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INTRODUCTION

Nanotechnologies captivated science and technology due
to nanoparticles’ advanced physical and chemical properties.
They enabled them to tailor materials at a microscopic scale
[1]. As the physico-chemical properties were size-dependent,
the properties of nanoparticles are different from their bulk
counterparts, due to the large surface area to volume ratio and
quantum effects, which in turn alter the mechanical, optical,
magnetic, catalytic and thermal properties of the material [2].
Till now, several metals and metal oxide nanoparticles have
been synthesized, such as silver, gold, platinum, magnesium,
iron oxide, nickel oxide, cesium oxide and zinc oxide [3].
Among these nanoparticles, NiO is a non-toxic, photostable
and p-type inorganic semiconductor material with a wide band-
gaprange 3.7-4.0 eV. Therefore, it is extensively used in different
fields, e.g. materials science, electronics, biomedical science,
optics, etc. In addition, it is an effective photocatalyst for the
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degradation of numerous organic contaminants (mainly organic
dyes) of industrial effluents [4].

However, several methods are used to prepare NiO nano-
particles in order to use them for several applications. Bio-
fabrication of metal nanoparticles is considered simple, eco-
friendly, economically feasible, easily scaled up and accom-
plished at room temperature and in an aqueous environment.
Biofabrication of metal nanoparticles can be achieved using
various plant parts, bacteria, fungi and algae [5]. Among these,
plant-extract mediated synthesis of nanoparticles has signifi-
cantly gained attention due to its simplicity. It acts as a substantial
reducing, stabilizing and capping agent in the synthesis of
nanoparticles [6]. Researchers reported several biosynthesized
NiO nanoparticles using different plant materials (Table-1).

However, the mechanism of plant-mediated synthesis of
metal nanoparticles involves the following three phases: (i)
Activation phase, which involves the reduction of metal ions
and reduced metal atoms to undergo nucleation. (ii) Growth
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TABLE-1
SUMMARY OF BIOFABRICATION OF NiO NPs BY PLANT RESOURCES

Precursor Plant/plant part Size (nm) Ref.
Ni(NO;), Zingiber officinale and Allium sativum 32.9/29.92 [7]
NiCl,-6H,0O V. amygdalina leaves 17.86 [8]
Ni(NO;), Rhamnus virgata leaves 24 [5]
Ni(NO;),-6H,0 Pomegranate seeds 20.61 [4]
Ni (NO,),-6H,0 Ageratum conyzoides leaves 11.5 [9]
NiCl, Neem leaves V. 12 [10]
Ni(NO;), Aegle marmelos leaf extract 8.15 [11]
Ni(NO,),-6H,0 Rosmarinus officinalis leaves 11.5-15.5 [12]

phase involves the spontaneous knit of small adjacent nano-
particles into larger size nanoparticles (Ostwald ripening, this
process enhances the thermodynamic stability of nanopatrticles).
(iii) Termination phase decides the final shape of nanoparticles
(in the case of metal oxide nanoparticles the end product is
air-dried in the air to get final metal oxide nanoparticles) [13].

Terminalia chebula belongs to the Combretaceae family.
It is widely used in Ayurvedic medicine in order to remedy
dysentery, lotion for sore eyes, gargle and health harmonizer
combined with Indian gooseberry [14,15]. The aqueous extract
of T chebula, contains several phytoconstituents like amino
acids, tannins, flavonoids, sterols, fructose and resin [15].
However, NiO nanoparticles developments from 7. chebula
fruit extract have not been reported earlier. In this investigation,
the NiO nanoparticles were synthesized by employing T.
chebula fruit extract. Finally, the antioxidant and catalytic
properties of NiO nanoparticles were studied against DPPH
and Congo red dye, respectively.

EXPERIMENTAL

Nickel nitrate, sodium hydroxide, Congo red dye, (2,2-
diphenyl-1-picrylhydrazyl) (DPPH), methanol, ascorbic acid
and sodium borohydride of analytical grade were purchased
from Sigma-Aldrich India and 7. chebula fruits procured from
the local suppliers.

Preparation of nucleus agent: 7. chebula fruit thoroughly
washed with tap water, followed by double-distilled water and
cut into small pieces. These pieces were dried at ambient temp-
erature and powdered using the grinder, finally stored in an
airtight bag for further experiments. Briefly, 1 g of 7. chebula
fruit powder was transferred into a 250 mL conical flask
containing 100 mL of double distilled water and stirred for 30
min at 60 °C using a magnetic stirrer. Then after extract was
cool down to room temperature and filtered with Whatman
filter paper no.1, collected filtrate centrifuged at 4000 rpm for
15 min. Finally, the recovered filtrate of fruit extract was stored
at 4 °C in order to use further.

Biosynthesis of NiO nanoparticles: For the biosynthesis
of NiO nanoparticles, 20 mL of 7. chebula fruit aqueous extract
mixed to 80 mL of 3 mM NiNO; solution followed by dropwise
addition of 10 mL of NaOH solution (1 M), to maintain the
reaction mixture pH as ~12. The reaction mixture was heated
on a magnetic stirrer at 60 °C for 2 h, then the colour of the
solution turned brown from pale yellow [16]. The reaction
mixture was centrifuged at 4000 rpm for 20 min. The resultant

supernatant was discarded and residue containing NiO
nanoparticles was re-dispersed thrice in double distilled water
to remove excess phytochemical adhere on the surface of the
nanoparticles. The residue dried in an oven at 80 °C for 2 h,
followed by the milled, dried product and stored for further
experiments.

Characterization: The biosynthesized NiO nanoparticles
were characterized by Ultraviolet-visible (UV) spectrophoto-
meter (LAB India UV-3000+) in the wavelength range of 200-
800 nm with a resolution of 1 nm. After 10-fold dilution, the
nanoparticles with double distilled water and calibrated. The
spectral data recorded were then plotted using Origin 2019b
32 bit software. The Fourier transform infrared (FTIR) spectra
were recorded using with FTIR spectrophotometer (Shimadzu).
The nanoparticles were mixed with KBr and scanned at the
range of 4000-450 cm™. The X-ray diffraction (XRD, Diffrac-
tometer Bruker D8 Advance with CuKo radiation) analysis
was used to obtain the crystalline structure and data in the 26
range of 20° to 80°. The Scherrer equation was applied to
measure the average dimension (D) of crystalline domains and
to confirm the formation of biosynthesized NiO nanoparticles.

The Debye Scherrer’s formula:

kA
BcosO

where, D = particle diameter size, K = constant equals 0.94, A
= wavelength of X-ray source (0.15406 nm), 3 = the full width
at half maximum of the diffraction peak and 0 = the Bragg
angle was used to calculate the crystallite size.

The zeta potential of the samples was obtained through
the Zetasizer Nano ZS90 instrument. The NiO nanoparticles
surface morphology was examined by field emission scanning
electron microscopy (SEM). The analysis was performed using
an electron microscope (Carl Zeiss model Ultra 55 micro-
scope). Energy dispersive of X-ray (EDX) analysis was used to
determine the composition and distribution of the constituting
elements in the biosynthesized NiO nanoparticles with Oxford
Instruments X-MaxN SDD (50 mm?) system interfaced at 5
kV and INCA analysis software. The structural characterization
of biosynthesized NiO nanoparticles was done by TEM. The
TEM studies were performed on a JEOL JEM-2100F instrument
equipped with a slow-scan CCD camera and an accelerating
voltage of the electron beam of 200 kV. The preparation of the
samples for TEM analysis involved sonication of each sample
in ethanol for 2-5 min, followed by deposition of a drop on
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the copper TEM grid supporting a perforated carbon film and
allowing it to dry.

Determination of antioxidant activity by DPPH (2,2’-
diphenyl-1-picrylhydrazyl) assay: Free radical scavenging
activity of biosynthesized NiO nanoparticles estimated by
DPPH assay based on the protocol described by Khan et al.
[17] with few modifications. The dilution series of the reaction
mixture was prepared by various concentrations of NiO nano-
particles (10-50 pg/mL), incubated with 3 mL of 4% DPPH
solutions in methanol at ambient temperature for 30 min. The
NiO NPs, when reduced to the DPPH, a stable purple-coloured
free radical (DPPH), convert into a colourless compound (ct,0.-
diphenyl B-picryl hydrazine). The extent of discolourations
indicates that the amount of DPPH scavenged by biosynthe-
sized NiO nanoparticles. The absorbance of the control (without
NiO nanoparticles) and test samples measured at ~517 nm.
Ascorbic acid was used as a standard antioxidant [18].

The % inhibition of DPPH calculated by the following
formula:

C-T

Inhibition of DPPH (%) = x100

where C is the absorbance of control and T is the absorbance
of the test sample.

Photocatalytic degradation of Congo red dye: The photo-
catalytic activity of NiO nanoparticles were evaluated for the
reduction of Congo red (0.05 mM) dye in the presence of sodium
borohydride by using UV-visible spectrophotometer. For this
process, 50 mL of Congo red dye solution transferred into a
clean conical flask, followed by 2 mL. NaBH, (0.5 M) solution;
the reaction mixture was continuously stirred for 2 min. Subse-
quently, 2 mL of the reaction mixture were transferred into a
cuvette. The absorbance of blank was recorded at Ama ~492
nm. To execute the reduction of Congo red dye, 10 mg of NiO
nanoparticles (catalyst) added to the above reaction mixture.
Afterward, each time about 2 mL of the reaction mixture was
taken into a cuvette at regular intervals of 1 min to record the
variation in the absorption intensity at Am.x ~492 nm. This
process repeated until the complete reduction of Congo red
dye [19].

RESULTS AND DISCUSSION

UV-visible analysis: The UV-visible absorbance spectrum
is typically used to confirm the formation of nanoparticles.
The NiO nanoparticles exhibited a broad peak around Ama of
~390-420 nm as shown in Fig. 1. This absorption band arises
due to surface plasmon resonance by the free electrons present
on the surface of biosynthesized NiO nanoparticles [20,21].
The surface plasmon absorbance depends on the size of nano-
particles. Hence, several researcher’s reports present a different
Amax Value for biosynthesized nanoparticles using different
nucleation agents (plant extracts) [22].

FTIR analysis: FTIR analysis provided information about
the functional groups present in aqueous 7. chebula fruit extract
and of those utilized to reduce and stabilize, the formed NiO
nanoparticles. The spectrum of aqueous fruit extract of 7. chebula
(Fig. 2) shows the peaks at 3354 cm™ of -OH stretching of
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Fig. 1. UV-visible spectra of biosynthesized NiO nanoparticles
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Fig. 2. FTIR spectra of T. chebula fruit extract and NiO nanoparticles

phenolic compounds, 1770 cm™ of -C=0 stretching, 1636 cm™
of aromatic bending of alkene group (-C=C). The peaks at
3354 and 1636 cm™ indicate the presence of flavonoid and
polyphenolic compounds in the extract [23]. Weak peaks at
1392 and 1195 cm™ are due to -C-O stretching of phenols and
-N-H stretching of amines [24]. The peaks 1100-900 cm™
region belong to the C—O—C functional group of pyranose ring
stretching, B-glycosidic linkages and glycosidic ethers bonds
of protein and carbohydrates [25]. The FTIR spectrum of the
biosynthesized NiO nanoparticles revealed that the lowering
of peak intensity for -O-H, -C=C and -C=0 functional groups
ascertain the utilization of flavonoid and polyphenolic comp-
ounds in NiO nanoparticles formation. Furthermore, decreased
intensity of peak or changed position of peaks in nanoparticles
spectrum suggested the role of secondary metabolites in the
stabilization of formed nanoparticles [22].

Zeta potential: Zeta potential determines the surface
charge, which indicates the stability of nanoparticles. The
particles with a zeta potential of more than + 25 mV considered
to be more stable [26]. The phytomolecules-based stabilization
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of metallic oxide nanoparticles typically renders a negative
charge on the surface of nanoparticle [27]. The mean zeta
potential of NiO nanoparticles in the present study was found
as—29.6 mV (Fig. 3). The particles with negative charges tend
to have a strong force of repulsion between them, implying
stability of NiO nanoparticles.
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Fig. 3. Zeta potential spectra of biosynthesized NiO nanoparticles

XRD analysis: The XRD study revealed the presence of
five distinct peaks at 20 values of 37.52°,43.18°,62.40°,75.31°
and 79.18° which correspond to (111), (200), (220), (331) and
(222) planes of biosynthesized NiO nanoparticles (Fig. 4).
Similar phenomena were also observed in the literature [28].
Furthermore, all the diffraction peaks were indexed to an
unalloyed face centered cubic NiO phase (JSPDS card no. 65-
2901) witha=b=c=4.197 A (Table-2). The mean crystalline
size (D) of the biosynthesized NiO nanoparticles was estimated
to be 14.08 nm, which is close to the TEM results.

SEM analysis: SEM examined the surface morphology
of the biosynthesized NiO nanoparticles. Fig. 5a shows the
existence of irregular in the shape of NiO nanoparticles and
some large granular particles, which could be due to the agglo-
meration of nanoparticles and magnetic interaction between
the NiO nanoparticles [7]. It is apparent from Fig. 5b, that the
EDX spectrum confirmed the successful formation of NiO
nanoparticles with the aqueous fruit extract of 7. chebula. The
EDX spectrum depicts the presence of carbon, oxygen, nitrogen
and nickel. The elemental composition of the significant consti-
tuents was Ni (50%) and O (50%). Similar strong signal energy
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Fig. 4. XRD Diffraction pattern of NiO nanoparticles indicating the growth

of particles in monoclinic crystal structure

peaks were reported for NiO nanoparticles around 1.0 and 8.0
keV as reported by Noukelag et al. [12].

TEM analysis: The TEM image of biosynthesized NiO
is shown in Fig. 6a. From TEM analysis (Fig. 6b), the size of
the NiO nanoparticles was found to be in the range of 9-21 nm
with a spherical shape. The corresponding selected area electron
diffraction (SAED) shows polycrystalline nature (Fig. 6¢) and
the interplanar spacing (d-spacing) was calculated to be 0.243
nm indicating the preferred (111) orientation.

Applications

Scavenging activity of biosynthesized NiO nano-
particles: DPPH free radical scavenging assays examined the
antioxidant activity of biosynthesized NiO nanoparticles, which
has shown a remarkable DPPH radical scavenging activity and
its exhibit in a dose-dependent manner (Fig. 7a-b). The results
revealed that the antioxidant activity was directly proportional

TABLE-2
EXPERIMENTAL & STANDARD DIFFRACTION ANGLE OF NiO NANOPARTRICLES
20 sin® @ sin® @/sin* © (min)  3X sin’ @ /sin> O (min) h?+ K +12 hkl Size
37,52 0.103 1.000 3.00 3 111 13.14
43.18 0.135 1.300 3.90 4 200 14.16
62.40 0.268 2.600 7.80 8 220 13.66
75.31 0.373 3.621 10.86 11 311 14.21
79.18 0.406 3.940 11.82 12 222 15.27

Average 14.08 nm
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TABLE-3
SCAVENGING ACTIVITY OF ASCORBIC ACID AND BIOSYNTHESIZED NiO NPs
Volume of /L % Scavenging IC % Scavenging activity of IC
DPPH (mL) He activity of NiO NPs 2 ascorbic acid and NiO NPs 2
3 0 0 0 0
4 10 4.8 16.34
5 20 15.38 41.73 44.23 26.28
6 30 29.84 55.76
7 40 48.07 76.92
8 50 63.46 90.38
to the concentration of NiO nanoparticles. The ECs (effective TABLE-4

concentration required to inhibit 50% of free radicals) of T.
biosynthesized NiO nanoparticles was found to be 41.73 pg/
mL while, the ECs, value of ascorbic acid (reference standard)
was 26.28 pg/mL for DPPH radical scavenging activities, resp-
ectively. Though, among the different concentrations of NiO
nanoparticles tested, the highest scavenging activity (63.46 %)
was observed for 50 ug/mL and the lowest scavenging effect
(4.8%) for 10 ng/mL. Dose-dependent antioxidant activity data
of the NiO nanoparticles are given in Table-3. Hence, this study
revealed that NiO nanoparticles had the similar antioxidant
activity as ascorbic acid against DPPH [29].

Photocatalytic activity: The photocatalytic activity of
the biosynthesized NiO nanoparticles studied for reducing
Congo red dye in the presence of NaBH.. After the addition of
NiO to Congo red dye containing reaction mixture, the intensity
of the peak at ~492 nm gradually decreases and disappeared
after 11 min (Fig. 8a). Since, NaBH, alone cannot reduce the
Congo red dye unless, in the presence of a catalyst, the reduction
of Congo red dye follows pseudo-first-order kinetics. The rate
constant of (reduction of Congo red dye) pseudo-first-order
reaction was calculated from the linear plot of In (AJ/A,) vs.
reduction time. Thus, the K., for Congo red dye from the slope
was found as 6.21 x 10™" £ 0.42501 s'. Several researchers
have reported the degradation of organic dyes with NiO nano-
particles and the results are compared and summarized in
Table-4.

= 0 min

Absorbance
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Wavelength (nm)

COMPARATIVE DATA OF NiO DOSAGE USED FOR THE
DEGRADATION OF DIFFERENT ORGANIC DYES

Amount of Time required
Organic dye NiO nano- for degradation Ref.
particles (mg) of dye (min)
4-Chloro phenol 30 200 [11]
Methyl orange 100 5 [16]
Methylene blue 100 3 [22]
Evans blue 50 140 [30]
Congo red 10 11 Present work
Conclusion

Biosynthesis of NiO nanoparticles successfully executed
by using Terminalia chebula fruit extract. The XRD analysis
confirmed the cubic crystalline nature and means average size
(~14.35 nm or 15.82) of NiO nanoparticles, which was endorsed
by TEM results. The FTIR, zeta potential and the EDX studies
proved that the phytochemicals present in aqueous extract
responsible for reducing and a capping agents to stabilizes
synthesized NiO nanoparticles. Furthermore, the biosynthe-
sized NiO nanoparticles showed substantial antioxidant and
catalytic activity against DPPH and Congo red dye, respec-
tively. Therefore, biosynthesized NiO nanoparticles is one of
the best alternative methods, facilitating facile, rapid, non-
hazardous, coast effective and eco-friendly. The outcome of
the present study is a practical approach to design environ-
mentally friendly nanoparticles for treating industry effluents
which contain toxic organic dyes released by various industries.
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Fig. 8. (a) Plot of catalytic activity of NiO nanoparticles, (b) % of reduction of Congo red by NiO nanoparticles
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