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Structural and morphological properties of nanocomposites make them
suitable for biogenic and bioscience applications, in batteries and sensors.
The synthesis of Zn-MnO nanocomposites through a green route helps to
mitigate ecological deterioration. In the present study, a nano Zn-MnO
composite material was synthesized via a green route using the Cocos
nucifera shell extract as a reducing and capping agent. The synthesized
material was calcined at 450, 550, and 650 °C, and subsequently
characterized through X-ray diffraction (XRD), scanning electron microscopy
(SEM), energy dispersive X-Ray analysis (EDAX), ultraviolet visible
spectroscopy (UV-Vis), Fourier transform infrared spectroscopy (FTIR),
Raman spectroscopy, and Zeta potential. Antimicrobial activity was also
evaluated. XRD patterns revealed that as the calcination temperature
increased, the peaks became sharper, representing the increased crystallinity
and crystalline size: 15, 16 and 19 nm, respectively. Peculiar peaks were
observed in the UV-Vis spectra with slight variation at 272, 278, and 288 nm.
Optical conductivity was found to be 2.466 x 109 S-1. Zeta potential values
were determined to be -9, -10, and 16 mV, respectively. The band intensity in
Raman spectra increased as the calcination temperature rose, suggesting
greater phonon coupling and improved crystallinity. FTIR spectral analysis
confirmed that Zn-MnO nanoparticles have interacted with organic
substances that contain nitrogen, including proteins or amino acid residues,
which are likely products of biological agents used in synthesis. Antimicrobial
studies showed a maximum inhibition zone of 22 mm against S. aureus and
19 mm against A. niger. Minimum inhibitory concentration (MIC) results
indicated effective bacterial inhibition at 2.5% and fungal inhibition at 5%
concentrations.
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Introduction

The most concerning issue confronting
humanity today is environmental pollution,
which is also one of the primary ecological
causes of disease and mortality. Pollution-
related illness was estimated to have
contributed to 9 million early deaths in 2015,
more than three times the fatalities from AIDS,
TB, and malaria. Deforestation, bush burning, the
disposal of domestic and agricultural waste in
water bodies, the use of pesticides to harvest
aquatic life, and the inappropriate disposal of
technological trash, all contribute to the
pollution of the air, land, and water [1]. The
elimination of these contaminants via effective
and environmentally friendly techniques is
essential. Nanoparticles play vital roles in
different areas. Due to their sophisticated optical
characteristics, metal oxide nanoparticles may

be used in a wide range of scientific disciplines.

Metal oxide-based nanomaterials consist of
manganese oxides, nanosized iron oxides,
titanium oxides, cerium oxides, zinc oxides,
magnesium oxides, and
zirconium oxides [2]. Metal oxide nanoparticles
(MO NPs) such as ZnO, TiO,, Fe,03, and MnO,, as
well as their composites, provide environment

aluminum oxides,

friendly and  effective  solutions  for
environmental remediation. These
nanoparticles help degrade organic

contaminants, remove heavy metals, and reduce
dangerous compounds in the air, water, and soil.
Combining metal oxides such as TiO,, ZnO, and
Fe,0; with carbon-based materials like
graphene and activated improves
adsorption and catalytic performance for
removing airborne pollutants and greenhouse
gases like CO, NOy, and SO,. When exposed to
ultraviolet (UV) or visible light, metal oxides
such as ZnO and TiO, function as photocatalysts,
breaking organic  pollutants in

carbon

down
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wastewater. From polluted water, metal oxide
nanoparticles, including Fe,03, MnO,, and ZnO,
effectively absorb heavy metals like Pb?*, Hg?*,
and As*'. During Fenton or photo-Fenton
processes, iron-based nanoparticles (Fe,03; and
Fe;0,) produce hydroxyl radicals (*OH) that
break down organic contaminants. ZnO, MnO,,
and Fe,03 are metal oxides that catalyse the
reduction of harmful substances such as dyes,
nitrobenzene, and Cr (VI) [3]. Every nanoparticle
has its diverse properties, but ZnO, MnO, and
their composite nanoparticles are of interest to
researchers due to their versatile properties and
potential applications. (Zn0)
nanoparticles belong to a versatile family of
nanomaterials. A wide direct bandgap (3.37 eV),
a high exciton binding energy (60 meV), fast
electron mobility, high thermal conductivity, and
outstanding transparency are all characteristics
of zinc oxide (ZnO) [4]. It grows rapidly in
various forms and has a wide range of

Zinc oxide

applications in  biomedical engineering,
environmental remediation, optoelectronics,
piezoelectric sensors, UV protection in

cosmetics, food preservation, and catalysis [5].
Manganese oxide nanoparticles (MnOy; NPs)
semiconducting nature and exist in +2, +3, and
+4 oxidation states, making them extremely
adaptable for various applications due to their
exceptional physicochemical
Nanoparticles of manganese oxide (MnO) have a
wide variety of potential uses as electrode
materials in  pharmaceutical catalysis,
biosensors, rechargeable batteries, and in
filtration systems, optoelectronic devices, water
purification,

characteristics.

and sophisticated magnetic

materials. Piezoelectric devices, fuel cell
electrodes, and other medical procedures also
depend heavily on them. Additionally, their
adaptability extends to biogenic and bioscience
applications, where they support developments
in medication delivery, diagnostic technologies,

and biomedical research. Due to their potential

to increase solar cell efficiency, MnO, NPs have
drawn considerable attention in the field of solar
energy [6,7].

The development of synthesis techniques
plays a pivotal role in determining the structural,
functional, application-specific
characteristics of metal nanoparticles. For
synthesizing nanoparticles with consistent size
and shape. For synthesizing nanoparticles with
consistent size and shape, traditional techniques
such as laser ablation, which uses high-energy
lasers to evaporate materials, solvo-thermal and
hydrothermal processes, which
reactions in solvents at high temperatures and
pressures, and the sol-gel technique, a solution
based chemical route that forms gel networks,
are used to synthesize the
nanoparticles with consistent size and shape [8].
Despite their effectiveness, these methods have
several significant problems, including high
energy requirements, a reliance on hazardous
solvents such as organic compounds like
ethylene glycol, and the production of damaging
by-products for the environment, such as
greenhouse gases or acidic waste. Greener
alternatives are required due to these issues,
which limit their ecological sustainability and
scalability [9].

To prepare nanoparticles, green synthesis
processes utilize natural reducing and capping
agents derived from plant extracts (such as neem
and Aloe vera), microorganisms (including fungi,
bacteria, and algae), and various solid wastes,
such as spent mushroom compost, flower waste,
coconut shells, wood waste, and other non-
conventional plant residues. These biogenic
significantly =~ minimize  the

effect of nanoparticle
manufacturing and assist to prevent ecological
degradation. As a result, green synthesis has
emerged as a sustainable and eco-friendly

and

involve

frequently

techniques
environmental

paradigm for preparing ZnO and other metal and
metal oxide nanoparticles [9]. By introducing
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functionalities, such as
polyphenols or flavonoids from plant extracts,
these environmentally friendly methods reduce

toxic waste and energy consumption while

bioactive surface

improving antimicrobial efficacy through
mechanisms like reactive oxygen species
generation or membrane disruption and

biocompatibility, which essential for
biomedical applications such as drug delivery or
wound healing. Furthermore, by valuing
renewable resources, green synthesis supports
the ideas of the circular economy. Nanoparticle
characteristics may be customized through
precise control of synthesis factors. A few
examples temperature, which
crystallinity and size (higher temperatures tend
to produce smaller particles); pH, which affects
shape (alkaline environments favor rods, while
acidic may produce spherical
morphologies), precursor concentration, which
controls particle growth rates; and reaction time
for phase purity. This flexibility allows ZnO
nanoparticles to be designed for a variety of uses,
such as anisotropic forms for improved gas
sensing, porous architectures for photocatalytic
water treatment, or ultra-small particles for
targeted cancer treatments. Scalable,
environmentally friendly ZnO nanoparticle
manufacturing may be advanced by researchers
by balancing green chemistry and parameter
optimization without sacrificing performance
[5].

Zn-MnO composite nanoparticles enhance
the performance of alkaline and Li-ion batteries
by fusing the ZnO conductivity with the capacity
of MnO. Flexible batteries have a better energy
density with Zn-MnO cathodes. The novel
structural Zn-MnO, composite battery based on
fiber outstanding
electrochemical performance and mechanical
strength, making it extremely attractive for use

are

are affects

conditions

carbon demonstrated

in future structural energy storage applications
[10]. Electron-hole recombination is decreased

by the ZnO-MnO heterojunction. Envision solar-
powered water purifiers using Zn-MnO, where
Zn-MnO breaks down pesticides more effectively
than individual oxides. Zn-MnO composites have
a high sensitivity for detecting gases like ethanol
and NO,. Smart home sensors are also being
proposed for detecting harmful vapors and
sounding an alarm. Isam Abbas et al. prepared
and investigated polypyrrole nanocomposites by
mixing carbon nanotubes and ZnO, MnO, and
MgO. They found that
morphological and structural properties made
them suitable for electronics and sensor
applications [11]. The simultaneous ion release
and ROS formation of Zn-MnO
dressings  fight  drug-resistant  biofilms.
According to EL-Moslamy et al, Zn-MnO
nanoparticles produced by microbes have
antibacterial action against various bacteria and
fungi [12]. Samy Selim et al. reported that a Zn-
MnO nanocomposite can be used effectively to
combat germs that are resistant to many drugs
[13]. Zn-MnO utilizes the redox characteristics of
both materials to enable quick charging in hybrid
supercapacitors. The properties, applications,
and eco-friendly approaches of ZnO and MnO
nanoparticles motivated the synthesis of Zn-
MnO composite nanoparticles using coconut
shell through the Sol-Gel route, calcined at 450,
550, and 650 °Ctemperatures, and examined the
efficacy and suitability of the synthesized
nanocomposite in batteries, sensors or for
biomedical applications. This work is the first to
describe the green synthesis of Zn-MnO
nanocomposites using Cocos nucifera shell
extract. It shows how to create highly crystalline
nanoparticles with adjustable crystallite sizes
and unique optical absorption characteristics
economically sustainably. The
nanocomposite has the potential to be used in
optoelectronics, biosensing, and antimicrobial
coatings due to its high optical conductivity,
changeable surface charge, and exceptional

improvement in

in wound

and
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antibacterial and antifungal activity. The work is
innovative and very distinct from previous ZnO
or MnO green-synthesis research because of
these combined properties.

Experimental
Materials

Coconuts were bought from supply stores in
Hyderabad, Telangana, India. The outer layer,
known as excerpt, and fiber husk were removed
to yield the shell. The composition of dried
coconut shell is cellulose (33.61%), lignin
content (36.51%), pentosans (29.27%), ash
(0.61%), and volatile matter (65-75%) [14]. Zinc
hexahydrate  [Zn  (NO3)2:6H20],
manganous acetate (C4HsMn0..4H20), and liquor
ammonia (NH4OH) were procured from Sigma
Aldrich with 99.9 % purity. Double-ionized
distilled water and Whatman No. 1 filter paper
were used to prepare the compounds as starting
materials. Bacterial strains of S. aureus, B.
subtilis, P. aeruginosa, and E. coli and fungal
strains of A. niger and Candida albicans were
obtained from the Vishnu Institute of
Pharmaceutical Education & Research,
Narsapur, Medak, Telangana, India.

nitrate

Preparation of the extract of coconut shell powder

The raw coconut shell was gathered and
cleaned to remove any impurities on the surface,
such as soil particles or organic residues.
Following the cleaning procedure,
distilled water was used to verify that any

initial

remaining contaminants had been eliminated.
After the coconut shell had been washed, it was
allowed to air dry for 48 h at room temperature.
The coconut shell was mechanically reduced in
size using a large mortar and pestle for around 5-
6 h after it had completely dried. The coconut
shell gradually broke down into tiny pieces. A
grinding machine was used to further grind the

crushed material into a fine powder in order to
produce a consistent distribution of particle
sizes. The powdered material was then sieved
through a 2 mm mesh to capture only particles of
the required size for use in nanoparticle
synthesis. Twenty-five grams of the powdered
sample was mixed with 100 mL of deionized
water (1:4) and boiled for 45 min with constant
stirring. The mixture was then filtered with
Whatman No. 1 filter paper to obtain the extract,
which was stored in a refrigerator for further
experimentation [9].

Synthesis of Zn-MnO composite nanoparticles
using coconut shell powder extract

Zn-MnO composite nanoparticles
synthesized through the sol-gel method. The
synthesis of Zn-MnO nanocomposite was carried
out by adding 40 mL of coconut shell extract to
160 mL of 0.05 M zinc nitrate hexahydrate [Zn
(NO3)26H20] and 0.05 M manganous acetate
(C4HsMnO44H20) in a ratio of 1:4 to make up the
total volume to 200 mL. The solution was kept
for stirring on a magnetic stirrer. The coconut
shell aqueous extract contains phytochemicals
(phenols, flavonoids, sugars, and tannins) that
reducing and capping/stabilising
agents. Liquor ammonia was employed to adjust
the pH of the solution to 10. The solution was
boiled until it turned into a paste consistency.
The paste was dried in an oven at 80 °C in
platinum crucibles. This gentle heating or drying
allows subsequent nucleation and growth of
nanoparticles to form powder. The powder was
divided into three parts and calcined for 3 hin a
muffle furnace at 450, 550, and 650 °C before
being allowed to cool. The resultant product was

were

serve as

ground with a pestle and mortar. Zinc-
manganese oxide nanoparticles (Zn-MnO) were
obtained in powder form. The powder was
subsequently placed in plastic

characterization. Figure 1 demonstrates the

vials for
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Figure 1. Synthesis process of Zn-MnO NPs from shell extract of Cocos nucifera

preparation steps for the Zn-MnO nanopowder.
Hereafter, the compounds calcined at 450, 550,
and 650 °C are labeled as ZM45, ZM55, and
ZM65, respectively [4].

Characterization of compounds for structural and
surface morphology studies

PANalytical, X'Pert powder diffractometer
equipped with a Cu K, source (A = 1.54 &) was
used to determine the crystal structure of the
prepared powders, and X-ray diffractometer

(XRD) spectra were recorded at room
temperature. Carl Zeiss Smart Field Emission
Scanning  Electron  Microscope (FESEM)

instrument was used to evaluate the morphology
and elemental composition of the synthesized
nano powders. Agilent Technologies Cary Series
Ultraviolet-Visible-Near Infrared (UV-Vis-NIR)
spectroscopy was used to record the optical
of the
synthesized samples in the wavelength range of
200 to 800 nm.

absorption and bandgap features

The accuracy of the wavelength was * 1 nm of
the spectra. To the
characteristics of the samples, the zeta potential
of the samples was recorded using NanoPlus
with NanoPlus AT (Auto Titrator). Fourier
transform infrared (FTIR) spectra of the samples
were recorded between 400 and 4,000 cm
using the JASCO-FTIR 4200 spectrometer. From
these spectra, functional groups and bonding
characteristics were examined. The KBr pellet
method with a resolution of 0.7 cm! and an
accuracy of 0.01 cm! was used to record FTIR
spectra. The Raman spectra of the synthesized
materials were recorded at room temperature
using Horiba-micro-Raman and had a 532 nm
He-Ne laser operating.

evaluate surface

Antimicrobial activity

The antimicrobial efficacy of the three
synthesized Zn-MnO nanocomposite samples
calcined at different temperatures (450, 550, and
650 °C) was studied against both bacterial
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strains and fungal strains. Antibacterial activity
was tested against two Gram-positive bacteria
(S. aureus and B. subtilis) and two Gram-negative
bacteria (P. aeruginosa and E. coli),
antifungal activity was tested on two fungi (A.
niger and Candida albicans). The agar well
diffusion method determined the antimicrobial
activity and minimum inhibitory concentration.
The concentration of the sample used was 10%
(100 mg/mL) against selected foodborne
pathogens and spoilage microorganisms.
Amoxicillin was used as drug standard at the
concentration of 50 pg/mL, and dimethyl
sulfoxide (DMSO) was the solvent used to
dissolve the chemical moiety as a solvent control.

All three samples were further analyzed to
determine their inhibitory
concentration (MIC). MIC evaluation was
conducted using the agar well diffusion method
by preparing serial dilutions of each sample at
concentrations of 10% (100 mg/mL), 7.5% (75

and

minimum

mg/mL), 5% (50 mg/mL), 2.5% (25 mg/mL),
and 1% (10 mg/mL). Wells (50 pL each) were
loaded into agar plates inoculated with the
respective test organisms, followed by pre-
incubation diffusion at 4 °C for 1 h and
subsequent incubation at 37 °Cfor 18 h.

Results and Discussion
X-ray diffraction studies

Figure 2 shows the XRD patterns of the Zn-
MnO NPs calcined at 450, 550, and 650 °C, which
were coded as ZM45, ZM55, and ZM65. The
observed peaks were approximately at 32°, 34°,
36°, 47.48°, 56.58°, 62.81°, 66.48°, 67.80°, and
69.14°, corresponding to the crystal planes
(100), (002), (101), (102), (110), (103), (112),
and (201). The sharp peaks indicated the
crystalline nature of the compounds, which were

ZM6E5 1

ZM55

1

1

ZMas z
vz
Y
Y Y

Y: ZnMn O, (JCPDS Card No.: 1502580)

" S .

YZ €& Y YEZ YN P2

Intensity (a.u.)

) g = 2:Zn0 JCPDS No: 36-1451
c = N 2 =
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20 30 40 50 60 70

2 6 (degree)

Figure 2. XRD patterns of Zn-MnO composite NPs calcined at 450, 550, and 650 °C
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in a hexagonal wurtzite crystal structure with
the P63:mc space group. All these ZnO peaks are
labeled with “Z” and their planes are represented
with the corresponding Miller indices. There are
a few minor secondary phases, labeled with “Y”,
due to the formation of the ZnMn;04 phase. The
XRD peaks of both the phases were compared
with JCPDS data, as depicted in Figure 2 and the
[15,16]. With the
calcination temperature, the XRD peaks were
found to be sharper, indicating improved
crystallinity of the compounds which in turn
decreased the full-width at half-maximum
values.

The crystallite sizes (D) of the compounds
were calculated using Scherrer’s formula as
given by Equation 1 [15].

literature increase in

kA
D= B cosO (1)

Where, k is a constant (0.89), A is the

wavelength of the X-rays used (0.154 nm), 0 is
the diffraction angle of a maximum intensity
peak, and f3 is the full width at half maxima [15].
The crystallite sizes of ZM45, ZM55, and ZM65
were 15, 16, and 19 nm, respectively.
It clearly indicated that the calcination
temperature increased the crystallite size of the
compounds. Smaller crystallites have a higher
surface area to volume ratio, leading to higher
surface energy. At elevated temperatures, atoms
can migrate more easily to reduce this surface
energy by joining with larger crystallites [16].

Scanning electron microscopy and energy

dispersive X-ray spectroscopy

Figure 3 shows the SEM micrographs of the
compounds. It revealed that at 450 °C the

particles had an uneven shape and seemed less
crystalline [17]. Less clear grain boundaries
suggested development. The
particles exhibited a porous
structure despite some aggregation. In contrast
to 450 °C the particles at 550 °C were more
homogeneous and had more distinct forms.
Grain size was bigger, and enhanced crystallinity
was evident, suggesting an
temperature. Some loose aggregation, but less
porosity than at 450 °C was observed. At 650 °C,
because of grain coalescence and sintering at
higher temperatures, the particles
noticeably bigger. Dense packing and fewer
permeable areas were seen in the morphology.
Structures became more compact and crisper
with clear crystallite development. Grain
development and crystallinity were enhanced by
raising the calcination temperature, which was
consistent with thermal energy promoting
crystallite coalescence. This trend supports the
findings of XRD, which showed increased
crystallinity with temperature as seen from
sharper peaks.

Particle size was measured by employing
image software, according to which the average
particle size increased from 66 (ZM 45) to 86
(ZM 55) and 136 nm (ZM 65) as a result of
calcination. Nanoparticles were smaller and less
ordered at 450 °C, making them suitable for large
surface-area applications such as adsorption,
catalysis, etc. Particle size and crystallinity were
balanced at 550 °C, making it appropriate for
optical and electrical applications. Particles were
larger and less porous at 650 °C, but they were
more crystalline; this makes them ideal for

insufficient
nevertheless

increase with

were

applications that need stability, such as ceramics
and sensors.
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Figure 3. SEM images of ZM45, ZM55, and ZM65 compounds

EDS analysis, shown in Figure 4, visualized
the presence of Zn and Mn with a roughly
equiatomic cation ratio (Zn: Mn = 1:1) in all
samples ZM45, ZM55, and ZM65. Zn content
slightly decreased from 44.16 wt% at 450 °C to
41.90 wt% at 650 °C, Mn content decreased from
39.52 to 38.58 wt%, whereas oxygen content
increased from 16.32 to 19.52 wt%. Improved
oxide formation and a decrease in surface
adsorbates were likely the causes of the greater
oxygen weight % at 650 °C [13]. If spinel ZnMnO,
was present, it was likely a small secondary
phase. The EDS, in conjunction with SEM (grain
coarsening and densification with temperature)
and XRD (peak sharpening), confirmed the
creation of a Zn-Mn-0 composite with minimal
extraneous impurities. These spectra allowed
clean synthesis since they do not include any
notable impurity elements such as Na, Cl, or Si.

Optical studies
UV -Vis spectroscopy

UV-Visible spectroscopy was used to
characterize the optical properties of Zn-MnO
composite NPs. To determine the influence of
temperature on the optical
properties of Zn-MnO composite nanoparticles,
the UV-Visible spectra in the 200-800 nm region
were recorded and are shown in Figure 5.
Peculiar peaks were visible in the spectra with
slight variation, at 272, 278, and 288 nm for Zn-
MnO NP samples ZM45, ZM55, and ZM65,
respectively. Different positions of the
absorption bands indicated that different
morphologies and size variations were present

calcination
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Figure 5. UV-Vis spectra of Zn-MnO composite NPs: ZM45, ZM55, and M65
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[18]. The results of the UV-Vis investigation were
in excellent alignment with earlier research
[16,19,20]. Low long-wavelength absorption
values compared to the absorption peak of bulk
Zn0 were found between 300 and 400 nm, and
of bulk MnO were found between 350 and 410
nm [21,22], which were caused by impurities in
Zn-MnO NPs, such as oxygen vacancies that serve
as donor defects. For the rise in calcination
temperature, the peak of absorption was pushed
to a longer wavelength from 272 to 288 nm.
Qualitatively, it was demonstrated that raising
the calcination temperature increased crystallite
size, reduced quantum confinement effects, and
may have stabilized or rearranged the oxygen
vacancies, which resulted in lowering the
bandgap energy [23]. Thus, nanoparticles that
show an absorption peak at a lower wavelength
are smaller than those that show a peak at a
higher wavelength. This is consistent with the
particle size determined using Scherrer’s
formula. From the absorption spectra of Zn-MnO
composite nanoparticles, the energy gap can be
obtained by the Tauc’s relation represented by
Equations 2 and 3 [24].

ahv = B(hv — Egp; )" (2)

Where a is the absorption coefficient at the
frequency of v. a = 2.303 A/t, where A is
absorption and t is sample thickness. For direct
permitted transitions of n = %, therefore, the
above equation is reduced as Equation 3 [24]:

ahv = B(hv - Eopt)l/2

(3)

The optical bandgap energy Eqpc values were
obtained by extrapolating the linear portion of
the (ahv)? versus hv curve and finding the
intercept on the energy axis [25]. The optical
bandgap energies were estimated by Tauc plots
for Zn-MnO nanoparticles made using coconut
shell extract in an environmentally friendly

manner and are depicted in Figure 6. The trend
in bandgaps was 2.458 eV, 2.406 eV, and 2.130
eV for ZM45, ZM55, and ZM65 samples,
respectively. Higher synthesis temperatures
caused the bandgap to decrease, indicating
changes. In the
investigation conducted by Haowei Peng et al. on
Mni_4Zn,O alloys, the bandgap was found to be
2.30 eV, which was within the range of the
bandgap calculated in the present work [26].
Extract from coconut shells served as a reducing
and capping agent. Organics from coconuts
broken down at higher temperatures have
minimized
coatings that might have artificially decreased E,.
Cleaner structures and surfaces resulted in
inherent bandgaps.

structural or electrical

surface flaws or carbonaceous

Refractive index

One essential characteristic of optical
materials crucial for constructing optical devices
is the refractive index (n). Therefore, regulating
this characteristic in polymers and nanoparticles
enables their practical use in several industrial
and medicinal applications. The bandgap value
may be used to determine the empirical
connection that applies to various types of
molecules. The refractive index was calculated

using Equation 4 [27].

12.417

"= VEoses )

Values calculated for ZM45, ZM55, and ZM65
were 2.930, 2.948, and 3.057, respectively.

Optical conductivity

The capacity of a substance to conduct or
light in response to an applied
electromagnetic field is measured by its optical
conductivity. It is an important parameter,

absorb
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Figure 6. Tauc’s plots of Zn-MnO composite NPs: ZM45, ZM55, and ZM65

especially for nanomaterials, to understand how
light interacts The optical
conductivity of nanoparticles is influenced by
several parameters, including their size, shape,

with matter.

material  composition, and surrounding
environment. Surface plasmon resonance (for
metallic nanoparticles) and quantum

confinement effects allow nanoparticles to
display unique optical features. Utilising the
absorption coefficient a and the refractive index
‘n’ data, the optical conductivity oop: for all the
samples was computed using the subsequent
relation shown in Equation 5 [28].

Oopt = (5)
2.303xA
t

(A denotes absorbance and t is thickness of the
sample 1 cm) and c is the velocity of light.

Where, the absorption coefficient a =

The optical conductivity values of samples are
shown in Table 1. The ZM55 sample had the
highest optical conductivity, 2.466x10° S,
compared to ZM45 and ZM65 samples. A
material characterized by a high absorption
coefficient can absorb a greater amount of light,
typically suggesting that a larger portion of the
light energy can be transformed into electric

current, thereby enhancing the optical
conductivity. Furthermore, a  material
possessing a higher refractive index will
significantly influence light propagation,

potentially improving the interaction between
the light and the material's electrons, which in
turn can further elevate optical conductivity.
Materials with strong optical conductivity are
capable of efficiently converting light into
electrical energy.
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Table 1. Optical parameters of Zn-MnO nanoparticles at different calcination temperatures
Sample  Absorption peak Energy gap Refractive Index Optical conductivity
code wavelength Eg(eV) n Gopt (x10%-1)
A(max) (nm)
ZM45 272 2.458 2.930 1.852
ZM55 278 2.406 2.948 2.466
ZM65 288 2.130 3.057 1.541
Zeta potential colloids [33]. Zeta potential values for samples

The term "zeta potential” describes the
electrical potential at a solid surface's sliding
plane when it comes into contact with a liquid,
usually water. It indicates the strength of the
repulsion between nearby, similarly charged
particles in dispersion. It
parameter for describing the surface charge of
colloidal systems or nanoparticles and is crucial
for understanding the stability of foams,
emulsions, and colloids [29]. As an interfacial
property, the zeta potential is affected by the pH
and content of the surrounding liquid medium in
addition to the physicochemical characteristics
of the solid surface [30]. A solid surface usually
gains a surface charge when submerged in an
aqueous environment due to the ionization of
surface groups or the adsorption of liquid ions.
An electrical double layer (EDL) is created when
oppositely charged ions from the surrounding
medium are drawn to this charged surface.

The stern layer, a firmly bonded layer of
counter ions, and the more diffuse outer layer
make up the EDL [31]. The zeta potential is the
potential at the interface between the diffuse and
stern layers. Higher absolute values (positive or
negative) indicate stronger repulsion between
particles, which prevents aggregation. This

is an essential

potential is frequently employed as a measure of
colloidal stability [32]. At various calcination
temperatures, the charge of the
produced nanoparticles was evaluated for the
current zeta potential analysis. Suspensions

surface

displaying 15 mV were classified as stable

ZM45, ZM55, and ZM65 were determined to be -
9, -10, and 16 mV, respectively, as shown in
Figure 7. Changes in surface morphology or
charge distribution on the nanoparticle surface
may be the cause of the temperature-dependent
rise in zeta potential, which might indicate
improved surface activity or dispersion stability
at higher calcination temperatures.

Fourier transform infrared (FTIR) spectra

Fourier transform infrared spectroscopy is
considered as the best technique for discerning
the structure and properties of materials,
offering insights into their chemical groups.
Figure 8 illustrates the FT-IR transmittance
spectra in the 200-800 cm! of Zn-MnO
composite nanoparticles mediated by coconut
shell at 450, 550, and 650 °C. The small band
seen in the range of 3,431-3,684 cm™! and a peak
in the range 1,630-1,640 cm™ can be attributed
to the stretching and bending O-H vibrations of
adsorbed H,0 molecules that were adsorbed on
the surface of the nanocomposites, resulting
from their porosity [34-36]. The disappearance
of the 1,631 cm™ peak with
temperature was mostly due to thermal
breakdown or desorption of surface-bound
organic compounds originating from plant

increasing

extracts or biological sources [37]. The amide II
mode was represented by the FTIR absorption
band seen at 1,535 cm™!, which was primarily
involving N-H bending and C-N stretching
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vibrations. Its existence suggested that Zn-MnO
nanoparticles have interacted with organic
substances containing nitrogen, including
proteins or amino acid residues, which were
likely the products of biological agents utilized in
synthesis. These implied that
biomolecules were successful in capping or
surface functionalizing the nanoparticles [38].
The transmittance peak, whose intensity
decreased with temperature at approximately
1,380 cm-! was due to C-C stretching bonds,
suggesting aromatic compounds, while N-O
symmetric stretching indicated nitro
compounds [39]. Aromatic rings and nitro
groups may start to decompose or change
chemically (oxidation, rearrangement, etc.) at
high temperatures. As a result, the strength of IR
transmittance at that particular frequency was
decreased. The 980 cm™ band was ascribed to C-
0-C stretching vibrations, which were indicative
of ether bonds widely seen in proteins and
polysaccharides [40]. The absorption band at
630 cm™ in the FTIR spectrum was attributed to
the vibrational mode of Zn-O bonds within the
Zn0 nanoparticles. This suggested that the ZnO
likely interacting with
surrounding organic moieties, such as
phytochemicals or capping agents, which
possibly present on their surface due to the
synthetic technique [41]. In the 400 to 600 cm-!
wavenumber range, the distinctive absorption
bands were visible in the fingerprint region of
the metal-oxygen bonds [42]. All the anomalies
are listed in Table 2.

interactions

nanoparticles were

Raman spectral analysis

Raman spectral analysis elucidates chemical
structure, phase, crystallinity, and interaction
between molecules. The spectra, spanning the

200-1,100 cm™ range, capture both higher-
wavenumber molecular characteristics brought
on by organic residues, surface adsorbates, or
hydroxyl groups and lattice vibrations (Raman
active phonon modes). The intensity rises as the
calcination temperature suggesting
greater phonon improved
crystallinity. Zn-MnO nanoparticles Z7ZM45,
ZM55, and ZM65, calcined at 450, 550, and 650
°C showed different phonon modes linked to Zn-
0 and Mn-0 bonding in their Raman spectra, as
shown in Figure 9 and the deconvoluted peaks,
as indicated in Figure 10. All the obtained peaks
are tabulated in Table 3. A peak was observed at
296 cml, which was assigned to Bihigh — Bylow
bending vibrational modes, a similar kind of
peak was seen at 297 in Mn-doped ZnO, was
reported [43]. The faint peak appearing at
approximately 332 cm! could be related to the
(E2 (high)-E2 (low)) multi-phonon scattering
mechanism. It was observed that the peak
shifted from 336 to 347 cm-! with an increase in
calcination temperature. This blue shift often
indicates compressive stress in the lattice [44].
The E,(high) Raman mode at approximately
432 cm'! was mainly related to the vibration of
oxygen atoms in the wurtzite of ZnO. It is well-
regarded as a mark of high crystallinity. With
increasing calcination temperature to 650 °C, a
red shift of E,(high) was observed from 432 cm™
to 414 cm™. This is because particle growth
would lead to the Zn-MnO composite or mixed
oxide phase [45]. The peak at approximately 506
cm! was due to multi-phonon scattering modes
corresponding to Ei(TO)+E2(LO) of ZnO [46].
The approximately 530 cm™,
corresponding to the A1(LO) mode in wurtzite-
structured ZnO, shifted to approximately 545
cm™ upon calcination at higher temperatures,
suggesting better crystalline ordering [16].

rises,

coupling and

peak at
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Table 2. FTIR band positions of Zn-MnO NPs

Band position Band assignment Ref.
(cm™)
~ 415 and 509 Fingerprint region of the metal-oxygen bonds [42]
~ 630 Vibrational mode of Zn-0 bonds within the ZnO nanoparticles [41]
~ 980 Ascribed to C-O-C stretching vibrations, which are indicative of [40]
ether bonds widely seen in proteins and polysaccharides
~ 1,380 due to C-C stretching bonds, suggesting aromatic compounds, [39]
while N-O symmetric stretching indicates nitro compounds
~ 1,535 N-H bending and C-N stretching vibrations [38]
~ 1,631 and Stretching and bending O-H vibrations of adsorbed H,0 molecules [37]
~ 3,472 [34-36]
. ZIM16 5 | S
136
102 |
204 247
| A o0 722 830 — 1038

g |[—ZMSS 6235

Raman Intensity (a.u)

200 300 400 500 600 700 800 900 1000 1100
Raman shift cm™)

Figure 9. Raman spectra of Zn-MnO NPs: ZM45, ZM55, and ZM65
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Figure 10. Raman deconvolution spectra of Zn-MnO NPs: ZM45, ZM55, and ZM65
Table 3. Raman band positions and their assignments of Zn-MnO NPs

Band position (cm-1) Band assignment Ref.
ZM45 ZM55 ZM65
i high — Bqlow i i i
206 296 304 Is assigned to B1high — Bilow bending vibrational [43]
modes
Related to the (E2 (high)-E2 (low)) multi-
332 336 347 phonon scattering mechanism. [44]
432 414 414 The E,(high) Raman r.nodells as.soc1ated with [45]
oxygen atom vibrations in ZnO
The multi-phonon scattering modes of ZnO
495 506 506 E1(TO)+EzL [46]
530 530 545 Corresponding to the A1(LO) mode in wurtzite- [16]
structured ZnO
650 635 635 Vibration modes attributed to substances [47,48]
containing magnesium,
708 723 733 A1 symmetry secondary Raman modes [48]
830
ggg ggg 879 These are attributed to dioxygen species [49]
945 935 930 adsorbed or incorporated in the ZnO lattice.
989 - -
1.045 1.038 1038 A two-phonon Raman scattering event, where [50]

A;(TO) and A,(LO) phonons were combined.




C. Maalegoundla et al.

711

Vibration modes at approximately 650 cm™

were attributed to substances containing Mn.
With calcination temperature, a red shift to
1 was observed; this
might be due to oxygen loss, which leads to
reduced Mn oxidation state from Mn** to Mn3* or
Mn?* [47]. In the intermediate region of the
spectrum, the second-order Raman mode with

approximately 635 cm~

Aisymmetry (~723) was observed [48].

Raman peaks with wide, less-resolved bands
in the 800-1,000 cm™! area were found in Mn-
doped ZnO or Zn-MnO composites or in defect-
rich materials, where oxygen vacancies and local
charge imbalances are more prominent. These
bands were attributed to dioxygen species
adsorbed or incorporated in the ZnO lattice. The
peroxide ion (0,%7) was stabilized in the ZnO
lattice, displaying a stretching mode close to
approximately 840 cm™ [49]. The peak at
approximately 1,050 cm™ was caused by a two-

phonon Raman scattering event, where A;(TO)
and A,(LO) phonons combine. This interaction
was permitted by group theory at the A and H
locations in the Brillouin zone of the hexagonal
lattice of ZnO. The Raman peak 1,050 cm™
shifted to 1,038 cm™* with increasing calcination
temperature. This shift may be due to oxygen
vacancies, which are more prevalent in Zn-MnO
nanoparticles at low temperatures. The defect
density decreased with calcination. The ZnO
lattice reduced distortion by segregating into
secondary phases such as MnO, [50].

The synthesized Zn-Mn oxide (Zn-MnQO) NPs
in three samples, ZM45, ZM55, and ZM65 that
were calcined at 450, 550, and 650 °C,
respectively, each at a concentration of 10%
(w/v) were tested for their antimicrobial activity
against selected food-borne pathogens and
spoilage microorganisms using the agar well
diffusion method, as depicted in Figure 11
[51,52].

Zn-MnO 450

(a)

(b)

Figure 11. Inhibition zones of Zn-MnO nanocomposite NPs: (a) ZM45, (b) ZM55, and (c) ZM65, tested on
bacteria S. aureus, B. subtilis, P. aeruginosa, and E. coli
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Antimicrobial activity

Metal nanoparticles that were synthesised
through the green
antibacterial activity at concentrations greater
than 100 mg/mL [53]. Compared to their
chemically manufactured counterparts, metal

route have shown

nanoparticles that are biogenically formed have
demonstrated a higher antibacterial activity. The
inclusion of proteins and other macromolecules
in the capping agents obtained from biological
sources is thought to be responsible for this
increased activity, as it may improve their ability
to interact with microbial cells [54]. According to
several studies, the production of reactive
oxygen species (ROS) and the release of metal
ions (Zn2* and Mn2+) were the main causes of the
antibacterial activity of Zn-MnO composite
nanoparticles against bacterial species. These
ROS, which were created when the nanoparticles
interacted with their surroundings, comprised
hydrogen peroxide (H20;), hydroxyl radicals (-
OH), and superoxide ions (0,72). Because the Zn
and Mn components worked in concert, the Zn-
MnO nanocomposite promoted increased ROS
production. Since manganese is a redox-active
metal, it can cycle between the Mn?*, Mn3*, and
Mn** oxidation states, which further increased
oxidative stress in bacterial cells. Once produced,
the ROS interact with the negatively charged

bacterial cell membranes through the release of
Znz* and Mn?* ions. The integrity of the
membrane was compromised by this contact,
permeability allowing
intracellular contents to seep out. Cell lysis and
bacterial death followed the loss of vital
macromolecules from the cell [55]. All the Zn-
MnO samples showed significant zones against

increasing and

both the microorganisms, specifically bacterial
as well as fungal strains, inferring broad-
spectrum antimicrobial action, as seen in Tables
4 and 5. Such activity was observed earlier in Zn-
MnO nanocomposites [56,57].

Among the three, the Zn-MnO sample ZM65
showed the most pronounced antibacterial
indicating that higher calcination
temperature may enhance the antimicrobial
potency of Zn-MnO nanoparticles. For S. aureus,
the inhibition zone diameter was maximum (22

activity,

mm) compared to the others. The next highest
inhibition zone diameter (18 mm) was for E. coli.
Notably, there was no calcination effect on the
inhibition zone diameter for above two strains.
The inhibition diameter against P. aeruginosa
was increased from 13 mm to 18 mm, whereas
for B. subtilis it decreased from 17 mm to 15 mm
with calcination temperature of 450-650 °C. The
inhibition zone for fungi was maximum as 19
mm for A. niger for the sample ZM55 and 17 mm
for Candida albicans [6].

Table 4. Antibacterial activity of Zn-MnO NPs

S. No. Sample E. coli P. aeruginosa S. aureus B. subtilis
code Inhibition zone diameter (mm)

1 ZM45 Amoxicillin 26 24 27 24
DMSO 8 8 8 8
Sample 18 13 22 17

2 ZM55 Amoxicillin 26 25 26 27
DMSO 8 8 8 8
Sample 17 18 22 15

3 ZM65 Amoxicillin 26 24 24 25
DMSO 8 8 8 8
Sample 18 18 22 15
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Table 5. Antifungal activity of Zn-MnO NPs

Sample code
S. No.

1 Itraconazole

ZM45 DMSO

Sample

2 Itraconazole

ZM55 DMSO

Sample

3 Itraconazole

ZM65 DMSO

Sample

Candida albicans A. niger

Inhibition zone diameter (mm)

21 22
9 8
16 14
23 22
8 8
17 19
20 20
8 8
17 15

All three samples were further analyzed to
determine their inhibitory
concentration. MIC was defined as the lowest

minimum

concentration at which visible microbial growth
was inhibited. All experiments were carried out
in duplicate. MIC data, as depicted in Tables 6
and 7, revealed that all samples effectively
inhibited bacterial growth at 2.5% and fungal

growth at 5% concentrations. The minimum
inhibitory concentration for bacterial strains, S.
aureus was 2.5% for three samples, and for E. coli
and B. subtilis was 5%. MIC for P. aeruginosa was
7.5%, which was high when compared to other
strains. In the case of fungi Candida albicans and
A. niger, the MIC was 5% for the samples calcined
at ZM55. For the other samples, it was 7.5%.

Table 6. MIC of Zn-MnO against bacteria

Name of the
organism

Sample code 1%

E. coli -

P. aeruginosa -
S. aureus -
B. subtilis -
E. coli -

P. aeruginosa -

ZM45

ZM55 S. aureus -
B. subtilis -
E. coli -

P. aeruginosa -
S. aureus -

B. subtilis -

ZM65

Concentration

2.5% 5% 7.5% 10%

Inhibition zone diameter (mm)
- 13 16 18
- - 11 13
11 16 18 22
- 12 14 17
- 14 16 17
- - 14 18
12 15 19 22
- - 13 15
- 12 15 18
- - 16 18
12 14 18 22

- - 12 15




Zn-MnO Nanocomposites Derived from ... 714
Table 7. MIC of Zn-MnO against fungi
Concentration
S 1
?:I(:l(fee Name of the organism 1% 2.5% 5% 7.5% 10%
Inhibition zone diameter (mm)
Candida albicans - - - 13 16
ZM45 A. niger - - - 10 14
Candida albicans - - 11 15 17
ZM55 A. niger - - 12 14 19
Candida albicans - - - 14 17
ZM65 A. niger - - - 12 15
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