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Zinc oxide, a well-known inorganic metal oxide in nanoparticle form, has outstanding antibacterial properties. In this work, the
authors focus on determining ZnO nanoparticles’ structural, optical, and antibacterial activity. A simple soft chemical route
synthesizes C-ZnO nanoparticles chemically, while the green synthesis method is used to prepare G-ZnO nanoparticles. Ocimum
tenuiflorum leaf extract was used to prepare G-ZnO nanopowders. These samples are investigated and compared in terms of their
structural, morphological, optical, and antibacterial properties. According to XRD investigations, the synthesized ZnO nano-
powders possess a hexagonal structure. The particle size of G-ZnO is smaller than that of C-ZnO nanoparticles. The XPS result
revealed the binding and interactions between molecules. The FTIR study confirmed the presence of molecules and their vi-
brations. UV-vis-DRS spectroscopy was used to investigate optical properties such as reflectance and band gap. The grain size of
the G-ZnO nanopowders was decreased, and oxygen vacancy was produced. The antibacterial efficiency of plant extracts against
two different bacterial strains, S. aureus (Gram-positive) and E.coli (Gram-negative), has been studied and reported.

1. Introduction

The unique properties of zinc oxide nanoparticles like
electrical, optical, gas-sensing, dermatological, and anti-
bacterial are being utilized for diverse applications [1-3].
Such attractive properties make them promising candidates
in widely distributed fields like medicine, electronics, drug
delivery, optoelectronics, automobiles, textiles, and cos-
metics. It has also been demonstrated that zinc oxide

removes some dyes and water pollutants from textile effluent
when exposed to UV light [4-8].

ZnO is one of the prime and active materials that exhibit
excellent antibacterial activity. The usage of a capping agent
can control the surface morphology. The release of anti-
microbial ions, reactive oxygen species generation, and
electrostatic interaction are important antibacterial mech-
anisms [9]. Antibacterial activity was proven to be size-
dependent by the studies [10]. In earlier research, enhanced
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bacteria-killing capacity was discussed in ZnO nanoparticles
[11]. Many researchers have examined and reported the
antibacterial activity of ZnO [12, 13].

There are many techniques reported for synthesizing
ZnO nanoparticles (chemical synthesis methods: sol-gel
process, combustion, sonochemical, coprecipitation, mi-
crowave-assisted, hydrothermal, and other soft chemical
methods) [14-16]. These chemical processes result in the
adsorption of some harmful chemical species on the surface,
which may have negative consequences in specific appli-
cations. The utilized chemicals are harmful, resulting in non-
eco-friendly products [17, 18].

The optimum zinc oxide nanomaterial concentration
was discussed for different biological applications [19, 20].
The synthesis method plays an essential role in addressing
the properties of materials and appending them for diverse
applications. The difference between chemical and biological
methods was discussed and reported [19, 21].

The high cost and use of toxic chemicals, as well as the
harsh conditions for reduction and stabilization, may be
driving interest in the green synthesis methodology. Biological
entities such as microorganisms and plant biomass are used for
the eco-friendly assembly of nanoparticles. The green syn-
thesized ZnO nanoparticles have some advantages over the
chemically synthesized ZnO nanoparticles. Various researchers
have discussed the importance of green synthesis [22-24].

Nowadays, the attention of researchers is growing toward
the biosynthesis of metal nanoparticles using organisms. Of
these organisms, plants play a major role, and they seem to be
the best candidates for the biosynthesis of nanoparticles. This
attraction towards biosynthesis using plants is because
nanoparticles are more stable and more varied in shape and
size than those produced by chemical methods. Furthermore,
the utilization of plant extracts reduces the cost of microbe
isolation and culture media, and at the same time, it improves
the cost-effectiveness of microbe nanoparticle synthesis.
Because of its simplicity, eco-friendliness, and vast antibac-
terial efficacy, the biological approach to synthesizing zinc
oxide (ZnO) nanoparticles has attracted much interest
[25, 26]. Some plant components, such as roots, leaves, stems,
seeds, and fruits, have also been used for zinc oxide nano-
particle synthesis, as plant extracts are rich in phytochemicals,
which act as reducing and stabilizing agents.

Some of the plant leaf extracts are used to synthesize zinc
oxide nanoparticles such as Azadirachta indica, Agathosma
betulina, Aloe vera, Parthenium hysterophorus L., Plec-
tranthus amboinicus, Vitex negundo L., Costus pictus D. Don,
and Pongamia pinnata.

The green synthesized ZnO nanostructures showed
antibacterial efficacy against Gram-positive and Gram-
negative pathogens. Furthermore, synergistic effects of ZnO
nanostructures and streptomycin showed increased effec-
tiveness [27]. Biocompatibility has been explored via bio-
synthesized metal applications and biomedical and
antimicrobial activities. The influence of plant extracts on
the structural, surface morphological, optical, and particle
nucleation processes is well described in earlier research
[28-30]. Ocimum tenuiflorum is commonly present in
tropical regions. The chemical constituents of Ocimum

Advances in Materials Science and Engineering

tenuiflorum are linalool, alkaloids, ursolic acid, glycosides,
carvacrol, tannins, rosmarinic acid, and aromatic com-
pounds, etc. [31, 32].

The plant Ocimum tenuiflorum belongs to the Lamiaceae
family and is a traditional medicinal plant. It is a culinary
herb and an attractive, fragrant ornamental plant known as
“Shyama Tulasi.” The choice of the plant was motivated by
the existence of aromatic compounds. The plant contains a
variety of phytochemicals such as phenols, flavones, and
amino acids and exhibits antimicrobial, antifungal, im-
mune-stimulatory, antistress, antioxidant, and anticarci-
nogenic activity. It is shown in recent reports that Ocimum
tenuiflorum exhibits a significant neuroprotective effect and
long-term hypoperfusion.

In addition, it is used as an anticonvulsant and anti-
inflammatory agent [33, 34]. Ocimum tenuiflorum-mediated
ZnO nanoparticles are more efficient in inactivating bac-
terial growth. Bacillus subtilis, Staphylococcus aureus, and
Escherichia coli are pathogenic bacteria. Ocimum tenui-
florum leaf extract is used as a green mediator for synthe-
sizing ZnO nanocapsules and inactivating bacterial
pathogens [35]. Various synthesis methods and results
achieved for C-ZnO and G-ZnO are compared and given in
Tables 1 and 2. The reason for antibacterial activity against
different bacteria is still scanty. It requires more investiga-
tion to optimize the size of the nanoparticles, reactive oxygen
species (ROS) generation, and stability improvement.

In this work, green synthesis of ZnO nanopowders was
achieved using leaf extracts from the Ocimum tenuiflorum
plant. Ocimum tenuiflorum is also called holy basil, tulsi, and
Ocimum sanctum. In addition, the structural, surface
morphological, optical, and antibacterial activities of ZnO
nanopowders have been investigated.

2. Materials and Methods

2.1. Chemical Synthesis Process. Zinc acetate dihydrate (Zn
(CH5;CO0), 2H,0) (4gm) was dissolved in 100mL of
distilled water. The pH value was maintained at 8 by adding
sodium hydroxide (NaOH) solution dropwise to the starting
solution. The prepared solution was kept under stirring for 2
hours at 80°C using a magnetic stirrer. Once the precipi-
tation is formed in the solution, it is allowed to cool at room
temperature for 1 hour to complete the precipitation pro-
cess. Later, the residue was filtered out and washed several
times with DI water and an ethanol (3:1) mixture to elim-
inate the presence of impurities before being dried at 90°C in
the air. Finally, the precipitate was calcined at 400°C for 3
hours to achieve the final product.

2.2. Green Synthesis Process

2.2.1. Preparation of the Leaf Extract. The aqueous extract
was made from collected Ocimum tenuiflorum (Tulsi)
leaves. About 30 gm of leaves was cleaned adequately in
distilled water, chopped into fine pieces, and crushed into
50ml of distilled water, which was added and heated for
about 15 minutes at 60°C-70°C. The crude extracts were then
filtered using a Whatman No. 1 filter paper (pore size of
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TaBLE 1: Comparison of results and various methods used for the synthesis of C-ZnO.
S.No Technique Antibacterial Ref.
1 Sol-gel Antibacterial activity increased with a reduction in particle size. GPTMS- [36]
8 modified ZnO NP has demonstrated increased effectiveness.
It has been discovered that the antibacterial activity of goods is closely

) Chemical method correlate(.i with the variation in the 1ntera?t10n energy between bacteria and [37]

nanoparticles. ROS and oxygen vacancy in well-designed clean and doped

ZnO are correlated.
3 Solution method Both in the presence of light anfi the absence .Of light, surface flaws play a [38]
significant role in the generation of ROS.
I Surface-modified ZnO samples demonstrated enhanced antibacterial
4 Surface modification o j . [39]
activity and dramatically reduced Zn 2C ion release.

5 Chemical method E. coli antimicrobial activity increased. [40]
6 Solution method ﬂie an.tlbactenal activity of ZnO was unaffected by its crystallographlc. [41]

orientation. Staphylococcus aureus was the target of more action than E. coli.

Modified ZnO NPs’ increased ROS production efficiency, therefore, raises
7 Chemical method their antibacterial and anticancer properties. ZnO NPs and hybrid ZnO [42]

NPs with photo-activated antibacterial and anticancer properties.

It is possible to suggest ZnO NP as a potent and efficient antibacterial agent
3 Solution method for both Grarln—posmve. and Gram'—negatlve'bacterla. ZnO NP treatment [43]

caused bacterial cell lysis or explosion, and it had a stronger antibacterial

effect on Gram-positive bacteria.
For S. aureus, S. typhimurium, and E. coli, the MIC of ZnO NPs that
9 Non-hydrolytic solution route controls bacterial strain development is determined to be 15 g/ml; however, [44]
for K. pneumoniae, it was calculated to be 5g/ml.

10 Chemical precipitation Methicillin-resistant S. aureus is resistant to zinc oxide nanoparticles. [45]

25mm). Filters with a diameter of 0.6uym were further
refined.

2.2.2. Synthesis of Zinc Oxide Nanopowders. Zinc acetate
(Zn (CH5CO00),.2H,0) was used as a starting material to
prepare 50 mL of an aqueous solution, and an aqueous
extract of Ocimum tenuiflorum leaves was employed in the
synthesis of G-ZnO NPs. 20 mL of Ocimum tenuiflorum leaf
extract was added to a 30 mL aqueous solution of zinc ac-
etate. It was held in a magnetic stirrer at 80°C for one hour.
The resulting precipitate was filtered and rinsed several times
with water and ethanol (3:1) before being dried in the air at
90°C. The final product was calcined for 3 hours at 400°C.
The proposed synthesized mode of ZnO nanopowders is
shown in Figure 1.

2.3. Characterizations of ZnO Nanopowders. A PANalytical-
PW 340/60 X' pert PRO X-ray diffractometer was used to study
the crystalline structure. X-ray photoelectron spectra (XPS)
were analyzed using a Perkin-Elmer PHI 1600 ESCA instru-
ment. Monochromatic Mg K« radiations (hv=1486.6eV)
were served for recording. The surface and morphological
information of samples were analyzed by using a field emission
scanning electron microscope (FE-SEM) (Make and Model:
Hitachi SU8000). A transmission electron microscope (TEM)
(Make and Model: Hitachi H-7100) was used to investigate the
structural entities of nanoparticles. EDAX (energy dispersive
X-ray analysis) was used to perform the elemental studies
(Model: JEOL-JSM 6390 with attachment INCA-Penta FETX3

OXFORD). A spectrofluorometer (Jobin YVon Inc. FLUR-
OLOG-FL3-11) was used to observe photoluminescence (PL)
spectra with a 450 W xenon lamp as the excitation source at
325nm. A Shimadzu UV-2500 spectrophotometer was also
used to produce diffuse reflectance spectra in the wavelength
range of 300-2000 nm. TGA/DTG studies were recorded using
a Perkin-Elmer diamond instrument in the temperature range
of 30-1000°C.

2.4. Antibacterial Activity Evaluation of ZnO Nanopowders.
The antibacterial behavior of the synthesized ZnO nano-
powders was investigated using the agar well diffusion method
against Escherichia coli (E.coli) and Staphylococcus aureus
(S. aureus) bacteria. Mueller-Hinton broth was utilized as a
nutrient agar medium for bacterial growth. Four wells, each
with a diameter of 5mm, were drilled, and 200 g/mL of the
sample solution was poured into each well. The inhibitory zone
was measured by millimeters after 24 hours of incubation at
37°C. The control substance was dimethyl sulfoxide (DMSO).

3. Results and Discussion

3.1. Crystalline Structure Analysis. Figure 2 shows an X-ray
diffractogram of C-ZnO nanopowders and G-ZnO
nanopowders. All diffraction lines match the Joint Com-
mittee on Powder Diffraction Standards (JCPDS) file
standard pattern (card No: 36-1451), indicating that the
material obtained by green synthesis is ZnO nanopowders.
The crystallite size (D) is calculated using the following
formula [56]:
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TaBLE 2: Comparison of results and various methods used for the synthesis of G-ZnO.
S.No Technique Findings Ref.
. . The antibacterial properties of the synthesized NPs were investigated against both
Using solanum nigrum leaf o . . .

1 extract Gram-positive (S. aureus) and Gram-negative (S. Paratyphi, V. cholerae, and E. coli) [46]

bacteria.

) Anisochilus carnosus leaf extract Green ZnO NPs produced using leaf extract and solvent displayed a more [47]

mediated pronounced significant zone of inhibition.
1-Butyl-3-methylimidazolium

3 bis(trifluoromethylsulfonyl) Strong antibacterial activity against E. coli is produced when ZnO nanofluid (48]

imide, (bmim) [NTf2] as a green concentrations are increased.
solvent.
Without UV light, ZnO NPs demonstrated strong antibacterial action against E. coli

4. Orange fruit peel extract and S. aureus. The bactericidal properties of talc. With regard to the synthesis [49]

parameters, S. aureus varied widely.
Using fungal stains for Candida albicans and Aspergillus Niger, ZnO NPs’
Beta vulgaris, Cinnamomum antifungal activity was also demonstrated. It was discovered that ZnO NPs made
5 tamala, Cinnamomum verum, with Beta vulgaris were active against A. niger, whereas those made with [50]
brassica oleracea var. italica were Cinnamomum tamala were active against albicans. Furthermore, ZnO NPs are
used for green synthesis made from the extract of Brassica oleracea var. italica that has demonstrated efficacy
against both fungal stains.
6 Silybum marianum L seed extract ZnO samples were tested against E coli to determine whether they may be used as [51]
antibacterial agents.

. . . Exhibited a better UV protection index and antibacterial capabilities against

Fusarium keratoplasticum strain . . o
. harmful microorganisms than hexagonal ZnO NPs. Shape-dependent biocidal
(A1-3) and Aspergillus .. . . . . .

7 . . activity of NPs was demonstrated by antibacterial activities against Gram-negative  [52]
niger strain (G3-1) were used for - . . .. . .
; and Gram-positive bacteria as well as in vitro cytotoxicity against three different
the synthesis of ZnO NPs. . .
animal cell lines.

8 Euphorbia hirtaleaf extract Performed well against S. aureus [53]
Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis, Prevotella
intermedia, Streptococcus mutans, and streptococcus sanguinis are among the

9 Dysphania ambrosioides extract ~ bacteria commonly found in human mouths and are linked to dental conditions.  [54]

Staphylococcus aureus, Staphylococcus epidermidis, Escherichia coli, and
Pseudomonas aeruginosa.
Compared to Gram-positive bacteria, ZnO NPs had significantly more antibacterial
action against Gram-negative pathogens P. aeruginosa and E. coli. The study’s
10 Bauhinia tomentosa leaf findings showed that B. tomentosa leaf extract, which contains phytochemicals like [55]

alkaloids, terpenoids, flavonoids, tannins, carbohydrates, and sterols, has the ability
to bio reduce zinc oxide and that the ZnO NPs produced can be used effectively as a
more effective bactericidal agent in biological applications.

Leaf extract
+ of
Ocimum

Bio .
Edu(‘tio
Tenuiflorum

Zinc

Acetate nanopowder

Sodium %iﬁ
+ Hydroxide
y Antibacterial

FIGURE 1: Synthesis process overview.

091
" BcosB’
where ‘A, 3, and € are the wavelengths of X-ray used, full-width

at half-maximum, and Bragg’s angle, respectively [57]. The
crystallite size of the C-ZnO nanopowder is 58 nm, whereas

(1

G-ZnO nanopowders exhibit 6 nm. The crystallite size reduction
is also influenced by the biomolecules present in the plant
extract, and it is supported by improving the oxygen process in
the ZnO lattice. Gunalan et al. suggested that the decrease in
crystallite size may be due to the kind of plant extract along with
the temperature of oxide formation [58, 59].

3.2. X-Ray Photoelectron Spectra. XPS spectra of C-ZnO and
G-ZnO confirmed that the indexed peaks could be endorsed to
Zn, O, and C, as illustrated in Figure 3. The mentioned carbon
element is from pump oil in the vacuum system of the XPS
instrument. The binding energy is calibrated by taking the
carbon C1 peak (284.8 eV) as a reference. The peaks at 1021.4 eV
and 1044.6 eV were ascertained to be the binding energy of Zn
2p3/2 and Zn 2pl/2 states in the ZnO lattice. Through this
confirmation, we could conclude that there are no other peaks in
both samples. Hence, purity of the samples was verified.
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FiGUure 3: XPS spectra of C-ZnO and G-ZnO nanopowders.

3.3. FTIR Analysis. FTIR is employed as a confirmation
technique for nanoparticle formation, providing an im-
pression of existing molecules’ vibrational and rotational
modes. It is also commonly used to identify functional and
potential phytochemical compounds in reducing and sta-
bilizing ZnO nanopowders. Figure 3 represents the FTIR
spectra of ZnO nanopowders. From this spectrum, the
chemically and greenery synthesized ZnO nanopowders
show a broad peak around 3415cm™" for the stretching
vibration of the O-H bond [60].

Intensity (arb.units)

400 800 1200 1600 2000 2400 2800 3200 3600 4000
Wavenumber (cm™!)

FIGURE 4: FTIR spectra of C-ZnO and G-ZnO nanopowders.

A sharp peak received around 1620 cm™" is assigned to
H-O-H bending vibration and is transferred to a small
amount of H,O in ZnO nanocrystals [61]. The peaks re-
ceived near 1413 cm™" were considered carboxyl assembly
[62]. Stretching amine endorsed the peak at 1060 cm” ! [63].
The reduction of zinc ions to ZnO nanopowders was aided
by these compounds, particularly flavonoids and other
phenolics. The characteristic absorption of the Zn-O bond is
reflected from 480 to 620 cm™' [64]. The alteration in in-
tensity, band position, and FWHM authenticate the sub-
sistence of defect states.

3.4. Surface Morphology and Elemental Analysis. As seen in
the FESEM images, C-ZnO nanopowders have non-
agglomerated particles in the 70-90 nm range, whereas
G-ZnO nanopowders have small particles in the
10-20 nm range, as shown in Figure 4. The size of the
nanoparticles might be reduced due to the addition of
plant extract. The antibacterial property seems to be
mostly dependent on particle size reduction. Figure 5
shows the TEM images of C-ZnO and G-ZnO nano-
powders. It is visible in hexagonal-shaped morphologies.
The TEM micrograph strongly supports the particle size
of C-ZnO and G-ZnO nanopowders, respectively. The
presence of elements like Zn and O is confirmed through
the EDAX profile (Figure 5). The elemental copmosition
of C-ZnO and G-ZnO is given as (Zn=46.38 at. wt.%,
O =53.62 at.wt.%) and (Zn=49.69 at. wt.%, O =50.31
at.wt.%), respectively. The lowest presence of oxygen in
G-ZnO evidenced the existence of oxygen vacancies.

3.5. Optical Studies. As seen in the FESEM images, C-ZnO
nanopowders have nonagglomerated particles in the
70-90 nm range, whereas G-ZnO nanopowders have
small particles in the 10-20nm range, as shown in
Figure 4. The size of the nanoparticles might be reduced
due to the addition of plant extract. The antibacterial
property seems to be mostly dependent on particle size
reduction. Figure 5 shows the TEM images of C-ZnO and
G-ZnO nanopowders. It is visible in hexagonal-shaped
morphologies. The TEM micrograph strongly supports
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FIGUure 5: SEM images of C-ZnO and G-ZnO nanopowders.

the particle size of C-ZnO and G-ZnO nanopowders,
respectively. The presence of elements like Zn and O is
confirmed through the EDAX profile (Figure 5). In
C-ZnO (Zn =46.38 at. wt. %, O =53.62 at.wt.%), G-ZnO
(Zn=49.69 at. wt. %, O0=50.31 at.wt.%).The lowest
presence of oxygen in G-ZnO evidenced the existence of
oxygen vacancies [32].

ahy = A(hv - Eg)m, (2)

where « is the absorption coefficient, A is the constant, hv is the
incident photons’ energy, Eg is the band gap energy in eV, and
n=1/2 (for direct allowed transitions). Tauc’s plot is shown in
Figure 6. The band gap values varied from 3.28 to 3.33 eV for
C-ZnO and G-ZnO nanopowders. This band gap variation is
ascertained in the interpretation of nanoparticle size.

Figure 7 shows the PL spectra of C-ZnO and G-ZnO
nanopowders. The near band edge (NBE) emission shows
the band-to-band transition of electrons, which was ac-
companied by the peak at 395nm [65]. The prominent
emission peak at 424 nm was due to zinc interstitial, while
the weak emission peak at 450 nm was due to zinc vacancies.
Because of singly ionized oxygen vacancy, the emission peak
at 468 nm has formed [66]. The type of plant extract may be
responsible for the peak intensity at 468 nm of G-ZnO
nanopowders. The formation of hydroxyl radicals by these
singly ionized oxygen vacancies improves the antibacterial
activity of produced ZnO nanopowders.

Green synthesized ZnO nanoparticles showed a distinct
electronic and optical behavior since they possess an exciton
quantum confinement phenomenon. The exciton Bohr ra-
dius is the comparable size of nanoparticles. ZnO nano-
particles may behave as quantum dots that can absorb small
wavelengths with the ability to emit longer wavelengths in
the visible region. Photoluminescence spectra favored the
biological synthesis of semiconducting ZnO nanoparticles,
and these nanoparticles exhibited exciton quantum con-
finement and stability in an aqueous medium [67].

3.6. Antibacterial Activity. The antimicrobial activities of
ZnO nanoparticles in contact with bacteria and fungi are

shaped by particle sizes, morphologies, and specific surface
areas. Manuela Stan et al. observed the antibacterial activities
of plant extracts, such as Allium sativum, Rosmarinus
officinalis, and Ocimum basilicum [68]. Their study results
show that green synthesized ZnO nanoparticles exhibit
intense levels of bactericidal activities against S. aureus,
B. subtilis, E. coli, and Salmonella typhimurium strains. We
also found that biosynthesized zinc oxide nanoparticles
obtained from Costus pictus leaf extract exhibit good anti-
bacterial behavior.

We also found that biosynthesized zinc oxide nano-
particles obtained from Ocimum tenuiflorum leaf extract
exhibit good antibacterial behavior [69].

Using the agar well diffusion method, the antibacterial
activities of C-ZnO and G-ZnO nanopowders against two
different bacterial strains, S. aureus (G +ve) and E.coli (G-
ve), were examined. The G-ZnO (22 mm) sample has better
antibacterial activity than the C-ZnO (18nm) sample,
according to the results (Figure 8). There is no inhibition
zone around the control (C). The size of the nanoparticles
may be responsible for the increased antibacterial activity of
G-ZnO powders. The following eqautions are given to ex-
plain about the mechanism of ROS production and the role
of electrons on the process [70].

The capacity of these ROS to break cell membranes and
kill bacteria is well recognized.

G-Zn-O+hv — e +h',
h"+H,0O — H'+"OH,

e +0;, — O, )
O)+H'" — HO;,

HO+e — HO;,

HO; +H" — H,0,.

ZnO nanoparticles can produce ROS in water suspen-
sions, and ROS are responsible for the inhibitory effect on
the growth of bacteria [71]. ROS such as ¢OH, O," , and
H,0, are produced by transferring electrons from VB to CB.
The most active ®OH is obtained from the oxidation process.
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FIGURE 9: Antibacterial activity of C-ZnO and G-ZnO nanopowders.
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FIGURE 10: Thermogravimetric analysis of C-ZnO and G-ZnO nanopowders.

H,0, and the hydroxyl radical (¢OH) were powerful oxi-
dizing agents to prevent the growth of bacterial cells and
introduce heavy toxicity to bacteria. ROS accelerate the
disintegration of the cell wall and consequently the leakage
of cell elements and ultimately cell death.

Superoxide anions and hydroxyl radicals ("OH) are
negatively charged. As a result, they cannot get through the
cell membrane but can harm the bacterial surface, whereas
hydrogen peroxide (H,0,) can get right through the cell wall
and kill the bacterium [72]. In this study, the number of
singly ionized oxygen vacancies is evidenced by the PL
spectra, which are responsible for ROS generation.

G-ZnO has the highest bacterial killing capacity because
of the enhanced crystallite size and high density of oxygen
vacancies, which show the way to higher values of ROS [73].
Furthermore, G-ZnO nanopowders exhibit a higher anti-
bacterial efficacy against Gram-negative (G-) bacteria than
against Gram-positive (G+) bacteria. The following ex-
plains why this happened: G+ bacteria often have a solid
thick cell wall with many lipoteichoic acids (LTAs) and
other components like peptidoglycan. G-bacteria, con-
versely, have fragile cell walls but a complicated cell wall

structure. Polysaccharides, lipids, and proteins are abun-
dant in the outer membrane. Outside the core membrane,
there is also an open area called the periplasmic region,
followed by a thin layer of peptidoglycan encircled by
another membrane. As a result, unlike G+ bacteria, the cell
membrane of G-bacteria cannot be easily destroyed.
Therefore, even though G+ bacteria have very high, thicker
cell walls, their less negative nature allows a lot of negatively
charged free radicals to penetrate the cell wall, inflicting
significant damage. This suggests that plant extracts’
phytochemical products strongly affect the cell walls of
bacteria.

Smaller nanoparticles can also easily pass through cell
membranes, allowing increased contact area for the chemical
to react with microorganisms. In addition, green synthesis
reduces particle size, as indicated by FESEM and TEM data,
and a further size reduction is observed. This reduction in
particle size has an impact on the antibacterial activity of the
G-ZnO samples. The antibacterial activity is enhanced due to
the smaller size of the ZnO nanoparticles. It was already
reported that ZnO NPs might damage the bacterial cell
membrane, resulting in the lysis of intracellular contents and
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ultimately proving to be lethal for the bacterial cell (Citation
given). The thickness of the cell wall of Gram-positive
bacteria is due to the presence of the peptidoglycan layer.
The stability of antibacterial activity for C-ZnO and G-ZnO
NPs is discussed. The more prominent inhibition was ob-
served against E.coli bacteria for G-ZnO NPs.

3.7. Thermal Analysis. TGA and DTG analyses were
carried out in the standard atmosphere for the tem-
perature ranges from 30 to 1000°C to understand the
changes occurring during the heat treatment of as-pre-
pared C-ZnO. TGA and DTG curves are shown in
Figure 9 and 10, and they reveal two-step gravimetric
changes, which indicate the occurrence of weight loss at
two stages during the heat treatment. The initial weight
loss occurring in the temperature range of 30 to 100°C
can be attributed to the vaporization of water molecules
from the prepared sample [74]. The second gravimetric
change in the field 0f 100 to 300°C corresponds to another
weight loss associated with the thermal decomposition of
Zn (OH), to ZnO NPs [75]. Beyond the temperature of
300°C, there is a slight decrease in the weight, which may
be due to the exothermic reaction-assisted oxygen de-
sorption from ZnO [76]. The temperature range of the
endothermic peak in the DTG curve matches well with
that of weight loss in the TGA curve. Hence, from TGA
and DTG analysis, the temperature of 300°C is consid-
ered the minimum suitable temperature for different
calcination processes. We ensure there is always a space
between the number and degree symbol.

4. Conclusion

C-ZnO and G-ZnO nanopowders have been effectively
synthesized using a simple soft chemical route and a
green synthesis method. The results of the X-ray dif-
fraction pattern revealed that the synthesized nano-
powders have a hexagonal wurtzite structure. The
synthesized nanocrystallite size was decreased more due
to the incorporation of Ocimum tenuiflorum leaf extract.
The zinc acetate was reduced to ZnO due to the incor-
poration of leaf extract. The TGA/DTG analysis evi-
denced the thermal behaviors of ZnO nanoparticles. The
optical band gap value varies from 3.28 to 3.33eV.
G-ZnO nanopowders exhibit excellent antibacterial ac-
tivities than C-ZnO. From investigations, it is concluded
that the plant extract added to ZnO nanopowders causes
the generation of ROS, which is responsible for in-
creasing antibacterial efficiencies. The improved anti-
bacterial efficacy may be suitable for removing bacterial
pollution from water. It is the best platform for nano-
powder synthesis because it is free of toxic chemicals and
has enhanced antibacterial properties. The stability of
ROS generation and the particle size will be optimized in
tuture work. Then, Hence, it is suggested that the G-ZnO
NPs shall be utilized to react against the trageted
bacteria.
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