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Abstract

A simple and environmentally friendly method was employed to synthesize Nickel oxide
(NiO) nanoparticles (NPs) using the leaf extract of Catharanthus roseus via the sol-gel
method. Nickel sulfate hexahydrate was utilized as a precursor, with the leaf extract of
Catharanthus roseus serving as both a reducing agent and a stabilizing agent. Various
characterization techniques including X-ray diffraction, Fourier transfer infrared
spectroscopy, Ultraviolet diffused reflectance spectroscopy (UV-DRS), Scanning electron
spectroscopy, Energy dispersive X-ray analysis, Transmission electron microscopy, and
Vibrating sample magnetometer were employed to investigate the structural and
characteristic properties of the NiO NPs. The synthesized NiO NPs showed super
paramagnetic behaviour at room temperature with saturated magnetization
(Ms= 47.22x10°% emu). Methylene blue is one of the industrial dyes that make water unfit
for  irrigation or drinking. It is a toxic, carcinegic and recalcitrant dye which causes a
severe threat to human health. As the dye is difficult to be degraded, a biological eco-
friendly method is followed in the present study. NiO NPs had a band energy gap of 3.6
eV and a strong potential to be used as photocatalysts in wastewater treatment to rapidly
degrade textile dyes. Almost complete photocatalytic degradation of methylene blue dye
was achieved using NiO NPs, which also exhibited high stability and reusability for three
additional cycles without any significant decrease in efficacy.

Keywords: Biogenic synthesis; Catharanthus roseus; Nickel oxide nanoparticles;
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Introduction

The rapid growth of industrialization of the country has increased the release of large amounts of dyes
and heavy metals through their runoff into the water bodies thus contaminating a number of water bodies [1].
Increasing environmental pollution has led scientists worldwide to develop photocatalysts for the purification of
water contaminated with various pollutants [2]. Photocatalytic degradation of organic pollutants represents a
promising technology for water treatment, offering a simple and efficient method that generates non-toxic end
products. [3]. Nano science and nanotechnology have recently experienced remarkable growth due to their
numerous applications in various domains. Metal oxide (MO) based nanoparticles have been widely used in
electrochemical films, smart windows and photocatalysis. MOs such as ZnO, CeO,, TiO, SnO2, CuO, WO and
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NiO have been widely used as photocatalysts towards the abatement of organic dyes and contaminants from
wastewater [2,4].The NiO NPs are of interest in recent years due to their superior catalytic activity with unique
properties like high electron mobility and chemical stability [5]. Recently, NiO NPs have been employed in
wastewater treatment technologies and sensor applications [6].

NiO is a p-type semiconductor widely used as an effective absorbent and visible light photocatalyst due
to its high super lattice in the inbound orbital and conduction regions [7]. Various methods have been utilized to
synthesize tunable NiO NPs with desired band gaps and morphologies. The size and morphology depends on
the synthetic techniques such as high energy ball milling, sol-gel, co-precipitation, micro-emulsion,
hydrothermal, microwave,
sono-chemical, chemical vapour deposition and pulsed laser ablation [8]. The sol-gel method stands out to be
the best over the other methods as it offers a range of benefits such as
low temperature synthesis with pure products [9]. In recent years, researchers have focused on synthesizing NPs
using plant extracts, thus opening a new era towards non-toxic synthetic methods. The biogenic method of
synthesis is cost-effective and non-toxic. When using plant extracts as reducing and capping agents, the
synthesis of nanoparticles (NPs) can be efficiently achieved with minimal environmental impact. This method
leverages natural plant compounds to facilitate the formation and stabilization of NPs, making it an attractive
alternative to conventional chemical synthesis methods. Researchers have reported that the plant extracts have
the potential of shaping up of the NPs. Shape of the NPs directly influences the particle size distribution which
in turn has an effect on the band gap
[10-12].

Catharanthus roseus, a vital medicinal plant, is a member of the Apocynaceae family widely used in
traditional herbal medicine and its secondary metabolites have been used to treat cancer. The major
phytochemicals of its leaf extract are flavonoids, saponins and alkaloids. Many parts of this plant have been
used for therapeutic purposes such as diabetes, Alzheimer's disease and cancer [13]. The plant produces two
major terpene indole alkaloids (vincristine and vinblastine) that fight cancer [14]. Studies have demonstrated
that the leaf juice of Catharanthus roseus can lower blood glucose levels in both normal and alloxan-induced
diabetic rabbits [15]. Furthermore, the leaf extract serves as a natural reducing agent in the sol-gel method for
synthesizing NiO NPs.

In this study, the leaf extract was used to reduce nickel salt to NiO nanoparticles using the sol-gel
method. The synthesized nanoparticles were characterized using XRD, FT-IR, SEM-EDS, TEM, UV-DRS, and
VSM. Additionally, the photocatalytic activity of the synthesized NiO NPs was employed to degrade methylene
blue (MB), a common pollutant found in textile industry effluents.

Methodology
2.1 Preparation of leaf extracts of Catharanthus roseus

A quantity of 50g of cut leaves of Catharanthus roseus was refluxed at 70-80°C for2 hours with
deionized water in round bottom flask. The resulting golden yellow colour extract was further filtered and used
as a reducing agent in the sol-gel method for synthesizing NiO NPs.

2.2 Synthesis of Nickel Oxide Nanoparticles using Catharanthus roseus Leaf Extract

Nickel oxide nanoparticles were synthesized using leaf extract of Catharanthus roseus and nickel
sulphate hexahydrate (precursor) via sol-gel method (Fig.1). Twenty millimolar solution of nickel sulphate
hexahydrate was prepared using deionized water. The leaf extract was added drop wise to the nickel precursor
solution with vigorous stirring. After stirring for 2-3 hours, 0.5 M sodium hydroxide (NaOH) was added slowly
till a green colour precipitate formed. Alkaline pH was maintained for complete precipitation of nickel ions. The
precipitate was stirred for24 hours and washed several times using deionized water. Before calcination, the
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precipitate as dried in a hot air oven at 80°C for 2 hours and finely powdered. In muffle furnace, the powder was
calcinated at 450°C for 2 hours, pulverized and stored for further analysis.

Addition of Catharanthus roseus leaf extract to
Nis 04.6H>0

Stirring of the solution for 2 — 3 hours

. 3

[ Addition of NaOH to maintain alkaline pH J

Stirring of green colour precipitate for 24 hours

Washing of the precipitate with deionized water

Drying of the precipitate for 2 hours in hot air
oven at 80°C

Calcination at 450°C for 2 hours in a
muffle furnace

:

NiO Nanoparticles

Fig.1. Preparation of NiO NPs using Sol-Gel method

2.3 Characterization of Nickel Oxide Nanoparticles

The shape and optical characteristics of the synthesized green NiO NPs were confirmed by powder
XRD using Cu Ka radiation (A = 0.1544 nm) at Smart Lab SE X-Ray, Rigaku Japan. The functional group
analysis was done using Shimadzu IRAffinity-1FT-IR Spectrophotometer in potassium bromide (KBr) pellet
mode. The synthesized NiO NPs optical band gap was characterized by UV-visible Spectrophotometer in
Diffused Reflectance Spectrum (DRS) using Jasco V650 with ISV722 between 200 to 800 nm. The
morphological and elemental analysis was carried out by SEM with an EDX analyzer using TESCAN VEGA3
SBH operating at 30kV using tungsten filaments as an electron source. The surface morphology was studied
using FEITecnai G? 20 S-TWIN TEM operating at 200 kV with a LaBe/W emitter as an electron source. The
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magnetic property was studied using Lakeshore VSM 7410 Vibrating Sample Magnetometer (VSM) at room
temperature.

2.4. Photocatalytic Activity of Nickel Oxide Nanoparticles

Photocatalytic activity is an effective method for dye degradation. The dye used for this study is
methylene blue. Methylene blue is an organic dye of the Phenothiazine family that is vibrant greenish blue in
color. A solution of 5ppm of methylene blue (CisH1sCIN3S) was prepared in deionized water. AUV-vis
spectrophotometer (Jasco V730) was used to measure the absorbance of the MB solutions. For photocatalytic
activity, optimization parameters such as concentration of catalyst, concentration of dye were recorded with
different time intervals. The synthesized photocatalyst was suspended in 50mL of MB dye solution under
constant stirring using a magnetic stirrer. The MB dye solution was then placed in dark for 30 minutes to attain
adsorption-desorption equilibrium. The solution was kept in both natural sunlight and visible light photoreactors
for the degradation of MB. The absorbance was regularly monitored at every 15 minutes using the UV-visible
spectrophotometer to check the degradation of MB dye. Optimization studies were carried out to fix the ideal
dose of catalyst, concentration of dye and time for photocatalytic degradation of MB.

3. Results and Discussion
3.1 Structural and Phase Analysis by XRD

The powder XRD was used for phase identification of the synthesized NiO nanoparticles (NiO
NPs) as shown in the XRD diffractogram (Fig. 2). The peaks were indexed using JCPDS Card No. 47-1049,
with an intense peak at 43.36° corresponding to the (200) plane of NiO, indicating the formation of a face-
centered cubic (FCC) crystal structure with lattice parameter a = 4.0 A. Similar to our studies, Mamta Bulla et
al. [16] have reported the same findings. The researcher have reported the other two peaks, which are located at
an angle 20 of 30.92° (Abishak kumar et al) and 51.6° (Shabbir Hussain et al) were determined to be Ni»Os
[17,18]. The crystallite size (D) was determined using the Debye-Scherrer formula (equation 1) and was found
to be 12.93 nm, where K is a constant (0.94), A is the wavelength of Cu Ka radiation (1.54 A), B is the FWHM,
and 0 is the diffraction angle.

D=K A\/Bcos (0) (2).

NiO NPs
JCPDS Card No: 00-047-1049
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Fig.2.XRD diffractogram of synthesized NiO NPs
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3.2 Functional Group Analysis and Confirmation by FT-IR

The characteristic peaks in the range of 400-4000 cm™ in the FT-IR spectrum confirmed the presence
of functional groups. The FT-IR spectrum (Fig. 3) showed minor peaks at 1041 and 1116 cm, confirming the
presence of trace amounts of polyphenol groups from the plant extract [17]. The characteristic vibration peak at
545 cm! corresponds to the stretching frequencies of the metal-oxygen bond (Ni-O), which is usually observed
between 400 and 700 cm™ [18]. The peak observed at 1630 cm™ is attributed to the bending mode of water
present in the lattice of the NiO NPs [19]. The peak at 1381 cm is attributed to the bending modes of the C-H
bond, while the peak at 2900 cm™ is due to the asymmetric stretching of C-H in CH, groups of the plant extract
[19, 20]. Additionally, A. A. Olajire et al. [21] reported a peak at 3400 cm™ due to the N-H stretching mode of
the plant extract bound to the NiO NPs as capping and stabilizing agents.
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Fig.3.FT-IR spectrum of green synthesized NiO NPs

3.3 Morphological and Elemental Analysis

The green synthesized NiO nanoparticles showed agglomerated irregular hexagonal shaped particles [5,22]. The
sizes of the nanoparticles ranged from 50 to 100 nm in random orientation with irregular surfaces. The HR-TEM
clearly indicated the lattice fringes and d-spacing seen in the NiO nanoparticles. The SEM micrographs showed
large agglomerated irregular and randomly oriented hexagonal plate-like structures. The large agglomerated
particles self assembled to form plate-like structures (Fig.4). According to the elemental mapping, the EDX
examination only detects the presence of nickel and oxygen (Fig.5). The compositional analysis reveals the
presence of Nickel (Ni) and Oxygen (O) in the plate-like structures (Table 1).
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Fig.4.(a, b,c) SEM micrographs, (d,e) TEM micrographs in various magnifications and
(f) HR-TEM micrograph of green synthesized NiO NPs

Fig. 5.Elemental mapping of (a) oxygen, (c) nickel of green synthesized NiO NPs

Element Composition (%)

Nickel (Ni) 76.21

Oxygen (O) 23.79

Table 1.Elemental composition using EDX analysis of green synthesized NiO NPs

3.40ptical Studies using UV-DRS

The UV-DRS spectra were recorded in the range of 200-800 nm to find the absorption region and the band gap
energy of the photocatalyst. Maximum absorption was observed at 340 nm in the green synthesized NiO
nanoparticles (Fig.6a). According to Tauc plot (Fig.6b), the diffusive reflectance mode in the UV-visible region
had an optical band gap of 3.6 eV, which is similar to the results obtained have reported a band gap of 3.55 eV
[23]. The formula in equation (2) is used to determine the optical band gap energy of the synthesized NiO
photocatalysts.
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Eg = 1240/)\,edge (2)

where Eq is the optical band gap energy and 1240 is the constant derived from the relationship between
frequency and wavelength as shown in equation(3) [24].

E = hc/A 3)

Where A (nm) is the wavelength, c is the speed of light in the vacuum (3x108 ms™') and h is Planck’s constant
(6.62607015 x 10734Js).
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Fig.6. (a) UV-DRS Spectra and (b) Tauc Plot of green synthesized NiO NPs

3.5 Magnetic Studies using VSM
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Fig.7.Magnetic hysteresis (M — H) curve measurement for green synthesized NiO NPs

VSM is a scientific tool that uses Faraday’s law of induction to detect magnetic properties. The Magnetization-
Field (M-H) hysteresis loop for the green synthesized NiO NPs was carried out at room temperature (Fig.7)[25].
The hysteresis curve of nickel oxide nanoparticles showed various properties such as saturated magnetization
(Ms= 47.22x10°% emu), retentively (M,=10.6x10%emu) and coercive field (H.= 139.62 Oe). Magnetization is
improved by decreasing the particle size, that leads to increased surface atoms and uncompensated surface spins,
resulting in greater magnetization [26]. According to the VSM, the saturated magnetization value 47.22x107
emu is observed in the NiO NPs, which displays super paramagnetic behavior [27]. Super paramagnetism

1661



International Journal of Multiphysics
Volume 18, No. 3, 2024
ISSN: 1750-9548

happens in nanoparticles that posses a single domain and this is attainable when the diameter of the particles is
less than 50 nm [28]. The magnetization of NiO NPs increased because of the lack of change in saturation when
the magnetic strength was increased to 10k Oe. The existence of the super magnetic particles can be attributed to
the electrical arrangement of uncompensated spins on the surface level [29]. Therefore, the observed super
magnetic behavior of the green synthesized NiO NPs can be attributed to the reduction in size as supported by
the XRD results.

3.6 Photocatalytic Activity of NiO NPs

Experiments were conducted to optimize parameters such as the amount of catalyst required and the
concentration of the dye [30]. As shown in Fig. 9 (a, b), the optimized conditions for the photocatalytic
degradation of MB are 40 mg of catalyst in a 5 ppm (50 ml) dye solution under visible light irradiation for 90
minutes. Fig.8 shows the degradation of methylene blue by NiO NPs for the time interval (90 mins). The
photocatalytic studies were performed in a photoreactor and in natural sunlight. The NiO photocatalyst showed
greater efficiency of 98% in the photoreactor compared to 45% in natural sunlight. In concordance with the
present study, Alzagri et al [31] achieved a maximum of 97% methylene blue degradation.

O mins 90mins

Degradation of Methylene Blue by N1O NPs

Fig.8. Degradation of Methylene Blue by NiO NPs

() (b),,
100 —=— NiO NPs —=—NiO NPs
'\' N
= £
€ g0l =
5 ® £ o0l
5 ]
g f i
5
& &
60
H 10 15 20 25 20 4 0 80 100
Conc of Dye (ppm) Amount of Catalyst (mg)
(c) (d)
1.0
100 . NO NPs = Blank
® Sunlight R°=0.991
0.8
80
i{' 0.6
c s -
2 o
3 O 04 e
"E 40 3 R'=0.4978
g E
8 0z
20 -
g0 w-099s
o - . . . . .
1 2 3 4 5 15 30 45 60 75 20
Cycle Number Time (Min)

Fig.9.Effect of (a) concentration of dye, (b) amount of catalyst, (d) duration of photocatalytic activity, (c)
reusability and kinetic studies of NiO NPs.

The study revealed that the light source from the photo reactor is efficient in producing the active/radical species

for the photo degradation of MB dye compared to natural sunlight, which is a combination of UV and visible
light with less intensity [32]. During the advanced oxidation processes (AOPs) the photo generated electrons
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and holes combine with oxygen and hydronium ions generating free radical hydroxyls (*OH) which are active
species responsible for the photo degradation of MB dye [33]. Equation (4-6) provides the potential process for
the degradation of methylene blue dye using synthesized NiO NPs.

NiO + hu— h* + ¢ 4)
0% + 2e-— "OH + OH" (5)
MB + ‘OH + h*— CO, + H.0 (6)
=
2
2
o
2
<
400 560 660 760 860

Wavelength (nm)

Fig.10.Photodegradation of MB using green synthesized NiO NPs
under optimized conditions

The photocatalysis of MB by the green synthesized NiO NPs under optimized conditions is shown in Fig.10
over a period of time. The photo degradation of MB dye using NiO NPs follows first-order reaction kinetics as
shown in Fig.9(d) [34]. All the fitted curves are shown in Fig.9 (d) plotted between time (t) vs. In(Ct/Co)
exhibited a linear fashion with the regression coefficient (R? of 0.97-0.99. The rate constant of NiO NPs in
photoreactor was higher compared to natural sunlight. This infers that photoreactor provides an optimal light
source for best photocatalytic activity. Reusability study was carried out with optimized conditions against MB.
The synthesized NiO NPs demonstrated good reusability for up to three cycles, retaining more than 93% of their

initial activity (Fig.9(c)). A gradual decrease in efficiency was observed in the fourth cycle due to the
deactivation of the catalyst's active sites [35].
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Fig.11. Schematic representation of the mechanism for photocatalytic activity
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4, Conclusion

Catharanthus roseus leaf extract was utilized for synthesizing nickel oxide nanoparticles via the biogenic sol-
gel method. The formation of face-centered cubic and hexagonal-shaped NiO NPs, along with an energy band
gap of 3.6 eV, was confirmed by XRD, HR-TEM, and UV-DRS analyses. The green-synthesized NiO NPs
exhibited remarkable super paramagnetic properties. They demonstrated excellent photocatalytic activity,
achieving 98% degradation of MB dye under visible light compared to natural sunlight. Optimization studies
indicated that 40 mg of NiO NPs catalyst decolorizes MB dye in 90 minutes. The degradation reaction followed
a first-order Kkinetics with a high regression coefficient (R> = 0.99). Overall, this study underscores the
remarkable photocatalytic activity of synthesized NiO NPs in wastewater treatment, highlighting their eco-
friendly and non-toxic nature, high stability, and reusability as effective absorbents.
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