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ABSTRACT: Mn;0, nanoparticles (NPs) find diverse applica-
tions in the fields of medicine, biomedicine, biosensors, water
treatment and purification, electronics, electrochemistry, and
photoelectronics. The production of Mn;O, NPs was reported
earlier through various physical, chemical, and green routes, but no
studies have still been performed on their biosynthesis from Tagetes
erecta. We synthesized manganese oxide NPs, i.e., (Mn;O,); and
(Mn;0,)p NPs, by utilizing leaves and petals, respectively, of T.
erecta as reducing and stabilizing agents. The investigated green
path is eco-friendly and does not involve any hazardous raw
materials. The structural properties of NPs were determined by X-
ray diffraction (XRD) analysis, spectroscopies (Fourier transform infrared (FTIR), Raman, and UV—visible), scanning electron
microscopy (SEM), thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC). The NPs were also evaluated
for their electrochemical properties by cyclic voltammetry (CV) and galvanostatic charge—discharge (GCD). XRD analysis was
performed to verify their tetragonal geometry, and the crystallite size (19.24 nm) of (Mn;0,)p was smaller than that (20.84 nm) of
(Mn;0,); NPs. SEM images displayed a porous and spherical morphology with a diameter of 14—35 nm. FTIR spectra of (Mn;0,),
and (Mn;0,)p displayed Mn—O vibrations at 605.69 and 616.87 cm™’, respectively, and the hydrous nature of the material. Raman
spectroscopy revealed the existence of tetrahedral and octahedral units along with Ay, T, and E, active modes of Mn;O,4 and 2TO
mode. UV—visible analyses of (Mn;0,); and (Mn;0,)p NPs showed absorption peaks at 272.3 and 268.8 nm, along with band gaps
of 4.83 and 5.49 eV, respectively. TGA curves displayed good thermal stabilities up to 600 °C and a loss of moisture content. DSC
curves exhibited exothermic/endothermic peaks with glass transition temperatures of 258.9 and 308.7 °C for (Mn;0,), and
(Mn;0,),, respectively. The CV curves showed redox peaks and confirmed that the electrochemical reaction takes place in the
Mn;0, material. GCD scans revealed the capacitive behavior of NPs and their suitability as electrodes in energy storage devices.
However, (Mn;0,) will act as a good material for energy storage applications as compared to (Mn;0,), NPs. The synthesized NPs
were also tested for their antibacterial efficacy by biofilm inhibition and agar well diffusion methods. The NPs showed higher
activities against Staphylococcus aureus (Gram-positive) than against Escherichia coli (Gram-negative), and (Mn;0,)p was more
bioactive than (Mn;0,);.
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B INTRODUCTION numerous compositional and structural variants such as MnO,,
Mn,0;, MnO, Mn;0,, MniO and so on.'” Mn-based
nanomaterials have tremendous potential for long-term
nanotechnology. Their unique chemical/physical properties
make them ideal for their use in solar cells, molecular sieves,
catalysts, batteries, magnetic materials, optoelectronic devices,

Nanoparticles (NPs) are incredibly interesting as compared to
bulk materials of the same chemical compositions because of
their high surface-to-volume ratio, small size, and unique
physical and chemical properties," which result in their broad-
spectrum applications in biological” and nonbiological fields.’
NPs have also been utilized in disease treatment,” photo-

catalysts,” battery electrodes,” and high-performance super- Received:  February 10, 2024
capacitors.” Their role in energy-related applications’ and the Revised: ~ May 1, 2024
degradation of organic® and inorganic contaminants’ is Accepted:  May 16, 2024
appreciable. Published: August 5, 2024

Manganese, one of the most abundant elements on the
planet, has attracted the interest of researchers due to its
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drug delivery ion sieves, and other fields such as magnetic
storage devices, imaging contrast agents, and water purifica-
tion/treatment."’ Mn;O, is the most stable oxide of
manganese and has been considered the most interesting and
important one due to its ferromagnetic properties, high-density
magnetic storage medium, high theoretical lithium-storage
capacity, and unique ability to remove dyes from aqueous
solutions.'” However, less focus has been paid to manganese as
a high-performance metal in some fields including biomedi-
cine, medicine, biosensors, catalysis, photoelectronics, electro-
chemistry, and electronics. Mn-based nanomaterials exhibit
tremendous potential for long-term nanotechnology.” The
synthesis and characterization of manganese oxides have been
in high demand due to their frequent utilization in data
storage, pollutant sensing, catalysis, and biological imaging.14

Conventional synthetic methodologies for NPs include
chemical syntheses, aerosol technologies, UV irradiation,
lithography, ultrasonic fields, and photochemical methods,
but the?f involve hazardous substances and high-tech
facilities.> Moreover, they are expensive, energy-intensive,
and time-consuming and require extreme conditions for
synthesis. Therefore, alternative green synthetic technologies
are required for the elimination of these hazardous effects. In
recent years, the synthesis of metal NPs by efficient green
chemistry methods has become a key focus of researchers
because it offers a superior alternative to traditional
procedures.'® This approach is not only straightforward but
also cost-effective, benign, safe, scalable, and operates under
ambient conditions. Plant-based biological a%ents play a dual
role as reducing as well as capping agents.'” Plant-mediated
production of NPs is also sustainable for the ecosystem as it is
not associated with the menace of toxic waste contamination.'”
Plant-based NPs are significantly more stable than those
synthesized by conventional methods, and they are produced
in numerous shapes including spherical, needles, cylindrical,
cubical, prisms, stems, and dendrites. The nature of the plant
extract, metallic salt precursor, and reaction conditions
(temperature, pH, and incubation time) greatly affect the
properties of generated NPs. Plants are considered as natural
“chemical factories,” and nature has developed precise and
innovative strategies for producing the most valuable nano-
materials.'®

Plant-mediated green synthesis has been extensively applied
in the synthesis of NPs. However, less attention has been given
to the green synthesis of MnyO,.'”"" To the best of our
knowledge, the synthesis of Mn;O, NPs by utilizing leaf/petal
extracts of Tagetes erecta has never been reported earlier. The
current study was performed to synthesize Mn;O, NPs by
using the leaves and petals of T. erecta. Structural features of
NPs were determined by X-ray diffraction (XRD), scanning
electron microscopy (SEM), Fourier transform infrared
(FTIR) spectroscopy, Raman spectroscopy, thermogravimetric
analysis/differential scanning calorimetry (TGA/DSC), and
UV—visible spectroscopy. Their electrochemical properties
were investigated by cyclic voltammetry (CV) and galvano-
static charge—discharge (GCD) tests. They were also
investigated for their antibacterial potential by agar well
diftusion and biofilm inhibition methods.

B RESULTS AND DISCUSSION

Aqueous extracts of leaves and petals of T. erecta were prepared
and mixed with 1 M MnSO,-H,O solution to synthesize the
manganese oxide nanoparticles, i.e,, (Mn;0,); and (Mn;0,)p,

respectively. The synthesized NPs were characterized by
various analytical techniques, including XRD, SEM, FTIR
spectroscopy, Raman spectroscopy, TGA/DSC, and UV-—
visible spectroscopy. After structural verification, the electro-
chemical behavior of the synthesized NPs was tested by an
electrochemical workstation. The NPs were also evaluated for
their antibacterial efficacy against Staphylococcus aureus and
Escherichia coli (Gram-negative) by two methods (disc
diffusion and biofilm inhibition).

Structural Studies by X-ray Diffraction (XRD). The X-
ray diffraction technique was used to examine the crystallo-
graphic structures of nanoparticles. The synthesized Mn;0,
NPs were crystalline, and their diffraction peaks (Figure 1)

(Mn,O,),

—_
-
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~
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Figure 1. XRD patterns of (Mn;0,); and (Mn;0,), NPs.

were in agreement with the standard JCPDS card #24-0734.
The Debye—Scherrer equation (eq 1) was used to calculate the
crystallite sizes of the NPs.

b KA
P cos 6 (1)

where D indicates the crystallite size of the particles, K
represents the Scherrer constant (equal to 0.9), 4 is the
wavelength of light used for diffraction (4 = 1.54 A), f is the
full width at half-maximum (fwhm) of the diffraction peak, and
0 is the angle of deflection.

The XRD graph of (Mn;O,); showed three prominent
peaks at 20 = 33.5, 36.2, and 59.9°, which correspond to the
(103), (211), and (224) crystal planes, respectively. However,
many small peaks were also observed. In the case of (Mn;0,)p,
prominent XRD peaks were observed at 20 = 33.5, 36.2, and
59.5°, which are associated with the (103), (211), and (215)
crystal planes, respectively. In both XRD patterns, the (103)
and (211) planes were observed. The average crystallite sizes
of (Mn;0,), and (Mn;0,), calculated by the Debye—Scherrer
equation were found to be 20.84 and 19.24 nm, respectively.
The XRD results support the tetragonal body-centered lattice
structure of Mn;O, NPs.”” The peak marked with an asterisk
in the graph (Figure 1) indicates the presence of water or some
contaminations from the plant source.

FTIR Spectroscopy. FTIR spectroscopy of the synthesized
NPs was performed in the range of 4000—600 cm™'. The
obtained FTIR spectra are shown in Figure 2. The Mn—O
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Figure 2. FTIR spectra of (Mn;0,); and (Mn;0,)p NPs.

stretching modes appear as sharp peaks at 605.69 and 616.87
em™!in (Mn;0,); and (Mn;0,)p, respectively, and represent
A,, mode of Mn®" ions at tetrahedral sites.”' Moreover, smaller
bands at 2330.98 and 2321.19 cm™ in (Mn;0,) and
(Mn;0,)p, respectively, were observed, which were attributed
to the coupling of the scissor bending and a broad liberation
band in the near-infrared region. Absorption bands at 2098.97
and 2104.08 cm™ in (Mn;0,) and (Mn;0,)p, respectively,
represent the existence of hydrogen bonding within the
sample.”> A high-frequency band at 1081.85 cm™ in
(Mn;0,), and 1108.53 cm™" in (Mn;0,), may be attributed
to the v(Mn—O—H) vibration;** this band has a complex
origin and envelops two bands related to the TO + LO and
2LO modes in the MnO phase of Mn,0,.**

The two broad bands at 3229.73 and 1543.11 cm™' in
(Mn;0,);, and at 3072.25 and 1518.85 cm™ in (Mn;0,)p
represent the stretching and bending vibrations, respectively, of
water.”® The vibrational band at 1642.82 cm™" displays the H—
O—H scissor bending’® and the presence of adsorbed water
molecules.”” All of these vibrations clarify the adsorption of
water by the Mn;O, material from atmospheric moisture.””
The hydrous nature of Mn;O, NPs is also supported by the
literature.'” The hydrated properties of Mn;O, NPs may
increase the cation diffusion, thus improving the capacitance of
materials.”> The existence of moisture in the synthesized NPs
was also further verified from the thermogravimetric data
(discussed in the relevant section).

Raman Spectroscopy. Figure 3 displays the Raman
spectra of the synthesized Mn;O, NPs. The literature””*’
reports that all of the manganese oxides display a strong
phonon band at 640—660 cm™" and weak phonon bands in the
Raman region of 200—480 cm™'; the Mn;0, NPs investigated
by us also displayed the same Raman scattering pattern (Figure
3). Three strong peaks at 651.65, 363.03, and 308.73 cm™!in
(Mn;0,);, and at 651.099, 366.09, and 310.63 cm™' in
(Mn;0,); are characteristic of Ay, T,,, and E, active modes of
Mn;0,, respectively.””>* A strong peak around 651 cm™
demonstrates the presence of hausmannite with a spinel
structure, corresponding to the Mn—O stretching vibrations of
divalent manganese ions in the tetrahedral coordination.”"

The simultaneous existence of a phonon band with a large
scattering intensity around 651.65 cm™' and a weak band at

1000 308.73 363.03 458{43 558.83

5 744.97
s L
> 800+
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Figure 3. Raman spectra of (Mn;0,); and (Mn;0,)p NPs.

743—745 cm™' indicates A, spectroscopic species with
symmetric vibrations of ,,(Mn—0) and ,;(Mn—0), respec-
tively.””** Furthermore, the presence of a weak phonon band
at 458.43—459.28 cm™' demonstrates the ,;(Mn—Q) sym-
metric vibration,”® whereas two weak bands at 308.73 and
363.03 cm™ in (Mn;O,), and at 310.63 and 366.09 cm™ in
(Mn;0,)p are characteristic of Mn—O bending vibrations.””*°
Most of the vibrations found in these spectra were related to
the motion of the oxygen atoms within the MnOg octahedral
units in Mn;0,.>”*" Weak intensity bands at 558.83 and
562.49 cm™" in (Mn;0,); and (Mn;0,);, respectively, were
assigned to Mn—O-Mn bending vibrations’' and are
indicative of 2TO (transverse optical) mode.”*

UV-Visible Spectroscopy. The NPs were subjected to
UV-—visible spectroscopy in the 200—800 nm range; the
obtained spectra are shown in Figure 4. The (Mn;0,); and
(Mn;0,)p NPs displayed absorption maxima at 272.3 and
268.8 nm, respectively, which represent O*~ — Mn*" charge-
transfer transitions.'” The (Mn;0,); NPs showed smaller band
gaps (4.83 eV) than those (5.49 eV) of (Mn;0,), (Figure 4).

Scanning Electron Microscopy (SEM). Scanned electron
microscopy (SEM) was performed to examine the morphology
and sizes of the synthesized NPs. Figure S shows the SEM
images of the (Mn;O,). and (Mn;O,)p NPs. SEM analysis
revealed that the basic surface structures of Mn;O, NPs were
porous and spherical, and they have a tendency to agglomerate
in some portions.”* Agglomeration occurs due to the adhesion
of NPs to each other by weak forces, leading to (sub)-
micronized entities. The NP aggregates are produced due to
the formation of metallic or covalent bonds that cannot be
disrupted easily.”> However, SEM findings of Mn;O, nano-
particles agreed with the XRD data. The particle sizes
(diameters) of (Mn;0,); and (Mn;0,)p were found to be
approximately 14—35 nm, with larger sizes compared to the
latter.

Thermogravimetric Analysis (TGA) and Differential
Scanning Calorimetry (DSC). The thermal stabilities and
weight loss percentages of NPs were investigated by subjecting
them to thermogravimetric analysis (TGA) in the range of 0—
600 °C (Figures 6 and 7). The total weight losses of (Mn;0,),
and (Mn;0,), were found to be only 9.6 and 3.75%,
respectively, up to the temperature of 600 °C, indicating
their good thermal stabilities and heat resistance; (Mn;0,)p
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Figure 4. UV—visible spectra of (Mn;0,), and (Mn;0,), NPs.

was more thermally stable and resistant to heat as compared to
(Mn;0,).. In (Mn;0,)p, a gradual loss of weight was observed
up to the temperature of 600 °C corresponding to the
elimination of adsorbed/coordinated water. The TGA graphs
(Figures 6 and 7) revealed a three-stage decomposition pattern
of (Mn;0,)p. The initial weight loss in (Mn;0,)p at 25—92 °C
was attributed to moisture evaporation, whereas the second
and third weight loss steps at 114.6—202.7 and 202—310 °C,
respectively, were attributed to the loss of adsorbed/
coordinated water molecules. These findings are further
verified from FTIR data, which demonstrate the existence of
water molecules in the lattice of NPs.

The differential scanning calorimetry (DSC) curves (Figures
6 and 7) displayed endothermic peaks in (Mn;0,), and
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Figure 6. TGA—DSC of (Mn;0,);.
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Figure 7. TGA—DSC of (Mn;0,)p.

(Mn;O,)p at 201.9 and 189.6 °C, respectively. Exothermic
peaks of (Mn;0,) and (Mn;0,)p appeared at 513.1 and 333.2
°C, respectively. The glass transition temperatures (at the
midpoint of half height) were measured using Moynihan’s
approach and were found to be 308.7 and 258.9 °C for
(Mn;0,), and (Mn;0,);, respectively.

Figure 5. SEM images of (Mn;0,); (left) and (Mn;0,), (right) NPs.
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Figure 8. CV curves of (Mn;0,), (left) and (Mn;0,), (right) at different scan rates.

Table 1. Calculation of the Redox Current and Redox Potential of (Mn;0,);

scan rate anodic potential, V,  cathodic potential, V.  total redox potential anodic current, I, cathodic current, I, total redox current
(mV s™) (V) FV) (V) (mA) (mA) (mA)
S 0.271 0.166 0.105 4.5 -2.9 1.6
10 0.283 0.159 0.124 6.3 —4.6 1.7
30 0.320 0.148 0.172 11.8 -8.7 3.1
40 0.330 0.142 0.188 13.6 -10.7 29
MU 0.335 0.138 0.197 15.4 —-11.4 4

Table 2. Calculation of the Redox Current and Redox Potential of (Mn;0,)p

scan rate anodic potential, V,  cathodic potential, V.  total redox potential anodic current, I, cathodic current, I, total redox current
(mV s7h) V) FV A (mA) (mA) (mA)
10 0.290 0.231 0.059 0.906 —-0.378 0.528
20 0.294 0.229 0.064 1.390 —0.926 0.464
30 0.296 0.226 0.070 1.840 —1.445 0.395
40 0.299 0.227 0.072 2.359 -1.973 0.386
S0 0.303 0.225 0.077 2.843 —2.499 0.344
0.28
(Mn0), osh (Mn0),
1mA ImA
2mA 2mA
0.
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Figure 9. GCD curves of (Mn;0,); (left) and (Mn;0,), (right).
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Electrochemical Studies. Cyclic Voltammetry (CV).
Cyclic voltammetry (CV) studies were performed by using
an electrochemical workstation within a potential range of 0—
0.45 V at different scan rates. Figure 8 displays the CV graphs
of (Mn;O,4); and (Mn;O,), NPs, respectively, whereas the
obtained data are summarized in Tables 1 and 2, respectively.
At scan rates of 10, 30, 40, and 50 mV s~!, the values of redox
potentials of (Mn;O,); were observed to be 0.124, 0.172,
0.188, and 0.197 V with current values of 0.011, 0.128, 0.023,
and 0.003 mA, respectively. At the same scan rates (10—50 mV
s7'), the values of redox potentials of (Mn;O,), NPs were
found to be 0.0591, 0.0649, 0.0702, 0.0724, and 0.0774 V with

35412

current values 12.34, 8.953, 0.0193, 0.025, and 0.0053A,
respectively.’

The oxidation—reduction peaks of the NPs were clearly
visible on the cyclic voltammograms of synthesized NPs,
confirming that both materials were electrochemically active. It
was found from the CV curves that the reduction peak
potential fluctuates more between 0.2 and 0.3 V. For both
samples of (Mn;O,); and (Mn;0,)p, the oxidation peaks of
NPs demonstrated a significant area under their corresponding
curves, indicating a large value of specific capacitance. The CV
curves (Figure 8) of both samples clearly display the redox
peaks, demonstrating that the charging process is reversible in
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the synthesized Mn;O, materials. The values of the GCD
potential were set by observing the CV curves.

Galvanostatic Charge—Discharge. Galvanostatic charge—
discharge (GCD) tests of (Mn;0,); and (Mn;0,)p NPs were
performed in a potential range of 0—0.27 V at various current
densities. A 6 M KOH solution was used as the electrolyte.
The obtained charge—discharge curves were used for the
calculation of specific capacitance (C,,) via eq 2.

c = C IXAt

" m  AVXm (2)
Here I is the applied current (A), V is the potential window
(V), m is the mass of the active material (g), and ¢ is the time
of a discharge cycle. All of the electrochemical experiments
were performed at a constant temperature.

The GCD curves of (Mn;O,); and (Mn;0,), electrode
materials are displayed in Figure 9 at different current
densities. The observed values of charge/discharge time and
the corresponding specific capacitances are given in Tables 3

Table 3. Calculated Results of the GCD Curve of (Mn;0,);,
NPs

time (h) specific capacitance (mAh g™')
current density At At charge discharge
(mA) (charge) (discharge)  capacitance capacitance
1 1.1697 0.523 133.92 89.76
2 0.33 0.267 76.58 57.034
3 0.147 0.164 55.24 53.85
4 0.072 0.088 48.16 38.49
S 0.0572 0.0571 37.81 31.45

Table 4. Calculated Results of the GCD Curve of (Mn;0,)p
NPs

time (h) specific capacitances (mAh g™")
current density At At charge discharge
(mA) (charge) (discharge)  capacitance capacitance
1 0.162 0.107 34.86 28.56
2 0.0546 0.107 24.82 22.09
3 0.038 0.12 22.15 20.48
4 0.025 0.032 20.33 18.49
N 0.621 0.0234 17.62 16.203

and 4. The observed peaks were not linear in nature, which
confirms that the electrochemical reactions take place while
charging and discharging. The maximum charge and discharge
capacitances (at a low current density) were observed to be
133.92 and 89.76 mAh g™, respectively, in (Mn;0,); and
34.86 and 28.56 mAh g, respectively, in (Mn;0,)p.

The GCD curves of (Mn;0,); clearly show a linear behavior
compared to those of (Mn;O,); NPs. The charge/discharge
cycle time of (Mn;0,)p NPs was less than that of (Mn;0,),
NPs. Although the material charging of (Mn;O,)p, NPs was
fast, the calculated capacitance of (Mn;0,)p NPs was less than
that of (Mn;0,); NPs.

Antibacterial Activity. (Mn;0,); and (Mn;0,), were
tested for their antibacterial potential against E. coli (Gram-
negative) and S. aureus (Gram-positive) by the biofilm
inhibition®” and agar well diffusion®® methods, whereas
ciprofloxacin was applied as the standard reference drug.

Ciprofloxacin was used as the positive control, while water was
employed as the negative control. The obtained data are
displayed in Table S, whereas inhibition zones (formed around
wells) are shown in Figure 10.

Table 5. Antibacterial Activity Data of the Synthesized NPs

biofilm inhibition (%)

inhibition zones (mm)

sample E. coli S. aureus E. coli S. aureus
(Mn;0,),, 0 0 3 12
(Mn,0,)p 3 0 15 21
ciprofloxacin 53 47 40 37

(Mn;0,), did not exhibit any biofilm inhibition of either E.
coli or S. aureus; however, (Mn;0,), was found to be slightly
active against E. coli with a biofilm inhibition of 3% as
compared to that of ciprofloxacin (53%). Promising anti-
bacterial potentials were exhibited by (Mn;0,); and
(Mn;0,)p in the agar well diffusion method; both NP samples
showed comparatively large inhibition zones against S. aureus
as compared to those against E. coli (Table S). The higher
activity against S. aureus can be attributed to the structural
differences between the cell walls of G-negative (E. coli) and G-
positive (S. aureus) bacteria. In G-negative bacteria, the thin
peptidoglycan layer is enveloped by an outer membrane; there
is also the presence of periplasm between the plasma
membrane and the outer layer. This periplasm is a part of
neither the protoplast (because it lies above the plasma
membrane) nor the external environment (because it is
covered by an outer membrane).””*’ Consequently, the cell
wall of G-negative bacteria is able to protect the contents of the
cell due to its remarkable toughness, elasticity, and strength as
compared to G-positive bacteria.”” As the cell walls of G-
positive bacteria have no outer lipid membranes,”' they are
considered to be relatively simple structural entities.*”

The agar well diffusion data (Table S) evidently depict the
higher antibacterial efficacy (large inhibition zones) of
(Mn;04)p NPs compared to that of (Mn;O,); (small
inhibition zones). The differences in activities of both kinds
of manganese oxide NPs may be attributed to the differences in
the particle sizes of NPs. However, the phytochemical
composition of plant coatings upon the surfaces of NPs may
also play an important role in the biological potential as the
surfaces of (Mn;O,), and (Mn;O,)p NPs were coated by
leaves and petal extracts, respectively, of T. erecta. These
findings thus clarify the role of plant materials in defining the
biological potential of the biosynthesized nanomaterials and
elaborate the presence of more bioactive ingredients in the
petal extracts as compared to the corresponding leaf extract of
the same plant (T. erecta). Earlier reports*” also recommend
the use of T. erecta flowers (petals) as an alternative source of
antimicrobial agents against human pathogens. It is worth
mentioning that both of the synthesized NPs showed lower
activities as compared to ciprofloxacin (reference drug).

Comparison of the Investigated Work with Previous
Studies. We synthesized (Mn;0,), and (Mn;O,), from
manganese sulfate precursors by employing the eco-friendly
and abundantly available solvent, i.e., water. The investigated
route is very simple and does not involve any toxic agents. It
utilizes aqueous extracts of T. erecta as reducing and stabilizing
agents. T. erecta is an easily available wild herb worldwide and
is also cultivated in various parts of the world. The synthesized
NPs had crystallite sizes of 19.24—20.84 nm with a tetragonal
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Figure 10. Inhibition zones (mm) of (Mn;0,), = AL and (Mn;0,), = AP against E. coli (left) and S. aureus (right) measured by a vernier caliper

by the agar well diffusion method.

Table 6. Comparison of Important Properties and Applications of Earlier Reported Mn;O, NPs

sl

no. extract of plant used  precursor metal salt particle sizes and shapes applications performed refs

1 Taxus baccata acetone ~ KMnO, 32 nm size, spherical with tetragonal spinel cytotoxicity against murine macrophage cell line J774-A1 43
extract structures and U87 glioblastoma cancer cells; for mortality in

Leishmania major

2 aqueous extract of Hel-  manganese acetate  spherical with size in the range of 10—70 nm effect on biological growth of Vigna radiata 44
ianthus annuus seed
cake

3 aqueous extract of 14.1 nm and agglomerated (annealed at S00 °C); electrochemical analysis 12
Phoenix dactylifera 23.6 nm polyhedron and tetrahedron (annealed
(date pits) at 700 °C)

4 aqueous extract of As-  MnCl,-4H,0 17—28 nm, quasi-spherical, tetragonally distorted  photoluminescence; for emission devices 19
palathus linearis cubic lattices

S Simarouba glauca leaf manganese(II) ace- 15 nm size; tetragonal crystalline with spherical photocatalytic degradation of malachite green dye 45
extract tate morphology

6 chia seeds extract MnCl,-4H,0 35.27 nm cytotoxicity on the HL-60 cells; safety as a drug 46

7 aqueous extract of Dal-  MnCl,-4H,0 37.149 nm size; body-centered tetragonal a-glucosidase enzyme inhibition and anti-inflammatory 47
bergiella welwitschia studies
leaves

8 Prunus dulcis (almond)  manganese sulfate  44—99, 84—126, and 49—160 nm prepared from  bactericidal; antioxidant; in vitro cytotoxicity 48
leaves, seed, and seed almond leaves, seeds, and seed oil, respectively;
oil quasi-spherical

9 Pistacia lentiscus leaves ~ Mn(NO;),-4H,0 37 nm; spherical photocatalyst for dye pollutant degradation 49

10  green tea extract KMnO, olive-shaped with some cubic particles catalytic oxidation (degradation) of estriol (E3); catalyst 50

for activation of peroxydisulfate
11 aqueous extract of Aza- manganese(II) ace- catalytic thermal decomposition of ammonium perchlo- 28

dirachta indica

tate tetrahydrate

rate; as a working electrode for fabricating chemical

(Neem) leaves

12 Costus woodsonii flowers MnCl,-4H,0

sensors

potential adsorbent for the removal of malachite green S1
dye from water

body-centered lattice and possessed good thermal stabilities.
They showed significant antimicrobial potential by the agar
well diffusion method and also little biofilm inhibition of G-
negative (E. coli) and G-positive (S. aureus) bacteria.
Electrochemical studies have reported their prominent redox
peaks with a reversible charging—discharging behavior; more-
over, they were found to be suitable as an electrode material
for supercapacitors.

Earlier studies (Table 6) investigated the plant-mediated
synthesis of Mn;O, NPs by employing various metal salt
precursors including potassium permanganate, manganese(II)
acetate, manganese(II) chloride tetrahydrate, manganese
sulfate monohydrate, and manganese(II) nitrate tetrahydrate,
and they reported various sizes (10—70 nm) of NPs with
different morphologies, e.g., spherical, spherical with tetragonal
spinel structures, agglomerated, scaly and cubic shapes, quasi-
spherical, tetragonally distorted cubic lattices, and olive shapes
with small cubic particles. Such studies also reported numerous

applications of Mn;O, NPs, which include cytotoxicity,
biological growth, photoluminescence, photocatalytic degrada-
tion of dyes, a-glucosidase enzyme inhibition, anti-inflamma-
tory studies, antioxidant, bactericidal, catalytic oxidation,
catalytic thermal decomposition, and as a working electrode
for fabricating chemical sensors. However, electrochemical
investigations of plant-synthesized Mn;O, NPs have been
rarely reported earlier (Table 6).

B EXPERIMENTAL SECTION

Materials and Methods. Manganese sulfate monohydrate
(>99%) was purchased from Sigma-Aldrich. Distilled water
was used as the solvent for the synthesis of NPs. Nutrient agar
and nutrient broth were procured from Oxiod, UK. Structural
analyses of Mn;O, NPs were performed by using an advanced
X-ray diffractometer (XRD) of model Bruker AXS, D8. FTIR
spectroscopy was performed by a Carry 630 Fourier transform
Infra-Red spectrometer. Raman spectra were recorded by a
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Figure 12. Leaf (left) and flower (right) powders of T. erecta.
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Figure 13. Biosynthetic route of (Mn;O,); and (Mn;0,); NPs using the aqueous extracts of leaves and petals, respectively, of T. erecta.

Renishaw Vis Reflex Raman spectrometer. UV—visible
spectroscopic analysis was performed by a SPECORD 200
PLUS spectrometer. SEM analysis was performed by a Hitachi
$4800. The synthesized NPs were subjected to differential
scanning calorimetry (DSC) and thermogravimetric analysis by
an SDT (Q600) thermal analyzer (TA Instruments) under a
nitrogen atmosphere at a heating rate of 20 °C min™'. A
galvanostat/potentiostat of model CS-300, China, was used to
determine the electrochemical properties and charging/
discharging potentials of the nanoparticles by a reported
procedure.>”

Antibacterial activities of the synthesized NPs were
determined against S. aureus (Gram-positive) and E. coli
(Gram-negative) by using reported procedures of biofilm
inhibition®” and agar well diffusion®® methods, whereas
ciprofloxacin was applied as the standard reference drug. The
Institute of Microbiology at the University of Agriculture
Faisalabad, Pakistan, verified the identities and purities of the
bacterial strains. The antibacterial activities were performed at
the Department of Biochemistry, University of Agriculture
Faisalabad, Pakistan. Nutrient agar was used as the growth
medium for the bacteria. A vernier caliper was used to measure
the diameters of the inhibition zones (around wells) in
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millimeters,”® whereas a microplate reader (BioTek) was used
to measure the optical density (OD) of each well at 630 nm.*’

Identification and Collection of Plant Materials.
Leaves and petals of T. erecta plants (Figure 11) were collected
from the fields of Pattoki (Punjab), Pakistan, in November
2021. The plant material was identified by the Department of
Biology, Lahore Garrison University, Lahore, Pakistan. The
collected samples (leaves and petals) were washed with
distilled water many times for the removal of dust particles,
dried in the shade for 2 weeks, and then ground with the help
of a grinder until they turned into a fine powder (Figure 12).
The fine powders of leaves and petals were sieved separately
with an 80 mesh size and then stored in polythene bags at
room temperature for further use.

Preparation of Aqueous Extracts of T. erecta Leaves
and Petals. 100 g of dried powder of leaf/petals of T. erecta
plants was mixed with 500 mL of distilled water, kept in an
orbital shaker for 24 h at room temperature, and then filtered
through Whatman No. 1 filter paper. Green- and yellow-
colored extracts of the leaves and petals, respectively, were
obtained, which were stored at 4 °C until further use (Figure
13). Paths A and B in Figure 13 display the preparation of
aqueous extracts of leaves and petals, respectively, of T. erecta.

Preparation of (Mn3;O4), and (Mn3;O,)p NPs. Twenty
milliliters of freshly prepared manganese sulfate solution (1 M)
was stirred with 20 mL of aqueous extract of T. erecta leaves at
room temperature. After 30 min, the temperature was
increased to 70 °C. There was no change in the color of the
solution. The flask was kept aside to cool down to room
temperature. After cooling, the flask was again placed on a
magnetic stirrer, and 20 mL of 1 M NaOH solution was added
dropwise with the help of a dropper. There was a sudden
change in the color along with the formation of precipitates in
the reaction mixture, which clearly indicated the formation of
NPs. The precipitates were separated by filtration through
Whatman filter paper No. 1 and rinsed with distilled water.
They were dried in an oven at 100 °C for 2 h, then ground into
a fine dark-brown powder, which was taken in a China dish,
and finally placed in a muffle furnace for 2 h at 500 °C. The
final product of (Mn;0,); NPs (1.48 g) was stored for analysis
and further use. The same procedure was applied for the
synthesis of (Mn;0,), NPs (1.68 g) by using the petal powder
of T. erecta at room temperature in place of the leaf powder of
the same plant. The whole biosynthetic pathway for the
formation of (Mn;0,); and (Mn;0,); NPs using the aqueous
extracts of leaves and petals, respectively, of T. erecta is
summarized in Figure 13.

Cyclic Voltammetry (CV) and Galvanostatic Charge—
Discharge (GCD) Test. The synthesized Mn;O, NPs were
evaluated for their electrochemical potential by cyclic
voltammetry and galvanostatic charge—discharge (GCD)
tests by a reported procedure. Cyclic voltammetry (CV) was
carried out using a CS-300 electrochemical workstation. In a
three-electrode cell configuration, a platinum wire and Ag/
AgCl were used as the counter and reference electrodes,
respectively. The loading density of the electroactive materials
was 0.1 mg cm™% A 6 M KOH aqueous solution was used as
the electrolyte due to its good conductivity. The solution of
this concentration offers an excellent concentration of OH™
ions as compared to the other concentrations, thus facilitating
charge transfer in bulk electrodes.

The working electrode was prepared by taking a small piece
of nickel foam and washing it with ethanol and deionized water

(D1I) followed by sonication for 10 min. Then, the nickel foam
was dried using a dryer. A mixture of 80% NPs (leaves/petals),
15% carbon charcoal, and 5% binder was ground with a mortar
and pestle to obtain a fine powder. A few drops of N-methyl-2-
pyrrolidone (NMP) were also added to form a slurry. Nickel
foam was dipped into the slurry and then dried at 70 °C
overnight.”

Determination of the Antibacterial Potential by a
Biofilm Inhibition Assay (Microtiter Plate Method). The
synthesized NPs were tested for their antibiofilm potential by a
reported microtiter plate technique’” using ciprofloxacin as a
reference drug. Each well of a sterile 96-well plastic tissue
culture plate (having a flat bottom) was filled with 20 uL of a
bacterial suspension (S. aureus or E. coli), 100 uL of the testing
solution, and 100 L of nutrient broth. As the negative control,
wells containing only the nutrient broth were used. Each plate
was covered and incubated aerobically for a period of 24 h at
37 °C. Then, sterile phosphate buffer (220 IL) was used to
wash the contents of each well three times. Each of the plates
was given a vigorous shaking in order to get rid of any
nonadherent bacteria. The remaining attached bacteria were
fixed by using 220 uL of 99% methanol in each well; after 15
min, each plate was emptied and dried. Then, 220 mL of 50%
crystal violet was added to each well for 5 min in order to stain
all of the wells, while running tap water was used to remove the
excess stain from each plate. Finally, the plates were dried in
air, while 220 mL of 33% (v/v) glacial acetic acid was added to
each well for resolubilization of the dye bound to adherent
cells. A microplate reader (BioTek) was used to measure the
OD of each well at 630 nm.”” Every experiment was revised
three times against each bacterium, and the final results were
considered by noting the average of all three measured values.
The following formula was applied to determine the bacterial
growth inhibition (INH%):

INH% = 100 — (OD63Osample*100)/OD63Oc0ntr01 (3)

Determination of the Antibacterial Activity by the
Agar Well Diffusion Method. The agar well diffusion
method was used to test the antibacterial potential®® of the
synthesized NPs using ciprofloxacin as the reference drug. To a
freshly prepared suspension of nutrient agar (37 g L™') in
distilled water, 0.1 N HCI/NaOH was added to adjust its pH
to 7. This growth medium was sterilized for 1S min in an
autoclave at 121 °C and then poured into sterilized Petri
plates. Subsequently, 100 uL of the inoculum of a test
bacterium (S. aureus and E. coli) was added and mixed
homogeneously with the growth medium in the Petri plate.
Then, the mixture was solidified, followed by cutting wells of
fixed diameters by a sterilized borer in the solidified agar.
Afterward, S0 uL of the test/reference sample was poured into
each well under aseptic conditions in a laminar air-flow
cabinet. After incubation of the Petri plates for 24 h at 37 °C,
inhibition zones were formed around the wells, whose
diameters were measured in millimeters using a vernier caliper.
The observed diameters of inhibition zones were compared
with those of ciprofloxacin.”®

B CONCLUSIONS

Green synthesis of nanoparticles is an emerging field of
research today and has evolved as an environmentally safe,
cost-effective, and nontoxic approach. T. erecta leaf and petal
extracts were successfully used to produce (Mn;O,); and
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(Mn;0,)p NPs, respectively. The FTIR spectra showed Mn—
O stretching modes in tetragonal sites, characterized by sharp
peaks at 605.69 and 616.87 cm™ in (Mn;0,); and (Mn;0,)s,
respectively. Raman spectroscopy revealed the existence of
tetrahedral and octahedral units along with Ay, T,, and E,
active modes of Mn;O, and 2TO mode. UV—visible analyses
of (Mn;0,); and (Mn;0,)p, NPs showed absorption peaks at
272.3 and 268.8 nm along with band gaps of 4.83 and 5.49 eV,
respectively. The production of Mn;O, in a tetragonal body-
centered lattice structure was confirmed by the results
extracted from the XRD investigation. The average crystallite
size (19.24 nm) of (Mn;O,)p was smaller than that (20.84
nm) of (Mn;0,); NPs. SEM images displayed the porous and
spherical morphologies of NPs, with a diameter of 15—35 nm.
TGA curves demonstrated good thermal stabilities, the
hydrous nature of NPs, and the loss of moisture with an
increase in temperature. The DSC curves of (Mn;0,), and
(Mn;0,),, exhibited endothermic peaks at 189.6 and 201.9 °C
and exothermic peaks at 333.2 and 513.1 °C, respectively, with
glass transition temperatures of 258.9 and 308.7 °C,
respectively. CV curves of Mn;O, NPs clearly indicated
redox peaks and led to redox reactions. GCD scans illustrated
the capacitive behavior of the synthesized nanoparticles and
their suitability for capacitor electrodes. The synthesized NPs
were also tested for their antibacterial efficacy by biofilm
inhibition and agar well diffusion procedures. The NPs showed
higher activities against S. aureus (Gram-positive) than against
E. coli (Gram-negative). Moreover, (Mn;0,)p was more active
than (Mn;0,) due to differences in the phytochemical nature
of their surface coatings. The investigated biosynthetic route is
eco-friendly because it involves T. erecta leaves and petals as
the reductant as well as the coating agent, in spite of involving
toxic chemical compounds.
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