrosion resistance percentage of

about 73.57%. The slopes of Bode plots in Fig. 4(c) are not

equal to �1 [61] due to the nonhomogeneous nature of the
solid surface. Additionally, exhibits the charge transfer pro-

cess as the only relaxation process since it exhibits a one-

time constant behaviour for blanks and NiO NPs alike. Bode

of phase plots Fig. 5(d) suggests that NiO NPs exhibit better

corrosion inhibition. The adsorption of more inhibitor mole-

cules is responsible for this enhanced corrosion inhibition

property.

https://doi.org/10.1016/j.jmrt.2022.06.166
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Fig. 4 e (a)Tafel plots, (b) Nyquist plots, (c) Bode plots and (d) Bode Phase angle plots.
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A simple circuit model (Fig. 5) was used to fit the Nyquist

impedance plots. Table 2 displays the fitted values of Rct, Cdl,

and % IE. The Cdl, Rct, and inhibition efficiency values in-

crease with inhibitor concentration.

Due to increased electrical double layer thickness and

decreased dielectric constant, inhibitors provide lower Cdl

values [51]. According to the data, the size of the semicircle

and Rct values increase with increasing inhibitor concentra-

tions, indicating that charge transfer is the main factor

affecting corrosion inhibition. Using the impedance diagrams,
Table 1 e Potentiodynamic polarization parameters for
MS in 1 M HCl.

Sample Conc. Ecorr Icorr -bc -ba

Blank �0.2764 7.824 � 10�5 6.644 14.745

NiO �1 �0.3556 3.926 � 10�5 5.090 4.569

NiO �2 200 ppm �0.3202 6.374 � 10�5 6.280 6.955

NiO �3 �0.2130 4.144 � cc10�6 3.875 8.683
increasing the concentration of inhibitors leads to a larger

capacitive circle, indicating higher resistance of charge

transfer with NiO NPs, which therefore inhibit MS corrosion.
Fig. 5 e Equivalent circuit diagram.
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Fig. 6 e Photocatalytic activity (a) Degradation vs. Time (b) Degradation vs. Time with varying catalyst loads (c) Degradation

vs. Time with varying PH and (d) Regeneration studies for MB dye(e) UVeVisible spectra of MB dye solution degradation

profile -pH effect (f) Contact time (g) Dosage effect.

Table 2 e Electrochemical impedance parameters for MS in 1 M HCl.

Samples Conc. Rs Yo n Cdl Rp

Blank 1.337 3.479 � 10�4 0.7577 1.76 � 10�4 341.2

NiO-1 200 ppm 2.293 2.079 � 10�4 0.6000 5.428 � 10�4 1231

NiO-2 1.568 2.167 � 10�4 0.7728 7.485 � 10�5 124.1

NiO-3 6.808 9.036 � 10�5 0.7125 3.679 � 10�5 1194

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 2 ; 1 9 : 4 5 4 3e4 5 5 64550

https://doi.org/10.1016/j.jmrt.2022.06.166
https://doi.org/10.1016/j.jmrt.2022.06.166


j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 1 9 : 4 5 4 3e4 5 5 6 4551
A decrease in the value of the double layer capacitance

results in an increase in the adsorption of NiO on the surface

of the MS. Using Eq, (6) Cdl values are calculated.

Cdl¼ �
Y0Rpð1�nÞ�1

.
n

(6)

here, Y0 ¼ Magnitude of constant phase element (CPE) and

n ¼ ap/2 in which a is the phase angle of CPE (its resistance

depends on n value) n ¼ Fractional exponent for solid elec-

trode and its value is �1 � n � 1.

In general, an increase in n value is correlated with

smaller surface roughness and increased surface area

because greater concentrations of inhibitor increase
Fig. 7 e Effect of NiO nanoparticles on (
surface homogeneous adsorption, thereby increasing its

efficiency.

3.5. Photocatalytic activity (PCA)

The photocatalytic action of NiO NPs is determined mainly by

their ability to degrade the dye concentration that was syn-

thesized by a plant-mediated process. The experiments were

subjected to constant catalytic loading (10 mg) that could es-

timate the highest concentration of dye (tested range between

5 and 20 ppm) for efficient oxidation as shown in Fig. 6(a). Dye

degradation decreases from 80% to 20% as the dye concen-

tration increases from 5 to 20 ppm. It was also observed that
a) E. Coli, (b) M. luteus. (c) S. aureus.

https://doi.org/10.1016/j.jmrt.2022.06.166
https://doi.org/10.1016/j.jmrt.2022.06.166


Table 3 e Antibacterial activity of NiO nanoparticles.

Sl. No. Microorganisms NiO-1 NiO-2 NiO-3

1. Escherichia coli e e 12.33 ± 1.53

2. Micrococcus luteus 10.67 ± 0.58 11.67 ± 0.58 10.33 ± 0.58

3. Staphylococcus aureus 11.67 ± 0.58 15.00 ± 1.00 13.33 ± 1.53

(Diameter of the inhibition zone in mm at 150 mg of Sample).
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the optimal concentration for dye degradation takes place at

10 ppm. The rate of dye degradation tends to decrease pro-

portionately with an increase in dye concentration. Fig. 6(b)

illustrates the degradation of MB dye at a dye concentration of

5 ppm, subjected to varying catalyst loads (20e50 mg). The

results clearly show that as the catalyst load increases the dye

degradation increases by 10% (i.e., from 90 to 100%). Due to

increased catalyst loading, more active sites are available.

Also, the experiments were conducted to examine the effect

of pH levels (2e12) after maintaining the constant catalyst

loads and dye concentrations equal to 10 mg and 5 ppm,

respectively (refer to Fig. 6(c)). The MB dye degrades
Fig. 8 e The mechanism of bacterial actio
excellently under basic conditions, with pH 8 exhibiting the

highest rate of degradation. This decrease in degradation is

explained by a zero potential charge (ZPC) above this pH. The

ZPC for NiO is 7.0 ± 0.3, and after exceeding the said value the

adsorbed OH� ions turnout to form a negative charge surface.

The OH radical generation reduces due to the presence of

many OH- ions on the catalyst surface. Thereby, acts as a

primary oxidizing agent and lowers the degradation of MB

dye. In Fig. 6(d), a recycling experiment was carried out to test

the stability of the photocatalyst using MB dye. During the

experiments, the catalyst and 5 ppm dye are kept equal to

10 mg, and 100 mL. To test the stability of the catalyst, it has
n of S. aureus and Ni2þ nanoparticles.
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been removed by filtration, followed by washing with ethanol,

and dried at 120 �C. Five cycles of MB degradation were per-

formed. Nearly 96e98% of MB dye was degraded with UV light

irradiation in each cycle, indicating that there is no loss of

catalyst activity. MB degradation efficiency was almost iden-

tical across all five cycles that are shown that five cycles of

catalyst recycling reduce efficiency. TheMB dye adsorption on

NiO NPs strongly dependents upon the pH effect (Fig. 6(e)),

contact time (Fig. 6(f)) and dosage effect (Fig. 6(g)), which plays

a critical role in explaining the degradation profile of the MB

dye. The MB dye has found to have an excitation peak nearer

to 700 nm and excitation wavelength of 668 nm and emission

of 688 nm.

3.6. Antibacterial activity (ABA) of NiO-1, NiO-2 and
NiO-3 against E. coli, S. aureus, and M. luteus

In certain cases, NPs can effectively prevent microbial drug

resistance, which is the primary reason NPs are being

considered as an alternative to antibiotics. To combat drug

resistance, it is important to find new, effective bacterial in-

hibitors, and NPs have been established as a promising

method. However, NPs can also cause bacterial resistance

when used in certain situations. NPs and drug-resistant bac-

teria are examined both in their positive and negative aspects

in this section. Fig. 7 shows the microbial action of NiO NPs

against gram-negative bacteria Escherichia coli, gram-positive

bacteria Staphylococcus aureus, and Micrococcus luteus.

The University of Mysore, microbiology division provided

the cultures for testing the microbial activity. Using nutrient

broth, the test cultures were sub-cultured overnight at 37 �C.
Each Petri dish was poured with LB agar and followed by so-

lidification aseptically at room temperature. A sterilized glass

bead was subjected to inoculate the bacterial cultures after

the agar solidified. Discs measuring 6 mm in diameter were

used. Individual discs of each compound were placed on the

LB agar medium with fresh bacteria samples.

The synthesized NiO nanoparticles were tested for ABA

against gram-negative or gram-positive bacteria, (composed

of E. coli, S. aureus, and M. luteus). Table 3 shows that all NiO

NPs are effective against bacteria. Most nanoparticles exhibit

antibacterial properties. NiO-3 exhibited a greater zone of in-

hibition against E. coli. Antimicrobial activity was not detected

in NiO-1 or NiO-2. However, all NiO showed ABA against S.

aureus. The antimicrobial activity of NiO-2 and NiO-3 was

preferably better than NiO-1. All NiO nanoparticles exhibited

antibacterial activity towards M. Luteus.

As NPs are increasingly used in medicine, extensive

research has been conducted on their antibacterial mecha-

nisms. Metal-derived nanoparticles have a variety of proper-

ties that influence their synthesis and applications in

biomedicine, including electrical, optical, physical, chemical,

and thermal properties. Fig 8 shows the NiO NPs interaction

with S. aureus the bactericidal characteristics are strongly

influenced by particle size, shape, concentration, and colloidal

state i.e smaller NiO NPs sizes appear to provide greater

biocompatibility and stability. For instance, NiO NPs were

found to bemore effective against S. aureus andM. luteuswhen

compared to E. Coli and when their particle sizes were not

larger than 30e50 nm.
Finally, considering the single phase nature of the obtained

NiO and their high degree of crystallinity as well as their

photocatalytic activity, it would be interesting to explore the

possibility of biosynthesis of othermulti-functional nanoscale

oxides such as (ZnO, CuO, Fe2O3, VO2, TiO2).
4. Conclusion

Plant-mediated synthesis of NiO NPs, is often advantageous

(mass production at a faster rate, economic and environ-

mentally friendly) to treat human beings in various biomed-

ical applications. The synthesized NiO NPs are subjected to

different characterizations (FTIR, SEM, EDS and XRD) to

confirm the formation of NiO NPs. Furthermore, NiO NPs

have been examined for corrosion behaviour viz. electro-

chemical studies, rate of dye degradation viz. PCA, and bac-

terial growth tests viz. ABA. The following conclusions are

drawn:

▪ The synthesized particles subjected to different charac-

terizations (FTIR, SEM, EDS, and XRD) confirmed the for-

mation of NiO NPs.

▪ The size of NiO NPs confirmed from SEM analysis is found

to be in the range between 40 and 50 nm and is spherical

with uniform dispersion. From XRD analysis, using Scher-

rer's equation the crystallite size of the annealed NiO NPs

(500 �C) was found to be 14.3 nm.

▪ The MS/NiO NPs plate exhibits a greater corrosion resis-

tance of about 73.57% than bare MS plates.

▪ From PCA, the dye degradation decreases from 80% to 20%

as the dye concentration increases from 5 to 20 ppm. It was

also confirmed that ~96e98% of MB dye was degraded with

UV light irradiation in each cycle, indicating that there is no

loss of catalyst activity.

▪ The antimicrobial properties of NiO NPs showed a good

response to E. coli, S. aureus, and M. luteus.

▪ Therefore, Plant-mediated synthesis of NiO NPs can be

explored in industries for mass production that could be

used in biomedical applications.
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