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This paper describes the eco-friendly microwave-assisted green synthesis of pure and
manganese-doped zinc oxide nanocomposites using ethanolic solution of castor oil as a
reductant and capping agent. Solutions of Zn2+ andMn2+ ions were mixed in fixed ratios to
obtain 0%, 1%, 2.5%, 5%, and 7% pure and Mn-doped ZnO nanomaterials. The obtained
nanomaterials were characterized by powder XRD, FT-IR spectroscopy, scanning electron
microscopy, and EDX analyses. Powder XRD furnished characteristic fragmentation
patterns for the confirmation of the synthesized materials and was also used to
estimate the size of the synthesized nanoparticles by Scherrer’s equation. Diffraction
patterns were characteristic of wurtzite structure and of the size in the range of 6.5, 5.6,
5.2, 5.1, and 4.3 nm for pure and Mn-doped ZnO nanocomposites. UV-visible spectra
displayed maximum absorbance at 340 nm, and manganese doping caused a red shift.
FT-IR spectra confirmed that the formation of zinc oxide nanoparticles as Zn─O appeared
at below 700 cm−1 as well as the presence of organic moieties of the castor oil acting as
stabilizing agents. Scanning electron micrographs (SEM) revealed all the synthesized
materials were spherical in shape with some aggregation and polydispersity, and in the
Energy-dispersive X-ray spectroscopy (EDX), specific peaks with characteristic patterns
were seen for Zn, O, and Mn. A TEM micrograph displayed the hexagonal wurtzite
structure of nanoparticles with average size less than 50 nm. Photocatalytic degradation of
methylene blue was checked in the presence of sunlight and in darkness. Interestingly,
samples placed under the solar radiation exhibited significant results only with the catalyst;
all the samples used without the catalyst showed negligible degradation effects, and even
the samples placed in the dark containing catalysts also displayed a negative effect. A
mechanism for this significant activity is also proposed. In vitro the antibacterial potential
was studied against two pathogenic strains, i.e., Streptococcus aureus and Escherichia
coli; interestingly activity kept on increasing with the increasing manganese content.
Overall, all the samples presented comparable activity to ciprofloxacin.
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INTRODUCTION

Nanoscale materials have grabbed the attention of researchers
due to their novel properties, which are not observed in their
bulk-sized analogues (Jang et al., 2011; Khan et al., 2016a; Khan
et al., 2016b; Taloni et al., 2018; Pryazhnikov and Kubrakova,
2021). Therefore, they have been applied in various fields (Kim
et al., 2016; Gul et al., 2017; Kamal et al., 2017; Ismail et al., 2018;
Han et al., 2019). Metal oxide nanoparticles are widely used
owing to their unique characteristics, such as ductility, optical,
magnetic, sensitivity, catalysis etc. (Chouke et al., 2019; Sonkusare
et al., 2018; Khan et al., 2015a). Due to these unique properties,
metal oxide nanoparticles have attracted researchers working in
the field of materials, agriculture, chemical sciences,
environment, and information technology (Khan et al., 2015b;
Ahmad et al., 2017; Bashir et al., 2019; Frank et al., 2020).

Nanoscale zinc oxide exhibits interesting optical, catalytic,
optoelectronic, and photocatalytic properties like rest of the
metal oxides (Bandeira et al., 2020). Zinc oxide nanoparticles
are also common ingredients of cosmetics and sunscreens due to
their efficient absorbance of ultraviolet light. Interestingly, they
are highly transparent to visible light; on the contrary, micro- and
sub-micrometer counterparts lack this combination of properties
(Ahmad et al., 2019; Vinci and Rapa, 2019; Bashir et al., 2020).
Synthesis and use of zinc oxide nanoparticles at such an elevated
level also increase their exposure to humans and the environment
(Singh et al., 2018; Alosman et al., 2021). Recently, investigators
have analyzed the toxicity of zinc oxide nanoparticles toward
mice; the mechanism of cytotoxicity includes the interaction of
cells resulting in the production of reactive oxygen species
(Pandurangan and Kim, 2015; Nazir et al., 2020).

Manganese doping of zinc oxide, which is a p-type
semiconductor, may lead to the development of room
temperature ferromagnetic material with potential use in
spintronics—the next-generation nano-electronic devices. Efforts
are also underway to develop zinc oxide and its doped products
for their use in photocatalysis and biological sensing phenomena
(Singh et al., 2019).Manganese is the first transitionmetal dopant for
zinc oxide nanoparticles due to its larger magnetic moment.
Additionally, the biocompatibility and structural diversity of zinc
oxide nanoparticles makes it an excellent core material (Czyżowska
and Barbasz, 2020). Another advantage of utilizing manganese as a
dopant metal is its effectiveness in enhancing thermal, optical, and
photocatalytic character without affecting the basic hexagonal
structure of zinc oxide. It is worth mentioning that, despite the
importance of the magnetic properties of manganese doping, few
reports dealing with the photocatalytic and antibacterial studies of
manganese-doped zinc oxide nanoparticles are available (Lee et al.,
2016; Thakur et al., 2020; Biswas et al., 2021).

Based on these facts, we report a microwave-assisted green
synthesis of pure and manganese-doped (1%, 2.5%, 5%, and 7%)
zinc oxide nanocomposites using for the first time castor oil as a
surface stabilizing agent. The synthesized materials were thoroughly
characterized and applied for photocatalytic degradation of
methylene blue (MB), and in vitro antibacterial activity was
performed on Streptococcus aureus and Escherichia coli.

MATERIALS AND METHODS

Materials
Zn(CH3COO)2.2H2O, MnCl2.2H2O, NaOH, C2H5OH, and MB
were obtained from BDH, England, and nutrient agar was
procured from Oxoid Ltd. (England). Castor oil was purchased
from a local grocery store.

Instrumentation
Morphology of the synthesized samples was studied with a field
emission scanning electron microscope of JEOL (JSM-7600F,
Japan); elemental analyses were investigated by the JSM-7600F
system, Japan; FT IR spectra were acquired on a PerkinElmer
spectrophotometer (Spectrum 100) in the range 400–4000 cm−1;
and diffraction patterns were recorded on a powder X-ray
analytical diffractometer PAN (JDX-3532 JEOL, Japan).

Microwave-Assisted Green Synthesis of
ZnO Nanoparticles
Zn(CH3COO)2.2H2O was used as a Zn2+ source, and castor oil was
employed as a green reagent for capping and reducing purposes.
Briefly, 25mM (5.4877 g) aqueous solutions of zinc acetate and
1mM NaOH were prepared in 50ml separately in deionized
water. Then, 15 ml ethanol and 15ml castor oil were mixed to
obtain a homogeneous solution and added to the NaOH solution.
This mixture was then added to the Zn(CH3COO)2.2H2O solution.
The prepared mixture was then placed inside a commercial
household microwave oven (2.5 GHz) for 150 s, resulting in the
appearance of a milky white product; the white solid was centrifuged
and then washed thrice with deionized water, ethanol, and finally
acetone and oven dried at 100°C. Finally, the dried powder was
calcined at 200°C for 4 h in a furnace.

Microwave-Assisted Green Synthesis of
Mn-Doped ZnO Nanocomposites
Mn-doped ZnOnanocomposites were synthesized in a similar way as
discussed above for the synthesis of ZnO nanoparticles. Briefly, 15ml
castor oil and 15ml ethanol mixture were consumed as a green
reductant and capping agent in these reactions. A few drops of 1mM
NaOH were added to maintain the basic pH of the reaction medium
to aid the synthesis process; to prepare Mn-doped ZnO
nanocomposites, aqueous solutions of Zn(CH3COO)2.2H2O and
MnCl2 were mixed in fixed ratios (1%, 2.5%, 5%, and 7%);
samples were dried at 100°C, and the dried powder was calcined
at 200°C for 4 h in a furnace.

Photocatalytic Degradation of MB
The synthesized nanomaterials were employed to study the
photocatalytic degradation of MB irradiated by UV light on a
UV/visible spectrophotometer (Shimadzu 1800, Japan) with slight
modifications as reported in the literature (Dutta et al., 2015). Briefly,
20mg of synthesized nanomaterials were added to 0.1 mM (50ml)
solution of MB in a beaker. After addition of nanomaterials, the
mixture was kept in a dark place for 10min, and stirring was
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continued to obtain absorption-desorption equilibrium. The solution
was divided into two equal portions. One portion was placed in
darkness at 28°C, and the second portion was placed in sunlight at
45°C. UV-visible spectra of centrifuged solutions were recorded at
regular intervals of time, i.e., 10, 30, and 60min.

In vitro Antibacterial Screenings
The prepared nanoparticles were screened for in vitro antibacterial
activity, For the antibacterial activity of zinc oxide nanoparticles, the
agar-well diffusion protocol was applied using ciprofloxacin as a
reference drug for two bacterial strains, viz. Staphylococcus aureus
(gram positive) and Escherichia coli (gram negative) were used.
Comparative analysis of zones of inhibition of the bacterial strains
was carried out with the reference drug (Rahman et al., 2001; shah
et al., 2013; Khan et al., 2020).

RESULTS AND DISCUSSION

Synthesis of Pure and Mn-Doped ZnO
Nanocomposites
Green synthesis of pure andMn-doped ZnO nanocomposites was
carried out successfully with the use of castor oil as a capping

agent and microwaves for the completion of the reactions as
shown in Scheme 1.

Interestingly, the color of ZnO became deeper with the
increasing percentage of Mn-dopant as evident in the
macrographs in Figure 1. ZnO presented a white color, and
the addition of 1% Mn as a dopant turned it darker; further
systematic addition of Mn dopant deepened the coloration.

Characterization of the Synthesized
Materials
The formation of pure and Mn-doped ZnO nanocomposites was
verified by a UV-visible spectroscopic method (Figure 2). UV-Vis
spectra were recorded in deionized water showing maximum
absorption at 338 nm for pure ZnO; nanoparticles displayed
maximum absorption at 338 nm, which confirmed the formation
of pure ZnO nanoparticles (Fang et al., 2004). All the Mn-doped
nanoparticles showedmaximum absorption lower than 400 nm, and
according to the literature, nanoscale ZnO absorbs UV-Vis light in
this wavelength region (Tănase et al., 2021). In the UV-Vis spectra of
Mn-doped ZnO nanocomposites (1%, 2.5%, 5%, and 7%), a red shift
in the absorption edge was observed, and it may be owing to the
decrease in the crystallite size of nanoparticles, morphology, surface

Scheme 1 | Schematic representation for green synthesis of pure and Mn-doped ZnO.
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effects caused by increasing dopant concentration, and Mn
clustering. The band gap energy (Ebg) was calculated with the
help of formula Ebg � hc/λ (h: Planck’s constant � 4.135667 ×
10–15 eV s, and c: velocity of light � 2.997924 × 108 m/s; λ:
absorbance wavelength nm); obtained values of the band gap
were 3.66 eV (ZnO), 3.63 eV (1% Mn-doped ZnO), 3.62 eV
(2.5% Mn-doped ZnO), 3.61 eV (5% Mn-doped ZnO), and
3.6 eV (7% Mn-doped ZnO), respectively. This may be attributed
to the very insignificant changes between the magnetic and optical
properties of the Mn-doped ZnO nanocomposites. Moreover, an
improvement in the ferromagnetic order with increased Mn doping
was observed with the increasing dopant concentration, and this is
due to ferromagnetic coupling of the Mn-dopant. The same
accounted for the observation of a “red shift” as well as bowing
due to a direct band gap and increased saturation of magnetization
with the increasing Mn-dopant level (Lang et al., 2010; Karmakar
et al., 2013).

FT-IR spectroscopy is an essential tool to investigate various
functional groups present in the castor oil molecules acting as a
capping agent. In the FT-IR spectra of pure and Mn-doped (1%,
2.5%, 5%, and 7%) ZnO nanoparticles, typical peaks were observed at
3442 cm−1, 1556 cm−1, 1338 cm−1, 1080 cm−1, and 825–665 cm−1. A
broad band at 3442–3332 cm−1 showed stretching vibration due to
the O‒Hgroup, confirming the presence of physiosorbedmoisture at
the surface of the metal nanoparticles. A band at 1338 cm−1 was
observed, indicating the presence of C�O asymmetric stretching

vibration, and the two other bands at 1556 cm−1 and 1080 cm−1 may
be due to stretching vibration of the C‒O group, confirming the
presence of the organic capping agent at the surface of the ZnO
nanoparticles (Biswas et al., 2021). The band obtained at 825 cm−1

confirmed the formation of four-coordinated zinc complexes, and
bands below 1000 cm−1 were assigned toMn‒O stretching vibration.
A broad band at 665 cm−1 confirmed Zn‒O stretching vibrations
(Almehizia et al., 2021). To conclude the discussion, the presence of
organic moieties from castor oil included the presence of aromatic
amines and O‒H due to the presence of moisture on the surface of
synthesized nanoparticles.

The structure of microwave-assisted green synthesized pure and
Mn-doped ZnO nanocomposites was confirmed by Powder XRD
analysis as revealed in Figure 3. Diffraction patterns exhibited seven
intense peaks in the range of 20–70 of the complete spectrum of 2θ
value. XRD patterns show these diffraction peaks at 31.9, 34.5, 36.4,
47.6, 56.8, 62.9, 68.0 position of the 2θ value, and these correspond to
their characteristic Bragg peaks of (100), (002), (101), (102), (110),
(103) and (112) (Pathak et al., 2016; Zhan et al., 2021). These
characteristic peaks correspond to the hexagonal or wurtzite
structure of ZnO NPs and Mn-doped ZnO nanoparticles (Pathak
and Swart, 2019) as shown in the JCPDS card no.80-0075. The
average crystallite size of the synthesized nanoparticles was calculated
by using the Scherrer equation.

D � kλ/β cos θ,

FIGURE 1 | Macrographs of pure ZnO (A) and Mn-doped 1% (B), 2.5% (C), 5% (D), 7% (E) ZnO nanomaterials.
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where k is constant (0.94), λ is the wavelength of X-rays used
(1.5418 Å), and β is the FWHM of the most intense peak.

The average crystallite size was calculated by full width at half
maximum (FWHM) for the most intense peak corresponding to
(101). Bragg’s peak of pure ZnO nanoparticles was 8.8 nm, and
for Mn-doped ZnO nanocomposites, values of 6.5, 5.7, 5.6, and
4.3 nm were obtained for 1%, 2.5%, 5%, and 7%, respectively.

Surface morphology and shapes of the synthesized pure and
Mn-doped ZnO nanocomposites were determined by scanning
electron microscopy (SEM). In materials research, the surface
morphology and shape of metallic nanoparticles is routinely
investigated by SEM. SEM micrographs of the synthesized
ZnO nanoparticles and Mn-doped ZnO nanocomposites
showed that the pure nanoparticles of ZnO were spherical and
oval. Examination of the SEM micrographs of the synthesized
materials displayed these as granular and somewhat oval in shape

with a coarse surface, which indicates the presence of the capping
agents on the surface. SEM micrographs of Mn-doped ZnO
nanocomposites showed that the synthesized nanoparticles
were poly-dispersed aggregates, roughly spherical, lacking
mono-dispersity as shown clearly in Figure 4 (Abdollahi et al.,
2011; Ahmad et al., 2020a; Ahmad et al., 2020b) although the
TEM micrograph displayed a hexagonal wurtzite structure of
pure ZnO nanoparticles with average size around 50 nm. The
influence of manganese content, i.e., 1%, 2.5%, 5%, and 7%, on the
morphological changes was also observed, and an increase in
manganese content increased the grain size. This may be
attributed to nucleation of higher concentration manganese
with oxygen and formation of bigger particles. Consequently,
particles with lower manganese concentrations displayed lower
agglomeration than the higher manganese concentration as
dopant (Yang et al., 2010; Al-Kordy et al., 2021).

FIGURE 2 | UV-Vis spectra of pure ZnO (A) and Mn-doped 1% (B), 2.5% (C), 5% (D), 7% (E) ZnO nanomaterials.
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EDX, which was carried out for the elemental analysis of the
synthesized samples, confirmed the presence and purity of the
prepared nanocomposites. EDX analysis presented in Figure 5
clearly indicates the composition of the synthesized nanoparticles
was almost like the stoichiometric ratios. The EDX spectrum
(Figure 5A) for pure ZnO nanoparticles showed a strong peak for
Zn at 1, and 9 keV confirmed the presence of Zn. It also showed a
peak of O, which confirmed the sample was pure and contained
only O and Zn. On the other hand, the EDX spectra (Figures
5B–E) for Mn-doped ZnO nanocomposites (1%, 2.5%, 5%, 7%)
displayed an additional peak forMn at 6 keV along with the peaks
for O and Zn, confirming that the doping successfully took place
in the given stoichiometry. It is evident from Figures 5B–E that
the Mn percentage in stoichiometry was regularly increasing with
doping enhancement (Khan et al., 2017).

Photocatalytic Degradation of MB
MB is a dye used in the coloring of paper, artificial hair, fabrics,
etc., and it causes toxic effects on humans (Nazir et al., 2020),
which prompted us to study the photocatalytic degradation of
MB. In this degradation process, pure ZnO was used as
photocatalyst by employing the typical absorbance of MB at
664 nm as a monitoring reference for monitoring this property
of all the synthesized samples.

Photocatalytic degradation activity of ZnO nanoparticles was
evaluated with and without light at different time intervals (10,
30, and 60 min) as shown in Figures 6A,B. It is very clear from
the figures that the photocatalytic degradation of MB had taken
place efficiently by the synthesized samples.

In the reaction that took place under the light, the spectrum for
MB without any catalyst was at 663 nm, having absorbance
intensity 3.3, which was the same as in the reaction without
light, showing that the concentration of MB was identical.
Furthermore, no degradation took place until the catalyst was
added to the MB solution. The degradation activity in the absence
of light was not very satisfactory although the photodegradation
in light presented better results for MB up to 70% as shown in
Figure 6. Generally, it was obvious that, by increasing the contact
and illumination times of MB, the absorption was reduced,
confirming the degradation of MB. The results demonstrate
that ZnO nanoparticles showed a catalytic performance at
different time intervals on photodegradation of MB. The total
degradation achieved by ZnO in the reaction in the presence of
light was 70% in 60 min, proving that ZnO adequately influences
the process and is a proficient catalyst in photodegradation of MB
as compared with reported materials (Anju Chanu et al., 2019).

The kinetics of the photocatalyst toward MB degradation was
investigated and followed a pseudo-first order rate as given in the
following equation:

ln Ct/Co � lnAt/Ao −Kt,

where Ct is the concentration of MB, which equal to the
absorbance value at the designated time, and Co is absorbance
at time (t) � 0. K is the rate constant of the reaction and was
measured by the linear fitting of lnCt/Co versus t. The plot of lnCt/
Co is functional of time of MB degradation by ZnO nanoparticles
(Figure 6D). The rate constant for MB degradation by the
photocatalyst was calculated as 0.0192 min−1.

FIGURE 3 | Powder X-ray diffraction patterns of the synthesized pure and Mn-doped ZnO nanocomposites.
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FIGURE 4 | SEM micrographs of pure ZnO (A) and Mn-doped ZnO [(B):1%, (C):2.5%, (D): 5% and (E):7%) nanocomposites; TEM micrographs of ZnO NPs
(F, G)].
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The mechanism of photocatalytic degradation of MB dye is
schematically shown in Figure 7. Initially, ZnO absorbs light
energy greater than or equal to the band gap energy, and then an

electron from the valence band gets excited to the conduction
band and leaves a positive charge hole in the valence band. The
electron in the excited state reacts with atmospheric oxygen and

FIGURE 5 | EDX analysis of (A) pure ZnO and (B–E) Mn-doped [(B):1%, (C):2.5%, (D): 5% and (E): 7%)] ZnO nanocomposites.

FIGURE 6 | Degradation activity of ZnO nanoparticles on MB (A) in absence of light (B) in presence of light (C) comparative percent reduction, and (D) kinetics of
MB degradation.

FIGURE 7 | Schematic representation of mechanism for degradation of MB using photocatalyst.
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produces a superoxide radical as a reactive species. These reactive
species further produce free radicals as given in Figure 7, which
completely degrades MB dye. The mechanism proposed for MB
degradation is ably supported by the calculated values of band gap
energy; also, the morphological analysis proved to be supportive
of this surface area, thereby making the reported nanoparticles a
promising candidate for the solar light–induced photocatalytic
degradation of MB.

In vitro Antibacterial Activity of the
Synthesized Materials
The antibacterial activity of ZnO NPs was tested against two
pathogenic strains, which were gram-positive S. aureus and gram-
negative E. coli. Ciprofloxacin was used as a standard antibiotic
drug using the disc diffusion method. The increase in fold area
was deliberated using the following equation:

Increase in fold area � B2 − A2

A2 ,

where A is the zone of inhibition for the standard antibiotic, and B
is the zone of inhibition of bulk ZnO (Figure 8), synthesized pure

ZnO nanoparticles, and Mn-doped ZnO nanoparticles (Sharma
et al., 2016; Mesaros et al., 2019). The zone of inhibition of all
synthesized samples of nanoparticles, our standard antibiotic drug
(ciprofloxacin), and ZnO (bulk) are given in Table 1.

It is clear from the results that the prepared samples have
antibacterial activity against the two test strains of bacteria. ZnO
nanoparticles were greater than that of the bulk-scale ZnO, and there
was also an increase in antibacterial activity as dopant percentage
increases as shown in Figure 8. The antibacterial activity of the
synthesized nanoparticles furnished an interesting trend, i.e., with
the increasing dopant concentration, the activity also showed an
upward trend with the highest dopant concentration sample
exhibiting the highest activity comparable to the reference drug
ciprofloxacin. This is in accordance with the literature supporting
increasing dopant concentration resulting in enhanced activity
(Duman et al., 2020). The antibacterial activity of pure and Mn-
doped ZnO nanoparticles was compared as a function of increasing
dopant concentrations by evaluating the zone of inhibition.
Inhibition zone sizes (millimeters) were noted against either
E. coli and S. aureus and shown in Table 1. By increasing
dopant concentration, a positive charge at the surface of the ZnO
increases, which helps these materials to effectively interact with

FIGURE 8 |Comparison of antibacterial activity of standard antibiotic drug (ciprofloxacin), bulk ZnO, and pure ZnO nanoparticles as well as 1%, 2.5%, 5%, and 7%
Mn-doped against (A) S. aureus and (B) E. coli.

TABLE 1 | In vitro dose-dependent comparative (zone of inhibition in millimeters) antibacterial assay of pure and Mn-doped ZnO NPs with MIC in parenthesis (zone of
inhibition, mM).

Materials Concentration Zone of inhibition (mm, n: 3, MIC in mM)

E. coli S. aureus

Undoped ZnO NPs (1 mg/50 μL) 8.6 ± 0.07 (0.92) 10.1 ± 0.0.12 (0.96)
(5 mg/50 μL) 9 ± 0.1 (0.97) 10.4 ± 0.21 (1.02)

1% Mn-doped ZnO NPs (1 mg/50 μL) 11 ± 0.31 (0.52) 13.3 ± 0.08 (0.66)
(5 mg/50 μL) 12.8 ± 0.23 (0.41) 15.2 ± 0.21 (0.81)

2.5% Mn-doped ZnO NPs (1 mg/50 μL) 13.3 ± 0.05 (0.44) 16.3 ± 0.32 (0.8)
(5 mg/50 μL) 13.9 ± 0.08 (0.4) 17 ± 0.11 (0.76)

5% Mn-doped ZnO NPs (1 mg/50 μL) 14.2 ± 0.03 (0.41) 16.8 ± 0.28 (0.75)
(5 mg/50 μL) 14.4 ± 0.07 (0.42) 17.3 ± 0.28 (0.77)

7% Mn-doped ZnO NPs (1 mg/50 μL) 15.1 ± 0.28 (0.5) 18.1 ± 0.09 (0.79)
(5 mg/50 μL) 15.4 ± 0.28 (0.5) 18.3 ± 0.11 (0.8)

Ciprofloxacin (5 μg/50 μL) 41.2 ± 0.22 31 ± 0.17
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negative charge points of the cell membrane. That halts the vital cell
wall functions, such as permeability and respiration, thereby
compromising its integrity, and ultimately leads to the
breakdown of the cell (Braydich-Stolle et al., 2005).

CONCLUSIONS

The green synthesis of pure and manganese-doped zinc oxide
nanoparticles is carried out successful by using microwaves and
castor oil as a reducing as well as stabilizing agent. UV-visible
spectra were employed to study the course of the reaction; the
presence of different functional groups from castor oil was
confirmed by FTIR spectra. Band gap energy was calculated
from UV-visible spectra, and it is concluded from the UV-
visible spectra, and the trend was corroborated by SEM
morphological analysis. Mn-doped ZnO proved to be an
excellent photocatalyst under solar light for the degradation of
MB dye. As expected, Mn doping proved to be decisive in
enhancing photocatalytic potential although a similar
promising trend was observed during the in vitro antibacterial
activity screening results. In vitro antibacterial screenings
provided a correlation between size and activity, i.e., the
smaller the size, the greater the activity, and the dopant

concentration played a role in size reduction, which ultimately
led to an enhancement in activity.
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