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ABSTRACT

The present paper describes the green synthesis of Zinc oxide nanoparticles
(ZnO NPs) from the flowers of L. nepetifolin. Zinc oxide nanoparticles have
gained more interest from researchers due to their wide applications from
biological activity to energy storage system. The synthesis of ZnO nanoparticles
and examined by using Ultraviolet-visible spectroscopy, Fourier Transform-
Infrared spectroscopy, X-ray Diffraction analysis, Dynamic Light Scattering
analysis, Raman spectroscopy, Scanning Electron Microscopy and Energy Dis-
persive X-ray spectroscopy, BET, XPS, Transmission Electron Microscopy, and
Thermogravimetric Analysis. The photocatalytic studies were followed using
methylene blue (MB) dye by ZnO nanoparticles by using sunlight as a source.
The degradation of MB dye is found to be 90% within 70 min. Then the syn-
thesized ZnO nanoparticles help to evaluate the antioxidant activities against
Nitric oxide, Hydrogen peroxide, and DPPH free radicals. Moreover, the syn-
thesized ZnO NPs show good biocompatibility nature, and the electrochemical
analysis of reduced Graphene Oxide with Zinc oxide (rGO-ZnO) nanocomposite
shows that the prepared rGO-ZnO nanocomposite has a high specific capaci-
tance of about 667 F g~' in comparison with the pure Zinc oxide nanoparticles
(200 F g~') and has good cycling stability over 1000 cycles.
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1 Introduction

Environmentally friendly nanoscience research is one
of the integrative research domains, in various sec-
tors. The synthesis of nanoparticles can be done by
several methods such as the sol-gel process, pulsed
laser deposition, thermal evaporation, mechanical
milling method, spray pyrolysis, and organometallic
microwave-assisted methods [1]. Unfortunately,
those methods are highly expensive, the usage of
toxic chemicals is high, labor-intensive (need a large
workforce), and dangerous to the environment. Some
hazardous chemicals involved in the chemical
methods have harmful effects in the medical field.
However, the green synthesis of metal nanoparticles
using bio waste which encourages the non-toxic, eco-
friendly pathway to the synthesis of nanomaterial
[2-4]. Especially agricultural wastes contain a high
number of secondary metabolites which reduces
metal ions by biologically active substances like an
enzyme, amino acid, phenolic compound, and vita-
min which all acts as natural reducing agents. Using
agro-waste materials lowers the cost of synthesis and
minimizes the energy needed when compared to
both methods (physical or chemical) also, they lower
the need for using highly dangerous chemicals or
other byproducts, these properties highlighting the
essence of the green route synthesis method by using
natural wastes of biological or plants like seed, barks,
leaf, flower, stem, etc. [5-7]. There are various metal
NPs like ZnO, TiO,, WO;, CuO, Fe,Os, SnO,, and
CeO, that plays a versatile role in all domain such as
photocatalyst, and energy storage application. Metal
oxides nanoparticles (MONDPs) are crucial in various
diverse applications, such as energy generation,
conversion, and storage, as well as in environmental
remediation and pollutants monitoring. In MONPs
exhibit a variety of their crystal structure, morphol-
ogy, composition, intrinsic flaws, doping, etc., metal
oxides demonstrate a wide range of functional qual-
ities that affect their optical, electrical, chemical, and
catalytic activity [8]. Among various metal oxide
nanoparticles, ZnO nanoparticles have wide appli-
cations in various sectors due to their strong UV
protection, optoelectronic devices, energy storage
devices, removal of heavy metals from water, and in
the medical fields such as nano diagnostics,
nanomedical, gene, and drug delivery, and high
antimicrobial activities [6-14]. In recent years, the
simplistic and new synthetic procedure of ZnO
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nanoparticles is increased due to its non-poisonous,
multiple functions, is highly biocompatibility, very
low cost, and eco-friendly nature over other metallic
nanoparticles [15, 16]. Over the decades, various
methods of synthetic procedure are followed to syn-
thesize ZnO NPs, especially the synthesis of ZnO
using a greener method was trending due to its
simple and easy procedure.

Leonotis nepetifolia is a tropical African and South-
ern Indian flower belonging to the family Lamiaceae.
Therefore L. nepetifolia flowers are cost-less agro-
waste that contains secondary metabolites, during the
biogenesis of metallic nanoparticles they could
additionally act as reducing agents, capping agents,
and stabilizing agents in a very simple and cost-ef-
fective synthesis method [9]. The active ingredients of
Leonotis nepetifolia like polyphenols, tannins, and fla-
vonoids will carry out reduction/oxidation reactions
to convert metal precursors into specific metal
nanoparticles. Bioreduction processes are chemically
complex but environmentally safe and good. The
main highlight of this work investigates the biosyn-
thesis of ZnO NPs from Leonotis nepetifolia extract and
the synthesized ZnO NPs were characterized by
XRD, UV-Vis, FT-IR, DLS, SEM, EDX, TEM, TGA,
BET, XPS and Raman spectroscopy and the basic
structural properties were disclose in Table 1 and the

Table 1 structural properties of ZnO

Property Measured value

Crystal structure Hexagonal, Wurtzite

Crystal Noncentrosymmetric

Molecular weight Zn0:81.38 g/mol

Weight % 0:19.66, Zn: 80.34

Atomic % 0:50.00, Zn:50.00

Lattice constant a=3246 A
c=5207 A

o 90°

B 90°

Y 120°

Space group P63mc (186)

Density 5.67 glem®

Melting point Tm = 2250 K

Band gap at RT 33eV

Size: XRD-26 nm
SEM-25-35 nm
TEM-25-100 nm

Stress (€) 0.00243

Strain (5)/10° Pa 0.568
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synthesized ZnO NPs were applied for various
applications like antioxidants, dye degradation, bio-
compatibility, and energy storage applications. ZnO
NPs exhibited 3.5% of total hemolytic activity and
there was no destruction of red blood cells. The
hemolytic activity of synthesized ZnO nanoparticles
was less considerable, implying its safe nature in the
chemotherapeutic application. The photocatalytic
studies were followed using methylene blue (MB)
dye by ZnO nanoparticles by using sunlight as a
source. The degradation of MB dye is found to be
90%. The synthesized ZnO NPs show good biocom-
patibility nature and natural antioxidant activity
against DPPH, nitric acid, and H,O, radicals.
Importantly, the synthesized ZnO with r-GO shows
acceptable supercapacitor applications with high
specific capacitance (667 F g”') and high cyclic sta-
bility. This implies the biosynthesized ZnO shows
various applications in greener methods. The high-
light of this work is one pot synthesized greener
method material for various applications like photo-
catalyst, dye degradation, and energy storage
application.

2 Experimental part
2.1 Materials

The chemicals Zn(NOs),, distilled water, and other
reagents used in this work were purchased from
Sigma-Aldrich and used without any purification.

2.2 Process and preparation of the extract

The flower extract was prepared by the following
process, the L. nepetifolin flower was washed many
times with water and dried under sunlight.
Approximately 10 g of L. nepetifolia dried flowers
were taken in a washed 250 mL beaker and mixed
with 100 mL of H,O (double-distilled water). Then
the mixtures were boiled at 100 °C for around
10 min. Afterward, the solution color changes from
colorless to reddish-brown. Afterward, the flower
extract is transferred to Whatman No. 1 filter paper
and then that filtrate was kept in the refrigerator for
further usage. Finally, it is used for the synthesis of
Zinc oxide nanoparticles.
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2.3 Biosynthesis of ZnO nanoparticles

The Zinc oxide nanoparticles were synthesized by
mixing L. nepetifolia flower extract (50 mL) and zinc
nitrate (5 g) and then that mixture was stirred using
the magnetic stirrer at 60-80 °C for 1 h. We obtain a
reddish paste when the temperature reaches 70 °C,
this paste is dried in the dryer at 100-130 °C, for
45 min in the oven. Zinc oxide nanoparticles were
obtained in the form of pale yellow-colored powder.
Then, it is collected and dehydrated at 70 °C utilizing
a hot air oven overnight. Finally, it is stored in a
vacuum desiccator.

2.4 Purification of ZnO nanoparticles

To recover the ZnO nanoparticles, the L. nepetifolia
flower extract (10 mL) was mixed with the zinc
nitrate solution (90 mL). Afterward, that mixture was
placed at room temperature for nearly 4 days and
then the nanoparticles formed were visually
observed at regular intervals of time. After complet-
ing the incubation, the solution was allowed to cen-
trifuge at 5000 rpm for 15 min. Then the precipitate
was collected and suspended in distilled water for
further centrifugation. The collected precipitate was
washed two to three times to remove the impurities
present in it. Finally, the nanoparticles obtained were
dried in an air oven overnight till the moisture is fully
discarded and the dried nanoparticles were collected
for further use.

2.5 Characterization

The Ultraviolet-Visible absorption (UV-Vis) spec-
trum of the sample was collected by using the Jasco
(V-560) spectrometer with a wavelength of 200—
800 nm. The Fourier transform infrared (FT-IR)
spectrum of the synthesized ZnO nanoparticles was
obtained from the 460 Plus FT- IR spectrometer
(JASCO) instrument. The identification of the phase
of the annealed powdered nanoparticle is recorded
by using the JEOL JDX 8030 X-ray diffractometer
instrument of Cu—K o with radiation of 1.5406 A’.
The particle size was measured by a dynamic light
scattering (DLS) analyzer [ZEN3600 He-Ne laser
(633 nm), the size ranges from 0.3 nm to 10 my].
Raman spectrum was carried out by using LabRAM
HR evolution microscopic confocal Raman spec-
trometer (Horiba, Japan). The scanning electron

@ Springer



1131 Page 4 of 20

microscopy (SEM) studies and Energy Dispersive
X-ray (EDX) spectroscopy were recorded by using
FE-SEM, SU8000, Hitachi, Tokyo, Japan. Transmis-
sion Electron Microscopy (TEM) analysis was per-
formed on the FEI TECNAI T20 G2 instrument
operated at an acceleration voltage of 120 kV. Ther-
mal analysis and decomposition of the synthesized
nanoparticles are observed by the differential scan-
ning calorimetry/thermogravimetric analysis (DSC/
TGA-50, SHIMADZU) measured from 25 to 700 °C at
a heating rate of 10 °C/min. The Brunauer-Emmett-
Teller (BET) specific surface area of ZnO NPs was
measured by adsorption—desorption study of nitro-
gen molecules at 77 K using a Quanta chrome Nova
1000 analyzer. The surface composition and chemical
state of the ZnO NPs were determined by XPS
(ThermoScientific, MULTI LAB 2000).

2.6 Photocatalytic degradation of MB
by ZnO NPs

The synthesized ZnO was thoroughly investigated
for bioremediation studies performed by using
methylene blue (C;sH1sCIN3S) in direct sunlight.
During the reaction, the flux in lighting was studied
at the starting point of the analysis it was 1225 W/m?
and then it reaches 1275 W/m.” for 70 min. The light
intensity was determined to be the same all over the
study. 0.3 g of synthesized ZnO nanoparticles and
dissolved in 50 mL of 10 uM dye solution (MB dye)
and then sonicated for 25 min in the darkroom to
attain maximum absorption. Likewise, the control
was kept under the same condition without ZnO,
then it changes the colour of the dye solution when
compared with the nanoparticles [16, 17]. The colour
of the solution (MB) was changed from blue to
colourless. For methylene blue, the UV absorption
peak was obtained at 660 nm for 10 min intervals
[18]. According to the following formula, the degra-
dation percentage of the dye can be calculated by
using the Eq. (1)

% degradation = (Ip —1/Ip) x 100 (1)

where, Iy is the starting intensity of the MB,
I is the intensity after photodegradation.

2.7 Haemolytic activity

Haemolysis is defined as the destruction of red blood
cells (RBC) which causes the release of hemoglobin
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into the blood plasma due to the damage to the ery-
throcyte membrane. Then, hemolysis takes place in a
higher area which leads to a very dangerous patho-
logical condition. 9 mL of the Heparinized human
blood sample was collected; 1.5 mL of 3.9% sodium
citrate was dissolved slowly. Afterward, this can
highly inhibit blood coagulation. Then the rejection of
supernatant having platelet-poor plasma occurred.
Once the plasma is discarded, it was washed thrice
with 10 mL of PBS (phosphate buffer saline) solution
having a pH value of 7.4 to separate the RBC buffy
coat. The suspension of cells in PBS takes place to get
the cells suspended uniformly. Different concentra-
tions of ZnO nanoparticles of untreated RBCs, 25, 50,
75, 100, and 125 gu/mL were taken in separate
sample tubes. Add 2 mL of erythrocyte suspension to
all the test tubes and the sample tubes were reversed.
Then sample tubes were shaken slowly to keep the
blood in contact with synthesized ZnO nanoparticles
and simultaneously incubated at 36 °C for 85 min
[19]. Centrifugation of the sample occurred at a high
3000 rpm of around 6 min. Separation of the super-
natant was taken place and 540 nm is the absorbance
measured against a PBS blank solution. Triton X-100
(0.1% v/v) and PBS were used as positive and neg-
ative control respectively. Haemolysis percentage (%)
was calculated by the formula (2) shown below
Haemolysis percentage

_ (The absorbance of sample — Absorbance of blank)

= 100
(Absorbance of positive control) x
(2)

2.8 Antioxidant activity of synthesized
ZnO NPs by flower extract

2.8.1 Nitric oxide scavenging assay

Nitric oxide scavenging assay of L. nepetifolia was
determined by Griess reaction using sodium nitro-
prusside and Griess reagent used as an important
ingredient. 100 u L of 10 mM sodium nitroprusside
dissolved in 100% of CHzOH (Methanol) was added
slowly to various concentrations of flower extract (L.
nepetifolia) and synthesized NPs (ZnO NPs) [(20-
100 gu/mL)]. Ascorbic acid has been utilized as a
standard. The prepared reaction mixture was placed
at RT (Room Temperature) [(20-25 °C)] for nearly
3 h. After incubation, the reactant absorbance was
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determined at 546 nm and the scavenging rate is
calculated by using the formula (3).

2.8.2 H,0, scavenging assay

The H,O, scavenging assay of L. nepetifolin was esti-
mated by monitoring the reduction of H>O,. Ascorbic
acid was considered as a standard and various con-
centrations of L. nepetifolia flower extract or ZnO NPs
(20-100 gu/mL) is dissolved in dH,O (Distilled
water) and were mixed in an H,O, solution,600u L of
40 mM in PBS. After the incubation process, the
reactant absorbance was determined at 230 nm and
the scavenging rate is calculated by using the formula

3.
2.8.3 DPPH scavenging assay

DPPH compound is a free radical which is used as a
substrate to measure antioxidant activity. The
reduction capacity of DPPH free radical was mea-
sured by the decrease in its concentration induced by
the antioxidant activity. The free radical scavenging
potential of the flower extract, antioxidant was
observed by the degree of discoloration [20, 21]. The
antioxidant activity of flower extract (Leonotis nepeti-
folia) and synthesized ZnO NPs was estimated by
DPPH free radical scavenging activity. 1 M DPPH
solution of 500 p L is mixed in 100% of methanol and
then it was added equally to different concentrations
of L. nepetifolia flower extract and ZnO NPs (20-
100 gu/mL). Afterward, shake the solution vigor-
ously and then place that solution for nearly 30 min
of incubation in a dark place. After the completion of
incubation, the reactant absorbance was determined
at 517 nm [22, 23]. Ascorbic acid was utilized as a
positive control.

The percentage of scavenging potential was mea-
sured by the formula given below

Scavenging activity (%) = [(Acontrol — Asample) / Acontrol]
x 100

(3)

where A onwol = Absorbance of a control, A
sample = Absorbance of a sample.
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2.9 Preparation of rGO/ZnO
nanocomposite

About 0.3 g of ZnO NPs and rGO of 1 g were mixed
with 100 mL of distilled water (dH,O) and it is
placed at ultrasonication for 30 min with constant
stirring. Then the mixture obtained is filtered and
dried in a dried oven. The nanocomposite (rGO/
ZnO) obtained was stored in the vacuum desiccator
under a nitrogen atmosphere.

2.10 Electrochemical measurements

CHI electrochemical workstation (Model 660E, USA)
with typical three types of electrodes was used to
perform the electrochemical analysis in a 2 M KOH
electrolyte solution. For electrochemical characteri-
zation, CV (Cyclic voltammetry), EIS (Electrochemi-
cal impedance spectroscopy) and CP
(Chronopotentiometry) were used [24-26]. A plat-
inum wire is used as a counter, a saturated calomel
electrode as a reference and an active material coated
with nickel foil as the working electrode. About 90
wt% of this active material, 5 wt% of acetylene black
and 5 wt% of polytetrafluoroethylenes were ground
and mixed with N-methyl-2-pyrrolidone (NMP) to
get a homogeneous slurry. Then using a doctor blade
method, the slurry is coated uniformly on a nickel foil
(1 cm™?) and dried for 12 h at 90 °C. The mass of the
active material contains 5 mg and acts as a working
electrode. Around 0.01 Hz-100 k Hz of frequency
range and with 10 mV of the sinusoidal signal, the
EIS was conducted. Then, with 5 A g~' of current
density, we tested the cycling stability [27-29]. From
the data of CV and GCD, the Energy density (d, Wh
kg™"), average Power density (d,, W kg™ and
Specific capacitance (F g~ ') were calculated using the
following formulas (4-7):

SC(CV) = VﬁdAvv (4)
SC(GCD) = % (5)
a5 ><2(AV)2 (6)
dy= ¢ )

where m is the mass of active materials (g),
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I is the current load (A g~'),v is the scanning rate,
AV is the potential difference, and.
At is the discharge time.

3 Results and discussion
3.1 UV-Visible spectroscopy

UV-Vis (Ultraviolet-Visible) spectroscopy 1is the
technique commonly used to determine the optical
properties of the nanoparticle, and it also explains the
formation of ZnO nanoparticles in an aqueous solu-
tion. Figure 1a shows the UV-Vis spectra of extract
and synthesized ZnO NPs. The absorption spectrum
of Leonotis nepetifolia flower extract showed a peak at
the wavelength of 275 nm which corresponds to
components like glycosides that can be used as a
capping agent and flavonoids as a reducing agent for
the synthesis of Zinc Oxide nanoparticles. The
absorption spectrum of the ZnO NPs showed single
broadband at the wavelength of 340 nm. This peak is

] Mater Sci: Mater Electron (2023) 34:1131

assigned as the transition of electrons from the
valence band (VB) to the conduction band (CB) (Znszq4
— Ogp). Due to its blue shift, the reduction in the size
of the ZnO nanoparticle causes a decrease in the
wavelength and increases the frequency. Thus, ZnO
nanoparticles absorb at a lesser wavelength than that
bulk ZnO. The free electrons in ZnO nanoparticles
give rise to the Surface plasmon Resonance (SPR)
absorption band, which occurred due to the com-
bined vibration of electrons present in the nanopar-
ticles with the light waves. These SPR thin peaks
show that the particles are in a nanosized range with
narrow particle size distribution.

The SPR (Surface Plasmon Resonance) and energy
bandgap (E;) of the green synthesized ZnO
nanoparticles were calculated with the wavelength
range of 200-800 nm using the UV-Visible spectro-
scopic method. ZnO nanoparticles were dispersed in
distilled water (200 mg L.”") and exposed to an
ultrasonic bath for 15 min [30, 31]. The bandgap
energy of ZnO nanoparticles is calculated by using
the formula (8)

A [(—=zndl
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E = hc/’ (8)

where h—Planck constant (6.626 x 107* ] s),c—ve-
locity of light (2.99 x 108 m s™"), andA max—maxi-
mum absorption wavelength.

The bandgap energy calculated using the above
formula for ZnO NPs was determined to be 3.24 eV
(Fig. 1a) is smaller when compared to bulk ZnO
(3.3 eV). The diffused reflectance spectra (Fig. 1A1)
implies a sudden increase at 380 nm it shows the
material had a good reflective characteristic and the
intrinsic property of material can define by optical
conductivity which shows the conduction nature
from the movement of charge because of alternating
electric field of incident light and the optical con-
ductivity was calculated by using below Eq. (9 and
10) (Fig. 1A2)

1 1
- — 1 9
n Ts + Ts 9)
Oopt = Noc/4m (10)

Which represents o,y is optical conductivity, n is
refractive index, o is adsorption coefficient, Ts is
transmittance, and n is reflectance.

3.2 FT-IR spectroscopy

FT-IR studies are an analytical technique widely used
to detect various functional groups, ionic interaction,
and metal-oxygen bonds that exist in Leonotis
nepetifolia flower extract and the synthesized ZnO
nanoparticles. Figure 1b shows the spectra for
extracted and synthesized ZnO NPs. Strong stretch-
ing at 3730 cm™' corresponds to the sharp OH
stretching frequency of alcohol. The broad stretching
peak at 3442 cm ™' and 3411 cm ™' is due to the OH
group for the extract and ZnO NPs. The peak at
2920 cm™' and 2914 cm™' is due to the—CH
stretching frequency of the hydroxyl compound. The
strong absorption peak at 2384 cm™' corresponds to
the stretching vibration of O=C=0. The peak at
1614 cm™" and 1590 cm™' is mainly due to the
stretching vibration of C=C of the alkene group. Few
absorption peaks at 1352 cm™!, 865 cm™', and
1432 cm™' have been attributed to—CH stretching
frequency. The absorption peak at 1003 cm™' corre-
sponds to the C-N bond stretching frequency of the
primary amine of the ZnO NPs. The peak at 720 cm ™"
and 701 cm™' might be due to C-H out-of-plane
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bending. A stretching peak of 1048 cm™" appears due
to the stretching frequency of C-O vibration. The
peaks at 550 cm™' and 500 cm™' correspond to the
stretching vibration of Metal-Oxygen (Zn-O) [32-34].

3.3 XRD analysis

X-Ray Diffraction studies are used to measure the
crystalline nature of synthesized ZnO powder. The
XRD pattern of the synthesized nanoparticles was
shown in Fig. 1c. XRD studies were used to deter-
mine the crystal phase of the nanoparticles (JCPDS
36-1451). The intense peaks were observed 2
Ofrom20 — 80. XRD pattern shows an intense peak
obtained 2 0 values at 31.68°, 34.51, 36.27", 47.68,
56.55, 63.05, 66.68, 68.11°, 69.21°, 73.02", 77.16  are
due to corresponding diffractions from the lattice
planes (h, 1, k) are (100), (002), (101), (102), (110), (103),
(200), (112), (201), (004), (202) respectively confirms
the hexagonal wurtzite structure [35-37]. The particle
size of synthesized ZnO NPs can be measured by
Debye-Scherrer,s formula (11),
KA
~ Pcosl (1)

where D—Particle size of the nanoparticlesK—
Scherrer, s constant.A—Wavelength of the X-rayf—
Additional peak width at half the peak height.0—
Bragg angle

This equation is used to determine the crystallite
size of about 26 nm. The sharp and narrow diffraction peak
observed at (101) was 26 nm. The crystallinity of the
synthesized ZnO nanoparticle was confirmed by the
narrow peak. The XRD pattern does not show any
other impurity peak indicating the high purity of
wurtzite ZnO nanoparticles are prepared. the lattice
parameters a and c for the synthesized wurtzite ZnO
structure were calculated using the equation.

3.4 Dynamic light scattering analysis

DLS analysis is a non-invasive technique widely used
to measure the particle-size distribution (PSD) of
macromolecules and small particles in dilute sus-
pension using a narrow laser beam and scattering of
light is noticed by a fast single-photon detector at a
well-known scattering angle 0. The initial measure-
ment of DLS has performed with the intensity-
weighted particle with clearly defined PSD. The
particle size starts from 20 to 25 nm and the average
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particle size of ZnO nanoparticles in an aqueous
medium is 22.14 nm (Fig. 2a). The DLS results
showed a single peak and narrow distribution at
room temperature. In DLS analysis comparative
radial symmetry of size distribution images show the
uniformity of the synthesized ZnO NPs [38, 39]. The
particle size measured using the DLS method was
also supported by XRD analysis (25.68 nm).

3.5 Raman analysis

Raman spectra of the synthesized nanoparticles were
shown in Fig. 1d. The Raman spectrum is important
to determine the crystallization process, vibrational
property, structural disorder, and defects in nanos-
tructures. The Raman spectra are used to obtain the
vibrational properties of synthesized ZnO nanopar-
ticles. As stated in the group theory, the given for-
mula (12) is used to measure the optical modes.

I'opt = Al + 2B2 + E1 + 2E2 (12)

where Al and E1 are the modes of two active polar
branches, it is split into Longitudinal Optical (LO)
and Transversal Optical (TO) components with vari-
ous frequencies. Al, E1, and E2 are the modes of the
first-order phonon. Both the phonon modes (Al and
El) obtained are polar and both seem to be Raman
and infrared (IR) active whereas the mode (E2) is
non-polar and Raman active only [40, 41]. The first-
order Raman modes were obtained at 90 cm™',

380 cm™!, 420em™!, 540 em™!, 582 cm~!, and
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680 cm ™! which represents to the E>(low), A;(high),
Ex(high), A1(LO) and E;(LO) respectively. The sec-
ond-order phonon has presented at about 200 cm ™"
that is assigned to 2E;(Iow). Finally, the multiphoton
mode was obtained at 330 cm™' which corresponds
to Ex(High)—E,(low).

3.6 SEM and EDX analysis

The SEM image of the synthesized nanoparticles was
shown in Fig. 3c. The shape and size of synthesized
ZnO nanoparticles can be determined by this analysis.
The different magnifications range from 2 to 200 pm
are seen through SEM images. Most of the ZnO
nanoparticles are spherical with high agglomeration
observed and the average particle size from 25 to
35 nm is confirmed by SEM images and matches with
the XRD crystallite size. The single nanoparticles can-
not be considered by the intense observation of the
SEM images. Then synthesized ZnO nanoparticles are
analysed by EDX (Energy-Dispersive X-ray) spec-
troscopy (Fig. 3d). The elemental composition of the
ZnO nanoparticles is determined by the EDX analysis.
EDX analysis verified the existence of synthesized ZnO
NPs. Using EDX the presence of components such as
zinc (76.26%), oxygen (20.51%), and carbon (3.23%) is
determined. EDX results indicate that there is a vari-
ation from stoichiometry, when we consider the
atomic weight of the elements, then we obtain the
number of oxygen than zinc. But the synthesized ZnO
was not stoichiometric, it can be known by these
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percentages and then presented defects, mostly inter-
stitial oxygen (O;) gives the excess of this element in
the sample. A strong signal is revealed for zinc by EDX
spectra. Carbon is present in very low amounts which
indicates the action of plant phytochemical groups in
the reduction process and capping method of the
synthesized ZnO nanoparticles. No other elements
were determined, this shows the pure ZnO nanopar-
ticles obtained by green synthesis [42, 43].

3.7 TEM analysis

Figure 3a indicates the TEM image of the synthesized
nanoparticles. Variations of the particle shape or the

presence of larger or smaller particles are directly
visualized by the TEM images. The size and mor-
phology of the synthesized ZnO nanoparticles were
studied using TEM. TEM images show irregularly
shaped nanoparticles with a distribution of agglom-
erates. TEM images revealed that the ZnO nanopar-
ticle was mostly spherical with size ranges from 25 to
100 nm coinciding with the XRD crystallite size. Due
to green synthesis, some shapes were oval, where the
biological molecules can act as capping on ZnO
nanoparticles. Then X-rays intensities which are
dispersed by a sample as a function of the scattering
angle are measured by a technique known as SAED
For the homogeneous sample, reliable results based
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on the evaluation of the excess number of particles
are obtained by an ideal method SAED (Fig. 3b).
More accurately, reveals a polycrystalline structure
mainly as per the observed diffraction rings (100),
(002), (101), (102), (103), (110), (112). It is observed
that the most intense diffraction ring at (100) and
coincides with the XRD data [44, 45].

3.8 Thermogravimetric and differential
scanning calorimetry analysis

The TGA of the synthesized nanoparticles was shown
in Fig. 2b. The thermal analysis technique is used to
determine the physical changes of the substance at a
controlled temperature. Thermogravimetric analysis
(TGA) is a technique used to characterize the material
by measuring its change in mass as a function of
temperature. The transfer of heat in the sample is
determined by  DSC  (Differential  Scan-
ning Calorimetry) analysis (Fig. 2b). TGA / DSC
analysis of synthesized nanoparticles provides con-
current weight change, and heat flow respectively on
the same sample. From the TGA diagram of ZnO NP,
three stages of weight loss can be detected. The first
weight loss of about 5-10% that had been reported
from 25 to 120 °C is because of the evaporation of
water molecules in the sample. The simultaneous
second weight loss of around 20-30% was observed
in the range of 120-210 °C and is attributed to
decarboxylation. The third weight loss of about
210-350 °C indicates the formation of ZnO NP. No
weight loss recorded between 350 and 700 °C was
seen in the TGA curve, which indicates the ZnO
nanoparticles formed as a final product. Three quasi-
sharp endothermic peaks were recorded from the
DSC analysis. The first endothermic peak observed at
140 °C was attributed to the evaporation of the water
absorbed from the sample and the second endother-
mic peak at 220 °C is due to the decomposition of
organic molecules present in the sample. The third
endothermic peak at 390 °C is due to the decompo-
sition of the precursor to ZnO NP [46, 47].

3.9 Elemental composition of synthesized
ZnO NPs

The further conventional method to investigate the
surface chemical properties of synthesized ZnO NPs
was subjected to X-ray photoelectron spectroscopy as
shown in Fig. 4. The wide scan survey shows the
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presence of Zn and O in the synthesized ZnO NPs. In
Fig. 4b the peaks observed at 1024 and 1044 eV rep-
resents Zn 2P3,, and Zn 2P,,, this discloses the
presence of Zn in the state of Zn**. Similarly, in
Fig. 4c the binding energy at 529 eV and 531 eV
represents O 1s of O°” ion in the Zn-O bonding
those values were matched with Asha Rani et al. [48].

3.10 Textural surface analysis

According to Brunauer Emmett Teller (BET), the
surface area of synthesized ZnO nanoparticles was
examined to identify the surface chemical properties
and porosity of the material. Figure 5 represents the
N, adsorption and desorption isotherm of ZnO
nanoparticles and it represents the type IV isotherms
behavior with the H-3 hysteresis loop as per IUPAC
classification, exhibiting mesoporous materials, with
pore openings from 2 and 50 nm [48] and the pore
size distribution was inset into the Fig. 5. Using
Brunauer-Emmett-Teller (BET) surface area analysis,
the surface area of ZnO nanoparticles was deter-
mined to be 62.1m2/g.
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3.11 Photocatalytic activity of MB

The absorption spectrum of the MB polluted sample
at various intervals of photocatalytic activity is
shown in Fig. 6a. The photocatalytic activity was
carried out for methylene blue (MB) using the flowers
of Leonotis nepetifolia, and ZnO nanoparticles were
synthesized. The natural light source was taken from
the sun and the absorption spectra at 660 nm are
obtained for methylene blue. The initial step involves
MB dye molecules being adsorbed on ZnO
nanoparticles which results in the dye sensitization of
ZnO. Through UV light, the VB (Valence Band)
contains electrons (e”) of highly dye-sensitized ZnO
and gets excited to the CB (Conduction Band) with
equal amounts of h™ (holes) produced in the Valence
Band. The more positive potential is found in the
Conduction Band of ZnO, the superoxide are pro-
duced by the reactions of oxygen molecules, and the
surface electrons. The separated h* (holes) will
interact with the H,O (electron donors) forms
activeOH, few free radicals. Following, the attack of
surface-adsorbed MB dye molecules with the pro-
duced h* and other free radicals (OH, O, "), gives
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the decolouration and open ring reaction. Then the
reaction of photocatalytic activity of MB dye solution
contains active species such asOH (hydroxyl radi-
cals), h* (holes), and Oy~
(superoxideoxideradicalanion). Hydroxyl radicals, and
Holes have an essential role in the degradation of MB
dyes by Zinc oxide nanoparticles using UV light.

MB (aqueous solution) + ZnO — MB-ZnO
MB-ZnO + h v — MB-ZnO (h* +e.")

e + Oz — 02'7

h* + H,O -—OH + H*
MB-ZnO + h* /OH

O + CO; + by-products.

© an T

/02'7—7 ZnO + H,.

The adsorption kinetics of photodegradation

exhibited pseudo-first-order kinetics. The rate
Eq. (13) is given as
—In(C/Cy) = Kt (13)

where Cj is the first concentration of the MB dye
solution,

C is the concentration after photodegradation,

K is the rate constant, and.

T is the time taken.

Degradation has occurred efficiently when the rate
constant is less than 1. For reactant, the degradation
rate is measured and found to be 0.3156 mg/L min.
The high photocatalytic activity is due to the elec-
trostatic interaction between the anionic methylene
blue dye and the positive zeta potential of ZnO
nanoparticles. Additionally, the physical interaction

@ Springer

between the functional groups on the MB dye and the
oxygen group of ZnQO is the reason for the adsorption
of MB dye effectively. Figure 6b presents the time
profile of MB photocatalytic degradation efficiency.
Around 45% of the total Methylene blue concentra-
tion was degraded within 20 min of the photocatal-
ysis with a final Methylene blue degradation
efficiency of 94% at the finish of 70 min, this implies a
better dehydration process when compared to pre-
viously reported studies [49-52].

3.12 Hemolytic activity of ZnO NPs

Many bioactive molecules may concentrate on toxic
problems known as hemolysis, which is character-
ized by the breakdown of human RBC (erythrocytes)
which forms the hemoglobin. Damage to essential
organs such as the heart, kidney, and liver was
caused by the free hemoglobin in plasma. Then it is
important to examine the hemolytic studies of the
bio-active molecules. The hemolytic activity is con-
sidered the simple, inexpensive, and fast method for
initial toxicity evaluation. Figure 7a shows the results
of the hemolytic assay of positive control, negative
control, and ZnO NPs. The percentage of lysis is
98.5% and 0.9% for positive and negative control
respectively, while 125 p g/mL of ZnO NPs exhibited
3.5% of total hemolytic activity and there was no
destruction of red blood cells. The hemolytic activity
of synthesized ZnO nanoparticles was less consider-
able, implying its safe nature in the chemotherapeutic
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application. Hemolytic activity was studied for vari-
ous concentrations (25, 50, 75, 100, 125 u g/mL) and
compared with untreated RBCs (Fig. 7b). Both the
number of dead cells and the concentration of ZnO
NPs were increased and we observe the maximum
hemolysis (3.5%) for 125 u g/mL. Thus, a low con-
centration of nanoparticles can be used in pharma-
cological investigations due to their biocompatibility
and non-toxic behavior.

3.13 Antioxidant activity of ZnO NPs
3.13.1 Nitric oxide scavenging assay

From this study, Fig. 8, results obtained show that the
scavenging activity of NO (nitric oxide) increases
with an equal increase of various concentrations (20—
100 u g/mL) for the Ascorbic acid, extract, and ZnO

nanoparticles. The scavenging assay of the extract
(85%) and ZnO NPs (70%) are lower when compared
to ascorbic acid (90%) at 100 u g/mL.

3.13.2 H,0; scavenging assay

From this study, the results obtained show that the
scavenging activity of H,O, (hydrogen peroxide)
increases with an equal increase of various concen-
trations (20-100 pg/mL) for the Ascorbic acid,
extract, and ZnO NPs. The activity of the ascorbic
acid (90%) and ZnO NPs (70%) are lower when
compared to extract (85%) at 100 u g/mL.

3.13.3 DPPH free radical scavenging assay

Antioxidant activity is dependent on the reducing
influence of (2, 2-diphenyl-1-picrylhydrazyl) DPPH.

A B -
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I 70 NPs 80- [N ZnO NPs
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L
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Fig. 8 RSA of prepared ZnO against a DPPH b Nitric oxide ¢ H,O, with various concentration
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The green synthesized nanoparticles have excellent
antioxidant activity, due to their small particle size
with the larger surface area. ZnO NPs showed lower
activity (65%) as compared to extract (90%) at 100 u
g/mL. The scavenging assay of ZnO NPs is low
compared to the activity obtained with Ascorbic acid
(Positive control). The activity increase with increas-
ing concentration. Green synthesized ZnO NPs show
good scavenging activity.

3.14 Electrochemical techniques
3.14.1 Cyclic voltammetry analysis

Figure 9a shows the CV curves for the rGO and rGO-
ZnO nanocomposite using three types of electrodes
in strong 2M KOH electrolyte solution in the
potential range (— 1 V to 1 V) at a scan rate (50 mV/
s) shows quasi-rectangular shape. Figure 9b indicates
the Cyclic Voltammetry curves of the entire com-
posite at various scan rates. A quasi-rectangular
shape of the CV curve without clear redox peaks
indicates the perfect capacitance performance.
According to equation (a), the specific capacitances of
rGO-ZnO nanocomposite are found to be 667, 560,
432, 372, 295, and 251 F g~ at 5, 10, 20, 50, and 100
mVs ™' respectively. Furthermore, the specific capac-
itance of rGO is 153, 118, 97, 82, 74, and 59 F g™
respectively (Fig. 9c). The values of specific capaci-
tance observed for synthesized rGO-ZnO nanocom-
posite electrodes are larger when compared with the
same reports obtained earlier (Table 1). The prepared
rGO-ZnO nanocomposite has a very high specific
capacitance is assigned to the more charge storage
and higher accessibility of electrolyte towards the
nanomaterials. Besides, rGO exhibits EDLC behavior
with higher surface area and conductivity whereas

] Mater Sci: Mater Electron (2023) 34:1131

due to the synergistic effect the rGO-ZnO nanocom-
posite possesses better charge storage indicating the
capacitance nature of rtGO-ZnO nanocomposite. The
K" ions in the KOH electrolyte interact with rGO-
ZnO to form rGO-ZnOK. The specific capacitance of
nanocomposite decreases with an increase in the scan
rate. This may be due to the movement of ions within
the electrolyte solution increasing slowly and then
that lowers with the ease and extent of the charge-
storing process of the active material.

3.14.2  Chronopotentiometry analysis

Knowing about the GCD (Galvanostatic Charge-
Discharge) analysis and then the electrochemical
performance, the materials were analyzed by
Chronopotentiometry using strong 2 M KOH as
electrolyte with a two-electrode cell (2E). Figure 10a
shows the straight and symmetrically triangular GCD
curves of rGO-ZnO and rGO with excellent
reversibility for outstanding carrier transport and
ideal EDLC behavior for good electrochemical per-
formance indicating fast current-voltage response for
the superior reversible redox process. Figure 10b
shows the curves (GCD) of rGO-ZnO nanocomposite
at various current densities from 1 to 25 A g~ ' It
shows an IR peak at 1 A g~' (0.935 V) to little change
(0.902 V) showing that for electrolyte and rGO-ZnO
nanocomposite electrodes the internal ion transfer
arises easily. The specific capacitance is calculated
based on equation (b) for discharge curves for rGO-
ZnO (Fig. 10c) are about 667, 552, 428, 363, 282, and
232 F g*] when the current density is 1.0, 5.0, 10, 15,
20, and 25 A g_l, which is several-fold higher than
that of rGO (147, 106, 87, 72, 64, and 49 F g_l). The
superior performance of this nanocomposite is due to
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Fig. 9 a CV curves of rtGO-ZnO nanocomposite and rGO at a scan rate of 50 mV s~' b CV curves of ZnO-rGO based supercapacitor at
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the morphology of the nanocomposite which helps
the electrolyte ion transfer between electrode—elec-
trolyte interface, the surface area of the nanocom-
posite which shortens the diffusion between the outer
electrolytes to the inner surface and the defects are
absent in rGO improves the electrical conductivity of
rGO-ZnO nanocomposite which is suitable for higher
electrical conductivity. The energy and power den-
sities of rGO-ZnO nanocomposite material can be
calculated from equations c and d using Ragone plots
(Fig. 10d). The rGO-ZnO nanocomposite electrode
shows the energy densities of 43.2, 37.2, 35.2, 32.6,
27.3, and 23.5 Wh kg™ concerning the power densi-
ties of 500, 1000, 1500, 2500, 5000, and 10,000 W kg
Similarly, tGO exhibit a maximum Energy density
(d.) of 203 Wh kg™' is smaller than rGO-ZnO
material.
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3.14.3  Electrochemical impedance spectroscopy

The capacitive resistance behavior of the material
based on frequency, the high charge transfer kinetics
involved within the three types of the electrode and
the electrolyte diffusion property, then AC impe-
dance measurements were achieved. Nyquist plots
(Fig. 11) of nanocomposite (rGO-ZnO) and the elec-
trode (rGO) consist of a single straight line at the very
low-frequency area due to the ideal electrical double-
layer capacitive behaviour of the nanocomposite
electrode and the semi-circle at the high-frequency
area is obtained because of charge transfer resistance
(Rct). Similarly, in a short 45° regime, the interme-
diate frequency is known as the Warburg impedance
region due to the frequency-dependent ion transport
or ion diffusion of the electrolyte in the electrode. To
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illustrate the magnitude of equivalent series resis-
tance, the diameter of the semi-circle is acquired from
the high-frequency range (inset) from the x-intercept.
It is observed that a decrease in internal resistance
and increase in conductivity for smaller equivalent
series resistance value of rGO-ZnO (4.3 Q) than rGO
(5.2 Q). The inset of (Fig. 11) describes the equivalent
circuit of the series of the electronic element includ-
ing Ry (electrolyte resistance) between the reference
and working electrode and R, (Rct).

To evaluate the practical applications of electro-
chemical supercapacitor electrodes, then we tested
the long-term cycling stability. To analyze the elec-
trochemical stability of the nanocomposite electrode
(rGO-ZnO) and rGO electrode, galvanostatic charge—
discharge cycling tests tested the current density at
10 A g for 5000 cycles. Figure 11 presents the
specific conductance as a function of cycle number.
rGO-ZnO nanocomposite electrode exhibit out-
standing cycling stability with a capacitance retention

of 97.2% after 5000 cycles suggesting that the pre-
pared rGO-ZnO nanocomposite has a good potential
for supercapacitor applications over another method
ZnO material (Table 2). This is mainly due to the
good mechanical stability, flexibility, and perfect
hybridization of nanocomposite electrodes (ZnO and
rGO).

4 Conclusion

The synthesis of ZnO NPs was successfully synthe-
sized in a greener method (L. nepetifolia extract) and
analyzed by UV-Vis absorption spectrum showing
the blue shift when compared to bulk ZnO which is
assigned to the size effect. FTIR of ZnO NPs appears
the band at 500 nm is due to vibration of Zn-O
bonding. The XRD pattern confirms that the synthe-
sized ZnO NPs exhibit sphericality while zinc and
oxide ions are present in the nanoparticles as

Table 2 Comparison of the

specific capacitance of Material Electrolyte Specific capacitance (F g™ ') Reference
o enerropors 160700 KoH 150 (53]
Zn0-rGO NaHCO; 63 [54]
Zn0- GO H,0 432 [55]
rGO-ZnO NaOH 41 [56]
ZnO- rGO NaOH 188 [57]
rGO-ZnO Na,SO, 448 [58]
rGO-ZnO KOH 667 This work
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observed by EDX analysis. The nanoparticles are
fully agglomerated and the average size of ZnO NPs
is about 26 nm were confirmed by SEM and TEM
images respectively and matched with XRD crystal-
lite size. ZnO NPs show good photocatalytic against
methylene blue with 90% degradation. And it reveals
excellent hemolytic activity for medicinal field
applications and antioxidant assay against DPPH,
Nitric oxide, and H,O,. The combined effect of ZnO
and rGO shows the good electrochemical perfor-
mance of the prepared (rGO/ZnO) nanocomposite
electrode material when compared to pure ZnO.
Nanocomposite electrode material reveals a high
specific capacitance (667 F g”') and high cyclic sta-
bility. Therefore, the prepared ZnO nanomaterial can
be widely used as an electrode material for applica-
tions in energy storage, in the nanomedicine field,
and good dye degradation processes.
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