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A B S T R A C T   

We have reported biosynthesis of zinc oxide (ZnO) nanoparticles (NPs: S3/B3) using an aqueous extract of seeds 
and barks of Azadirachta indica for antibacterial, photocatalytic, and supercapacitor applications. XRD pattern 
demonstrates a hexagonal wurtzite structure while FTIR spectra confirm the phytochemicals coating. 
Morphology is revealed from the FE-SEM images: (a) block-shaped S3 with ~ 50–100 nm width and 90–125 nm 
length; (b) bar-shaped B3 with ~ 40–50 nm thickness and 200 nm length. DLS study showed a zeta potential 
value of − 28.93/-28.00 mV for S3/B3 indicating their good colloidal stability in aqueous suspension. Besides, 
antimicrobial activity of S3 is performed on various gram-negative/-positive bacteria and minimum inhibitory 
concentrations (MIC) are determined as 125–150 μg/mL. Moreover, methyl orange dye has been degraded with 
B3 NPs with a degradation efficiency of 84.62% in 180 min. Furthermore, the specific capacitance (Cs) and 
energy density (E) values of the S3/B3 confirmed their potentiality for supercapacitor applications.   

1. Introduction 

Nowadays, transition metal oxides nanoparticles (MONPs) have 
attracted a great deal of attention because of their excellent chemical 
stability and numerous physicochemical properties [1–5]. Among these, 
zinc oxide (ZnO) nanoparticles (NPs) and their nanocomposites are 
extensively used in potential multifunctional applications such as pho
tocatalytic [6], supercapacitor [7], wound healing [8], gas sensing [9], 
anti-bacterial/fungal [10], opto-/piezo-electronic [11–12], anticancer 
and other biomedical applications [13–14]. Nanostructures of ZnO are 
also studied for theranostics and drug delivery [15]. 

Recently, ZnO NPs have received considerable attention as antibac
terial agents due to their toxic effect on various bacteria such as 
Escherichia coli [16–17]. Sharmila et al have reported biosynthesized 
ZnO NPs using leaves extract of Tecoma castanifolia for antimicrobial and 
anticancer activity [18]. Similarly, Ramesh et al have synthesized ZnO 
NPs using leaves extract of Solanum nigrum for antimicrobial activity 
[19]. Later, Zhong et al reported the ultrahigh efficiency of 

ZnO nanorods for antibacterial activity [20]. Moreover, ZnO NPs are 
biosynthesized using flower extract of Trifolium pratense for antibacterial 
study [21]. Likewise, ZnO NPs are also biosynthesized using seed extract 
of Silybum marianum for antibacterial and antidiabetic activity [22]. 
Recently, Asif et al. have biosynthesized ZnO NPs using cyanobacteria 
for a bioactivity study and compared them with commercially available 
ZnO [23]. 

Nowadays, ZnO and Zinc ferrite NPs and their nanocomposites are 
widely investigated as photocatalysts for photocatalytic degradation of 
various organic dyes under the irradiation of light [24–25]. For example, 
Lv et al have investigated the photocatalytic activity of ternary com
posite of ZnO NPs with reduced graphene oxide (rGO) and carbon 
nanotube (CNT) for degradation of methylene blue [25]. Similarly, Gao 
et al have studied the rapid photodegradation of Rhodamine B (RhB) in 
presence of visible light with a nanocomposite of ZnO NPs functional
ized with sulphonated graphene oxide (SGO) [26]. Likewise, Gu et al 
have synthesized the coral-like composites of ZnO/C-ZnFe2O4 hierar
chical structures to enhance photocatalytic as well as antibacterial 
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efficiency [27]. 
Currently, MONPs are extensively used for high-performance 

supercapacitor applications due to their low resistance [28–34]. Yadav 
et al have reported a comparative study of biosynthesized ZnO NPs and 
CuO NPs for electrochemical supercapacitor applications [35]. Simi
larly, Singh et al have studied nanocomposite of ZnO NPs for super
capacitor application and reported the specific capacitance (Cs) value of 
100 mF/cm2 which is stable up to 2000 cycles [36]. Rani et al have 
reported a specific capacitance (Cs) value of 535.7142F/g at a voltage 
scan rate of 20 mV/s for biosynthesized rod-shaped ZnO nanostructure 
using glassy carbon electrode [7]. Likewise, Justin et al obtained a Cs 
value of 5 mF/cm2 for core/shell ZnO/MnO2 nanocomposite in 1 M 
Na2SO4 aqueous supporting electrolyte [28]. Saghafi et al have reported 
the specific capacitance (Cs) value of 1237F/g at 50 mV/s using bime
tallic oxide Zn-Co electrode [29]. 

In this work, we have biosynthesized ZnO NPs using an aqueous 
extract of seeds and barks of Azadirachta indica (neem tree) for anti
bacterial, photocatalytic, and supercapacitor applications. Herein, the 
seeds/barks extract consists of various phytochemicals that act as a 
reducing agent as well as a capping/stabilizing agent. As-synthesized 
ZnO NPs are investigated for antimicrobial activity against four bacte
ria such as Pseudomonas aeruginosa, Escherichia coli, Staphylococcus 
aureus and Streptococcus pneumonia. ZnO NPs are also inspected for 
photocatalytic degradation of methyl orange (MO) dye under UV light. 
Moreover, the electrochemical study of biosynthesized ZnO NPs has 
been performed via cyclic voltammetry (CV) using 0.5 M Na2SO4 
electrolytes. 

2. Materials and methods 

The metal salt precursor, zinc sulfate heptahydrate (ZnSO4⋅7H2O), 
and sodium hydroxide (NaOH) are obtained from Central Drug House 
(P) Ltd – CDH, India. Methyl orange dye is procured from Merck, and 
supporting electrolyte sodium sulfate (Na2SO4) is acquired from Sigma 
Aldrich. All solutions are prepared in double-distilled water. All the 
reaction precursors and the supporting electrolyte are of analytical 
grade (A.R.). 

2.1. Collection of neem tree seeds and barks 

Healthy and fresh seeds and barks of Azadirachta indica (Neem tree) 
are collected from the Department of Chemistry, University of Delhi. 

2.2. Preparation of 25% of seeds and barks extract 

The seeds and barks of Azadirachta indica are washed with double 
distilled water and dried in a hot air oven for 2 h at 60 ◦C. The amount of 
25 g of seeds/barks in powdered form is added to 100 mL of double- 
distilled water and then kept on a hot plate magnetic stirrer for half 
an hour at 40 ◦C. Next, the freshly prepared extract is filtered using the 
Whatman filter paper no.1, after that filtered extracts are added to the 
corresponding reaction precursor’s solutions for the synthesis of ZnO 
NPs. 

2.3. Synthesis of ZnO NPs 

ZnO NPs are synthesized via a green approach using seeds and barks 
extract of Azadirachta indica and the as-prepared ZnO NPs samples are 
labeled as S3 and B3, respectively. Herein, 50 mL aqueous solution (0.2 
M) of pure ZnSO4⋅7H2O and 50 mL aqueous solution (1.0 M) of NaOH 
are taken in a beaker and then 3 mL freshly-prepared seeds/barks extract 
is added into this beaker containing zinc precursor solution. Next, the 
resulting reaction mixture is heated and maintained at 40 ◦C (313 K) 
while constantly stirred at 450 rpm for two hours using a hot plate 
magnetic stirrer. As a result, ZnO NPs are precipitated from the reaction 
mixture with a formation of white-colored colloidal solution. 

Subsequently, the precipitated ZnO NPs are centrifuged and washed 
with 90% alcohol. After that, the washed ZnO NPs are dried at 80 ◦C in a 
hot air oven for two hours and the dried powder samples (S3/B3) are 
further characterized. 

2.4. Characterization of ZnO NPs 

The UV–Visible absorption spectra of the as-synthesized ZnO NPs 
(S3/B3) are recorded by UV-Spectramax M2e UV–visible spectropho
tometer. The composition of the S3/B3 is determined via Fourier 
transform infrared (FT-IR) spectroscopy (using 55-Spectrometer, 
Bruker, USA) with the KBr pellet as the reference material. The crystal 
structure of the ZnO NPs is determined from the X-ray diffraction (XRD) 
pattern obtained by an X-ray diffractometer (D8 Discover, Bruker) 
equipped with Cu Kα (as X-ray source, λ = 1.54056 Å), where 2θ value is 
kept in the range of 25◦ − 80◦ (with an increment of 0.0194◦/s). Surface 
topography/morphology of the as-prepared ZnO NPs are determined by 
using a scanning electron microscope (JEOL Japan Mode: JSM 6610LV) 
with 30 kV accelerating voltage and magnifications: X5 to X 3,00,000 at 
a resolution of 3 nm under high vacuum, whereas elemental composi
tion is determined through in-built energy-dispersive X-ray spectroscopy 
(EDS). Further, the zeta potential values of an aqueous suspension of the 
S3/B3 samples are recorded using the dynamic light scattering (DLS, 
Horiba Nano ZS) technique. 

2.5. Antibacterial activity 

The antibacterial activity of as-synthesized ZnO NPs (S3) is per
formed via broth dilution method (Garcia, 2010) [37] using the stains 
from clinical isolates and the bacteria such as Escherichia coli, Pseudo
monas aeruginosa, Staphylococcus aureus and Streptococcus pneumoniae. 
Initially, a stock solution of NPs (2 mg/mL) is prepared by dispersing 
ZnO NPs (S3) in pre-sterilized deionized water using ultra-bath soni
cator. Next, the stock solution is further diluted to different concentra
tions ranging from 0.2 μg/mL to 200 μg/mL and then added into the test 
tubes containing varying amounts of sterile Luria Bertani broth 
(Muniyan et al., 2017) [38]. 

After that, 0.5 mL of overnight culture test bacteria (using 0.5 
McFarland turbidity standards) are added to these test tubes aseptically 
and later the tubes are incubated at 37 ◦C for 24 h. The bacterial cultures 
without any test solution and the tubes with only sterile media are kept 
as positive and negative controls, respectively. Finally, the results are 
obtained by measuring the optical density of the inoculated broth at 600 
nm while minimum inhibitory concentration (MIC) is recorded as the 
lowest concentration of the test sample inhibiting the growth of the 
inoculated test bacteria. 

2.6. Photocatalytic activity 

The photocatalytic experiment is performed using a Lelesil Innova
tive Photocatalytic Reactor. Herein, 500 mL methyl orange solution (2 
μM in neutral medium pH = 7.0) is exposed to a 125 W low-pressure 
mercury lamp for 180 min in presence of 250 mg of ZnO NPs (B3) as 
a nanocatalyst for methyl orange degradation. Next, 4 mL of dye samples 
are taken out from the test solution initially at a 20 min interval up to 60 
min and then at a 30 min interval. Each sample is centrifuged for 4 min 
at 1200 rpm and the maximum absorbance is recorded at 464.58 nm 
(λmax) using a spectrophotometer (Model: SpectraMaxM2e). Herein, the 
absorbance for dye test solution is decreased with time continuously 
after exposure to UV–Visible light. 

2.7. Electrochemical analysis 

Electrochemical analysis of the as-prepared ZnO NPs is performed 
using an electrochemical work-station (Model: K-Lyte 1.2) at room 
temperature and applying a three-electrode system (Pt electrode as 
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working electrode (NPs are drop casted on it), Ag/AgCl as reference 
electrode, Pt mesh as a counter electrode). Herein, specific capacitance 
(Cs) is calculated using the cyclic voltammetry (CV) technique. This 
study has been done in presence of 0.5 M Na2SO4 at different scan rates 
at 20 mV/s, 40 mV/s, 60 mV/s, 80 mV/s and 100 mV/s respectively. 

3. Results and discussions 

3.1. UV–Visible spectroscopy 

Fig. 1(a) shows the UV–Visible spectra of the as-synthesized ZnO NPs 
(S3/B3) and the maximum absorbance are obtained at 369.03 nm and 
367.52 nm for S3 and B3 samples, respectively. Similar values of 
maximum absorption peak (λmax) are reported by Khara et al, Padalia et 
al and Jayaseelan et al [39–41]. The energy bandgap (Eg) is evaluated 
from the intercepts of tauc’s plots (i.e. (αhν)2 vs hν curves using UV–Vis 
absorption spectra data) as shown in Fig. 1(b) and Fig. 1(c) for S3 and B3 
samples, respectively. The tauc’s formula (equation 1) is used to eval
uate the energy bandgap as follows, where A denotes a constant and hν 
represents the photon energy. The value of γ factor is equal to 1/2 for the 
direct and 2 for indirect transition energy bandgaps respectively. 

(αhν)1/γ
= A

(
hν − Eg

)
(1) 

Herein, the Eg value is determined as 2.8192 eV and 2.4772 eV for S3 
and B3, respectively. Thus, the Eg value for S3 is found to be greater than 
that of the B3 indicating that the capping efficiency of phytochemicals 
present in seed extract is higher than that of phytochemicals present in 
the barks extract of Azadirachta indica. These results are in good agree
ment with the reported values by Rani et al [7] and other groups [6,42]. 
Besides, Robels et al have observed that the Eg value decreases from 
2.96 eV to 2.77 eV with increasing concentration of Hibiscus sabdariffa 
extract for the synthesis of ZnO NPs [43]. 

3.2. FTIR analysis 

Fig. 2 (a) and 2 (b) depict the FTIR spectra of the as-synthesized S3 
and B3 samples in the wavenumber range of 4000–500 cm− 1 and 
1600–400 cm− 1, respectively. 

Fig. 2 (a) shows the broad peak at 3326.60 cm− 1 and 3500,16 cm− 1 

–3390.24 cm− 1 for stretching/bending vibration of OH group due to 
physically adsorbed water (H2O) molecules to the S3 and B3 NPs, 
respectively. Similar results have been reported in the literature [41,7]. 
Fig. 2 (b) portrays the peaks at 1550.48 cm− 1 and 1508.43–1425.13 
cm− 1 due to the presence of carboxylic C = O group indicating phyto
chemicals (such as polyphenolic acid, derivative of polyphenolic acid, 
flavonoids and so on) attached to the ZnO NPs of the S3 and B3 NPs, 
respectively. Besides, the peaks corresponding to the aromatic -C-H 
bond (1095.41–1041.37 cm− 1), -C-O bond (1378.85 cm− 1), aromatic -C 
= C (1498.41–1475.27 cm− 1) are representing phytochemicals attached 
to the S3 sample. Likewise, the bands conforming to the aromatic -C-H 
bond (1095.36–1041.37 cm− 1, 944.94–887.09 cm− 1), -C-O bond 
(1374.99 cm− 1), aromatic -C = C (1426.13 cm− 1) are also demon
strating phytochemicals attached to the B3 NPs. Moreover, the peaks at 
835.95–617.10 cm− 1 and 827.31–632.53 cm− 1 are due to the -Zn-O- 
stretching vibrations of the S3 and B3 NPs, respectively. 

3.3. X-ray diffraction (XRD) analysis 

Fig. 3 shows the XRD pattern of the as-synthesized S3/B3 NPs and 
matched with that for the ZnO NPs as reported by Seo et al, Salehi et al 
and Akhtar et al (JCPDS No. 5–0664, 36–1451) [5,44–45]. The peaks 
corresponding to the 2θ values of 31.28◦, 34.04◦, 36.04◦, 47.09◦, 56.17◦, 
62.32◦, 66.01◦, 67.48◦, 68.63◦, 72.18◦ and 76.48◦ are due to the (hkl) as 
(100), (002), (101), (102), (110), (103), (200), (112), (201), (004) 
and (202) confirms the wurtzite crystalline structure of S3/B3 NPs. 

3.4. FE-SEM and EDS analysis 

Fig. 4 (a) and 4 (b) show the FE-SEM images of the as-prepared B3 
and S3 samples, respectively. It can be seen that the obtained ZnO NPs 
are bar shaped with ~ 40–50 nm thickness and 200 nm length and block 
shaped with ~ 50–100 width and 90–125 nm length for the B3 and S3 
samples, respectively. Besides, the ZnO nanobars (B3) are stacked with a 
parallel alignment whereas ZnO nanoblocks (S3) are agglomerated as 
shown in Fig. 4( a) and 4 ( b), respectively. 

Fig. 1. (a) UV–Visible absorption spectra for S3 and B3 samples, (b) Tauc’s plots of S3 sample (Eg = 2.8192 eV), (c) Tauc’s plots of B3 sample (Eg = 2.4772 eV).  
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3.5. Zeta potential analysis 

Fig. 5 represent the zeta potential curves of the as-synthesized ZnO 
NPs dispersed in an aqueous suspension. The zeta potential value is 
determined as − 28.93 mV for S3 and − 28.00 mV for B3 as shown in 
Fig. 5 (a) and 5 (b), respectively, thus, indicating the good colloidal 
stability of the ZnO NPs in their aqueous dispersion. Similar zeta po
tential values are reported by Asif et al. (–22.1 mV), Akhtar et al. (-31 
mV) and Asik et al (-28.2 mV) for the aqueous suspension of the green 
synthesized ZnO NPs [23,45,46]. Such type of stability based on zeta 
potential is applicable for biomedical application of these green syn
thesized ZnO NPs in future. 

3.6. Antibacterial activity 

Herein, the antimicrobial activity of as-synthesized ZnO NPs (S3) are 
performed using the broth dilution method on two different types of 
bacteria namely (i) gram-negative bacteria (Escherichia coli and Pseu
domonas aeruginosa) and (ii) gram-positive bacteria (Staphylococcus 
aureus and Streptococcus pneumoniae) and the results are given in 
Table 1. The minimum inhibitory concentration (MIC) is found to be 
135 µg/mL for Escherichia coli, 150 µg/mL for Pseudomonas aeruginosa, 
and 125 µg/mL for both Staphylococcus aureus and Streptococcus pneu
monia, respectively. It is clear from the MIC values that as-synthesized 
ZnO NPs (S3) are more effective against gram-positive clinical isolates 
than gram-negative clinical isolates. Moreover, higher MIC values are 
demonstrated for gram-negative bacteria indicating that these clinical 

Fig. 2. FTIR Spectra of the as-prepared ZnO NPs (S3/B3) in the wavenumber range of (a) 4000 cm− 1 –500 cm− 1 and (b) 1600 cm− 1 –400 cm− 1.  

Fig. 3. X-ray diffraction pattern of the as-synthesized S3 and B3 samples.  

Fig. 4. FE-SEM images of as-synthesized ZnO NPs: (a) B3 (with bark extract) and (b) S3 (with seeds extract).  
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isolates are more resistant against the as-synthesized ZnO NPs (S3) i.e., a 
higher concentration of ZnO NPs is needed to prevent the growth of 
these microbes. Table 2 shows the reported MIC values for antibacterial 
activities of green synthesized ZnO NPs (using extract of various parts of 
different types of plants) against various gram-positive as well as gram- 
negative bacteria [47–53]. 

It is clear that as-synthesized ZnO NPs are more effective towards 
gram-negative bacteria whereas MIC value (125 μg/mL) has been found 
to be half of the reported value (i.e., 250 μg/mL by Barani et al) for 
Staphylococcus aureus [53]. The higher MIC values for gram-negative 
bacteria than gram-positive bacteria can be explained on the basis of 
strongly negative charge to surface of gram negative bacterial cells. As 
we know that the gram negative bacteria have an outer covering of 
bacterial cell wall structure. This cell wall structure is made of lipo
polysaccharides and phospholipids respectively. The surface of gram 
negative bacterial cells have negative charge due to presence of lipo
polysaccharides. The negative zeta potential (-28.93 mV) of synthesized 
nanoparticles (S3) can be responsible for higher value of MIC. Due to 
negative zeta potential the interaction between synthesized nano
particles and surface of bacterial cells wall will be lesser than the gram 
positive bacterial cells. So, the lipopolysaccharides present in cell wall 
structure of gram-negative bacteria that make the cell wall more resis
tant and impermeable to external substances, such as antibacterial 
agents. World health organization (WHO) has also published a list of 
antibiotic-resistant priority for gram negative pathogens in 2017 [73]. 

Similarly, high value of MIC for gram negative bacteria than gram 
positive bacteria is reported by Al-nemrawi et al [74]. The authors re
ported that ZnO NPs have MIC value of 100 µg/mL against E. coli (gram 
negative bacteria) and 50 µg/mL against S. aureus (gram positive 
bacteria). 

3.7. Photocatalytic activity 

Fig. 6 (a) depicts UV–Visible spectra for photocatalytic degradation 
of methyl orange (MO) in presence of nanocatalyst ZnO NPs (B3) at 
different time intervals and without B3 (MO blank - black colour curve). 
Herein, the absorbance of MO at λmax (464.58 nm) is assigned respec
tively as Ao in absence of nanocatalyst and At in presence of nanocatalyst 
for the MO sample taken out from the test solution at different times 

Fig. 5. Zeta potential curves of (a) ZnO NPs (S3) synthesized with seeds extract and (b) ZnO NPs (B3) synthesized with barks extract.  

Table 1 
Minimum Inhibitory Concentration (MIC in µg/mL) of as-prepared ZnO nano
particles (S3) for various bacterial pathogens.  

S.N. Clinical Isolates MIC value (μg/mL) 

1 Escherichia coli 135 
2 Pseudomonas aeruginosa 150 
3 Staphylococcus aureus 125 
4 Streptococcus pneumoniae 125  

Table 2 
Comparison of antibacterial activities of earlier reported biosynthesized ZnO 
NPs.  

S. 
N. 

Nanoparticles Plant extract/ 
Bacteria used 

Organism/ MIC 
value 

References 

1 ZnO Brassica rapa Escherichia coli/25 
µg/mL 
Bacillus subtilis/ 
12.5 µg/mL 

[47] 

2 5% Ni-ZnO Brassica rapa Escherichia coli/25 
µg/mL 
Bacillus subtilis/50 
µg/mL 

[47] 

3 ZnO Berberis aristata Escherichia coli/256 
µg/mL 
Klebsiella 
pneumonia/256 µg/ 
mL 

[48] 

4 ZnO Periconium sp. Staphylococcus 
aureus/50 µg/mL 
Escherichia coli/50 
µg/mL 

[49] 

5 ZnO Medicago sativa Staphylococcus 
epidermidis 0.58 µg/ 
mL 

[50] 

6 ZnO Prosophis fracta Pseudomonas 
aeruginosa/12.5 µg/ 
mL 
Acinetobacter 
baumannii/12.5 µg/ 
mL 

[51] 

7 Ag-ZnO Prosophis fracta Pseudomonas 
aeruginosa/3.12 µg/ 
mL 
Acinetobacter 
baumannii/3.12 µg/ 
mL 

[51] 

8 ZnO Stachytarpheta 
jamaicensis 

Staphylococcus 
aureus/<25 µg/mL 
Bacillus subtilis/ 
<25 µg/mL 

[52] 

9  5% Cu-doped 
ZnO  

Stachytarpheta 
jamaicensis  

Staphylococcus 
aureus/<25 µg/mL 
Bacillus subtilis/50 
µg/mL 
Escherichia coli/125 
µg/mL 

[52] 

10 ZnO Marinobacter sp. 
And Vibrio sp. 

Pseudomonas 
aeruginosa/62.5 µg/ 
mL 
Staphylococcus 
aureus/250 µg/mL 
Bacillus subtilis/500 
µg/mL 
Listeria innocua/ 
1000 µg/mL 

[53]  
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intervals up to 180 min after UV–Visible light exposure. It is clear from 
Fig. 6 (a) that no new λmax peak arises at different time intervals of dye 
degradation. It indicates that the MO is completely degraded into water 
and carbon dioxide with time in presence of the light. According to 
Lambert-Beer’s law absorbance is directly proportional to concentration 
and hence absorbance is respectively considered as Ao (absorbance of 
stock solution) and At (absorbance after irradiation at different time 
intervals) corresponding to the test solution concentration Co (initial 
concentration of stock dye solution) and Ct (remained concentration of 
dye solution at different time intervals). It can be seen that the absor
bance of degraded MO decreases with time when the dye solution has 
been irradiated with the source of light for different time intervals. 
Therefore degradation of MO follows first-order rate kinetics as given by 

equation (2). The value of the rate constant (k = 0.0143 min− 1) has been 
evaluated from the slope of ln Co/Ct vs time (min) curve as given in Fig. 6 
(b). 

Moreover, the efficiency of ZnO NPs (B3) nanocatalyst to degrade the 
MO has been obtained from equation (3). Fig. 6 (c) shows the degra
dation efficiency (%) vs time (min) plot and the efficiency is calculated 
as 84.62 % at a degradation time of 180 min. Table 3 represents a 
comparative study on photocatalytic activity of as-synthesized ZnO NPs 
(B3) with respect to the reported ZnO NPs based nanocatalyst in dye 
degradation [54–64]. Gawade et al have reported 81 % efficiency of MO 
degradation under the exposure of UV light for 100 min using ZnO NPs 
synthesized using leaves extract of Calotropis procera [62]. Likewise, 
Karnan et al have also investigated 83.99 % efficiency of MO 

Fig. 6. (a) UV–Visible spectra for degradation of methyl orange in presence of nanocatalyst ZnO NPs (B3) at different time intervals and without catalyst (MO blank), 
(b) Methyl orange degradation kinetics: ln Co

Ct 
vs time (min), (c) Methyl orange degradation efficiency (%) using ZnO NP (B3) vs time (min). (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 3 
A comparative study on photocatalytic activity of as-synthesized ZnO NPs (B3) with respect to the reported ZnO NPs based nanocatalyst in dye degradation [54–64].  

S. N. Nanocatalyst Plant Source Dye Light source of irradiation Time of irradiation Degradation efficiency % References 

1   ZnO NPs  Garcinia mangostana  Malachite green Sunlight 180 min 99 % [54] 

2 ZnO NPs Brassia oleracea L. Var. italic Methylene blue UV light 180 min 74 % [55] 
3 ZnO NPs Brassia oleracea L. Var. italic Phenol red UV light 180 min 71 % [55] 
4 ZnO NPs Myristica fragrans Methylene blue UV light 140 min 88 % [56] 
5 ZnO NPs Heliotropium indicum Methylene blue Sunlight 240 min 93 % [57] 
6 ZnO NPs Salvadora persica Methylene blue UV light 150 min 95 % [58] 
7 ZnO NPs Passiflora foetida Rhodamine B UV light 70 min 91.06 % [59] 
8 ZnO NPs Bridelia retusa Rhodamine B Sunlight 165 min 94.74 % [60] 
9 Ag-ZnO NPs Trigonella foenum-graecum Malachite green Visible light 120 min 100 % [61] 
14 ZnO NPs Azadirachta indica Methyl orange UV light 180 min 84.62 %  This work  
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degradation under the exposure of UV light for 120 min using ZnO NPs 
synthesized using peel extract of Nephelium lappaceuml [63]. Similar, 
results have been obtained with green synthesized ZnO by Varada
venkatesan et al [65]. Thus, the photocatalytic activity of MO using as- 
synthesized ZnO NPs (B3) is in good agreement with the reported pho
tocatalytic activity. 

kt = ln
Co

Ct
(2)  

Degradation efficiency (%) =

(
Co − Ct

Co

)

× 100... (3) 

The mechanism of MO dye degradation with ZnO NPs (B3) has been 
given as below (reaction steps 1–7). Herein, in the first step adsorption 
of dye on the surface (active sites) of ZnO NPs (B3) takes place. In the 
second step on exposure of UV–Visible light, the electrons (e-) and holes 
(h+) are generated. In the third step, when holes (h+) combine with 
nanocatalyst ZnO NPs (B3) and consequently, the H+ and HO. are pro
duced. In the fourth step, the ZnO (h+) combine with –OH and generates 
hydroxyl radical (HO.). In the fifth step, ZnO (e-) reacts with dissolved 
oxygen (O2) in the dye solution and generates a peroxy anion radical 
(O2

–.). Thus hydroxyl radicals (HO.) and peroxy anion radicals (O2
–.) 

(step 6 & 7) react with dye molecules and gives intermediates products 
and finally carbon dioxide (CO2) and water (H2O) are formed in this 
process.  

ZnO + dye → ZnO–dye                                                                   (1)  

ZnO–dye + hv (source of light, LPML) → ZnO(e-, h+)—dye                 (2)  

ZnO (h+) + H2O → ZnO(OH•) + H+ (3)  

ZnO (h+) + OH–→ZnO(OH•)                                                           (4)  

ZnO (e-) + O2 → ZnO(O2
–.)                                                               (5)  

OH• + dye → intermediate products → degradation products                  (6)  

O2
– • + dye → intermediate products → degradation products                  (7)  

3.8. Electrochemical study 

The electrochemical study of S3 and B3 ZnO NPs (drop cast on Pt 
electrode) has been performed with help of the cyclic-voltammetry 
technique in presence of 0.5 M Na2SO4 electrolyte. The cyclic- 
voltammogram (CV curves) are obtained at different scan rates as 
shown in Fig. 7 (a) and Fig. 8 (a) for S3 and B3 ZnO NPs, respectively. 

Moreover, Fig. 7 (b) and Fig. 8 (b) represent the specific capacitance vs 
scan rates curves for S3 and B3 ZnO NPs, respectively. Herein, the 
specific capacitance (Cs) and energy density (E) of as-synthesized S3 and 
B3 ZnO NPs are determined using CV curves based on the equations (4) 
and (5), respectively [66]. 

CS =

∫
I

mS(V2 − V1)
(4)  

where Cs is the specific capacitance (farad (F) per gram (g)), m is the 
mass of the electrode materials, I is the integrated current area and (V2 - 
V1) is the potential window and S is the voltage scan rate. 

E =
1
2
×

(
1000
3600

)

× CSV2 (5)  

where, E is the energy density (watts (W) hour (h) per kilogram (kg), V is 
the potential window, Cs is the specific capacitance. 

The Cs values are estimated as 1.5351F/g, 1.4308F/g, 1.3333F/g, 
1.2485F/g and 1.1944F/g for S3 NPs (refer Table 4) and 1.2735F/g, 
1.1470F/g, 1.0805F/g, 1.0422F/g and 1.0073F/g for B3 NPs (refer 
Table 5) at 20 mV/s, 40 mV/s, 60 mV/s, 80 mV/s and 100 mV/s, 
respectively. It can be seen that the Cs value decreases with increasing 
scan rates from 20 mV/s to 100 mV/s (refer to Fig. 7 (b) and 8 (b)) 
whereas, the peak current increases with the increase of scan rates (refer 
to Fig. 7 (a) and 8 (a)). It means as-synthesized ZnO NPs (S3/B3) have 
high charge storage efficiency at a lower scan rate. Our results are in 
good agreements with reported value for graphene oxide (2.13F/g) at 5 
mV/s [67]. 

Furthermore, the E values are evaluated as 0.1539 Wh/kg, 0.1435 
Wh/kg, 0.1337 Wh/kg, 0.1252 Wh/kg, and 0.1197 Wh/kg for S3 NPs 
(refer Table 4) and 0.1277 Wh/kg, 0.1150 Wh/kg, 0.1083 Wh/kg, 
0.1045 Wh/kg, and 0.1010 Wh/kg for B3 NPs (refer Table 5) at 20 mV/s, 
40 mV/s, 60 mV/s, 80 mV/s and 100 mV/s, respectively. The energy 
density values of as-synthesized ZnO NPs (S3/B3) are in good agree
ments with the reported values of energy density for ZnO NPs as the 
electrode materials [7,35]. Herein, Yadav et al have used Pt electrode 
drop casted with synthesized ZnO NPs whereas Rani et al have used the 
glassy carbon electrode (GCE) drop casted with synthesized ZnO NPs. 

It is clear that the value of specific capacitance (Cs), as well as energy 
density (E) depends upon the synthesized material as well as the type of 
drop casted working electrode. Table 6 represents the comparative study 
of Cs and E for ZnO NPs and their nanocomposites with as-synthesized 
ZnO NPs (S3/B3) for supercapacitor application [68–71,7]. The spe
cific capacitance and energy density values (Cs = 1.0–1.5F/g and E =
0.10–0.15 Wh/kg at 20–100 mV/s) of as-synthesized ZnO NPs (S3/B3) 
are found to be very less than the reported Cs (130–535Fg− 1) and E 

Fig. 7. (a) Cyclic Voltammetry curves of as-synthesized ZnO NPs (S3) (Potential window 0.35 V to 1.2 V), (b) Specific capacitance (Cs) vs Scan rate curve.  
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(8–36 Wh/kg) values. The specific capacitance value (448F/g) has been 
reported for the nanocomposite of graphene foam and zinc oxide (ZnO) 
NPs [32]. 

4. Conclusions 

In this work, ZnO NPs (S3 nanoblocks/B3 nanobars) have been 
successfully synthesized using the extract of seeds/barks of Azadirachta 
indica, respectively. The maximum UV–Vis absorbance values of the as- 
synthesized S3/B3 NPs are obtained at about 369/367 nm and the 
corresponding energy bandgap are determined as 2.82/2.48 eV using 
tauc’s plots, respectively. XRD pattern and FTIR spectra confirm hex
agonal wurtzite crystalline structure and phytochemicals coating of the 
S3/B3 NPs, respectively. DLS (zeta potential) study displayed good 
colloidal stability of the as-synthesized of ZnO NPs in aqueous 
suspension. 

The antimicrobial activity of S3 NPs is investigated with four bac
teria such as Pseudomonas aeruginosa, Escherichia coli, Staphylococcus 
aureus and Streptococcus pneumonia respectively. MIC values indicate 
that as-synthesized ZnO NPs inhibit the growth of the gram-positive 
microbes (Staphylococcus aureus and Streptococcus pneumonia) more 
than the gram-negative microbes (Pseudomonas aeruginosa, Escherichia 
coli). Methyl orange dye degradation efficiency is found 84.62 % in 180 
min using the as-synthesized ZnO NPs (B3). Moreover, the cyclic vol
tammetry study reveals that green synthesized ZnO NPs (S3/B3) are 

promising to be used for supercapacitor applications. Herein, specific 
capacitance (Cs) and energy density (E) values indicate that as-prepared 
S3/B3 have high charge storage efficiency at scan rate 20 mV/s as 
compared to scan rate at 100 mV/s. In summary, in vitro study 
demonstrated that green synthesized ZnO NPs (S3) can be used as an 
alternative source of antibiotics in future. Photocatalytic study with 
green synthesized ZnO NPs (B3) indicates that these NPs can be used in 
the degradation of pollutants in an environmentally friendly manner. 
The Cs/E values exhibited that S3/B3 NPs can be used as electrode 
material in future for supercapacitor application. 
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Fig. 8. (a) Cyclic Voltammetry curves of as-synthesized ZnO NPs (B3) (Potential window 0.35 V to 1.2 V), (b) Specific capacitance (Cs) vs Scan rate curve.  

Table 4 
Specific capacitance (Cs) and energy density (E) values of as-synthesized ZnO 
NPs (S3) using CV curves.  

S. N. Scan rate (mV/S) Cs (F/g) E (Wh/kg) 

1 20  1.5351  0.1539 
2 40  1.4308  0.1435 
3 60  1.3333  0.1337 
4 80  1.2485  0.1252 
5 100  1.1944  0.1197  

Table 5 
Specific capacitance (Cs) and energy density (E) values of as-synthesized ZnO 
NPs (B3) using CV curves.  

S. N. Scan rate (mV/S) Cs (F/g) E (Wh/kg) 

1 20  1.2735  0.1277 
2 40  1.1470  0.1150 
3 60  1.0805  0.1083 
4 80  1.0422  0.1045 
5 100  1.0073  0.1010  

Table 6 
A ccomparative electrochemical study of specific capacitance (Cs) and energy 
density (E) values of reported green synthesized ZnO NPs and their nano
composites for supercapacitor application [68–72,7].  

S. 
N. 

Electrode 
materials 

Plant Source Cs (F/g) E 
(Wh/ 
kg) 

References 

1 ZnO/styrene 
maleic 
anhydride 
nanocomposite 

Piper nigrum 268.5 (at 
0.1 A/g)  

13.42 68 

2 ZnO/reduced 
graphene oxide 
nanocomposite 

Eclipta prostrata 130 (at 
1.0A/g)  

– 69 

3 ZnO-CoMoO4 

nanocomposite 
Egira cognata 294.7 (at 

2 mV/s)  
8.0 70 

4 Reduced 
graphene oxide/ 
ZnO 
nanocomposite 

Lagenaria siceraria 398 (at 
10 mV/ 
s)  

– 71 

5 ZnO NPs  Euphorbia cognate 336.12 
(at 10 
mV/s)  

– 71 

6 ZnO–Co3O4 phyto-organic 
complex 

165  72 

7 ZnO NPs Tabernaemontana 
divericata 

535.71 
(at 20 
mV/s)  

36.45 6 

8 ZnO NPs (S3/ 
B3) 

Azadirachta indica 1.0–1.5 
(at 
20–100 
mV/s)  

This work  
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