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ABSTRACT: Dye effluents discharged from various industries
contribute to environmental contamination, making their treat-
ment highly necessary. Infectious diseases also pose a threat to
public health worldwide. Nanomaterials have promising features
and are potential candidates for overcoming the problems of drug
resistance in microbes and environmental pollution. Therefore, this
study aimed to synthesize zinc oxide (ZnO) and magnesium-
doped zinc oxide (Mg-doped ZnO) nanoparticles (NPs) using the
plant extract of Lupinus albus for applications in photocatalysis and
antimicrobial activity. A sample of Lupinus albus leaves was
collected from Motta, in the eastern Gojjam zone of Ethiopia. The
leaves were air-dried and then ground into a powder. The
powdered plant material was extracted using distilled water. The
ZnO and Mg-doped ZnO NPs were synthesized using 0.1 M
Zn(NO3)2·6H2O, 7.5% 0.1 M Mg(NO3)2.6H2O, and 10 mL of the
leaf extract. The nanoparticles (NPs) were characterized using
UV−vis, FT-IR, XRD, and SEM. The average crystallite sizes of
ZnO and Mg-doped ZnO NPs were determined using the Debye−Scherrer formula and were found to be 28.1 and 34.4 nm,
respectively. The antimicrobial activity of the synthesized NPs was evaluated against four bacterial strains (Escherichia coli, Bacillus
cereus, Salmonella typhi, and Staphylococcus aureus) and one fungal strain (Candida albicans) by using the agar disk diffusion method.
The Mg-doped ZnO NPs exhibited significant antimicrobial activity, with a maximum zone of inhibition measuring 24 and 22 mm
against Escherichia coli and Salmonella typhi, respectively. The photocatalytic activity of ZnO and Mg-doped ZnO NPs was
investigated by studying the degradation of methylene blue (MB) dye under sunlight irradiation for 120 min. The results showed
that Mg-doped ZnO NPs exhibited higher photocatalytic activity (99.6%) than ZnO NPs (94.1%). In conclusion, the synthesized
NPs could serve as viable alternatives for antimicrobial drugs and photocatalysts to mitigate the pollution of the environment caused
by organic dyes.

1. INTRODUCTION
The prevailing rates of disease prevalence and mortality
worldwide are primarily associated with environmental
pollutants and drug-resistant microorganisms. These factors
have been identified as significant contributors to the
occurrence of both noncommunicable and infectious diseases.
The discharge of dyes from the textile and paper industries is
widely recognized for its high toxicity and carcinogenic
properties, thus presenting a substantial environmental hazard.
Despite the extensive research and development efforts focused
on enhancing dye treatment methods, the cost-effective
removal of dyes from wastewater remains a formidable
obstacle.1,2 Therefore, the development of treatment tech-
nologies that are both economically viable and ecologically
sustainable is of the utmost significance. Recently, there has
been notable emphasis on nanoparticles (NPs) in the field of
photocatalytic application. A nanoparticle is a particle with a

small size, typically ranging from 1 to 100 nm. Scientists have
synthesized NPs in different ways such as physical, chemical,
and biological processes. These methods facilitate precise
manipulation of particle morphology, pore dimensions, and
surface characteristics, making them well-suited for various
applications. One potential application of these materials is
their utilization as antimicrobial agents and photocatalysts.3

For instance, TiO2, ZnO, Fe2O3, Fe2TiO5, and Al2O3 NPs have
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been extensively investigated for their potential photocatalytic
potential for the degradation of diverse organic pollutants.4,5

Among the various metal oxide NPs, ZnO NP is being
widely studied for photocatalytic applications due to its low
cost, high chemical stability, nontoxicity, and flexibility in
synthesis methods.6 Additionally, ZnO nanocrystallites possess
inherent point defects that enable them to exhibit photo-
catalytic activity under visible light conditions.7 When metal
oxide semiconductors such as ZnO NPs irradiate with a light
energy higher than the band gap, electrons jump from the
valence band to the conduction band, which creates electron−
hole (e−/h+) pairs. However, the photogenerated electron−
hole (e−/h+) pairs in ZnO quickly recombined, which affected
the photocatalytic properties of ZnO NPs.8 One way of
reducing this problem is by doping metals and transition
metals into ZnO crystals. Doping has been found to enhance
the photocatalytic activities of ZnO NPs via the augmentation
of surface defects and modification of optical and electrical
transitions.7,9

Magnesium is a promising candidate for doping into ZnO
due to the close similarity in ionic radius between Mg and Zn.
This similarity significantly enhances the likelihood of Mg2+

incorporation into the crystal lattice of ZnO. Doping with Mg
can also extend the absorption wavelength of ZnO from UV to
the visible region, resulting in improved organic dye
degradation efficiency in the sunlight.7−9 Literature reports
indicated that biosynthesized Mg-doped NPs exhibited
enhanced photocatalytic degradation efficiency toward organic
dyes under sunlight irradiation. For instance, Piper guineense
leaf extract-mediated Mg-doped NPs showed the highest
percent degradation of MB at 5% Mg ions concentration.10 It
was also found that up to 7.5% Mg-doped ZnO NPs improved
rhodamine B dye degradation when exposed to UV−vis light
while increasing the amount of Mg ion lowered its photo-
catalytic activity.9

Nanoparticles can also be vital for treating infectious
diseases by replacing the currently available antimicrobial
drugs. As various studies show, metal and metal oxide NPs
synthesized using plant extracts as reducing agents exhibit
promising antimicrobial activity against numerous strains of
bacteria.11 Among them, silver NPs, zinc NPs, and copper NPs
have been indicated to have potent antibacterial activity. For
example, the CuO NPs synthesized using the Phyllanthus
reticulatus extract have been reported to show significant
antibacterial activity against E. coli. In addition, ZnO NPs
synthesized using the aqueous extract of Mentha pulegium have
been reported to show high antibacterial activity against
antibiotic-resistant E. coli and S. aureus, even though higher
activities were observed for CuO NPs than ZnO NPs. In
addition, the antibacterial activities of green synthesized TiO2,
Fe3O4, ZnO, Cu, and Ag NPs from Artemisia haussknechtii
against the above bacteria were found significant.12 The
utilization of doping techniques has been found to enhance the
antimicrobial activity of metal oxide NPs. For instance, the
nanosuspension of ZnO doped with Mg exhibited significant
antibacterial efficacy against Escherichia coli and Streptococcus
mutans. However, the antibacterial activity slightly diminished
as the concentration of Mg increased.13 Doping ZnO NPs with
Mg ions showed enhanced antibacterial activity against E. coli,
S. aureus, and Proteus. The effectiveness of the antibacterial
activity increased as the concentration of Mg ions within the
ZnO NPs increased.9 Biosynthesized magnesium-doped zinc
oxide nanoparticles (Mg-doped ZnO NPs) were examined for

their antimicrobial activity against Staphylococcus aureus,
Escherichia coli, and Pseudomonas aeruginosa. The results
showed that the Mg-doped ZnO NPs displayed larger
inhibition zones than the pristine ZnO NPs.10

The synthesis environments, as well as the type and amount
of secondary metabolites present in plant extracts, are believed
to have an impact on the size, shape, optical properties, and
stability of NPs. In the present study, our primary objective
was to optimize the synthesis parameters, including precursor
metal ions, pH of the solution, volume of plant extract,
temperature, and duration of the reaction. The aim was to
achieve the most efficient synthesis process. To the best of our
knowledge, this study represents the first use of the Lupinus
albus extract in ZnO and Mg-doped ZnO NPs synthesis. The
synthesized NPs were evaluated for their potential utilization
as photocatalysts and antibacterial agents.

2. MATERIALS AND METHODS
Zinc nitrate hexahydrate ((Zn(NO3)2·6H2O), with a purity of
99.5%, was obtained from LOBA CHEMIE PVT. LTD, India).
Distilled water was utilized for the extraction process. Sodium
hydroxide (NaOH, 99.0%, Lab Kemical, India) and
magnesium nitrate hexahydrate ((Mg(NO3)2·6H2O), 98.0%,
Avi Chem Industries, Mumbai, India) were utilized as sources
of magnesium to dope zinc oxide nanoparticles (ZnO NPs).

2.1. Apparatus and Instruments. The experiment
utilized various equipment such as an oven, a digital balance,
a centrifuge, a pH meter, UV−vis spectroscopy (SPECORD-
200, Analytik Jena), FT-IR spectrometry (Shimadzu IR-470),
XRD (D8 ECO XRD, Bruker), and SEM (JCM-6000Plus).

2.2. Collection and Extraction of Plant Materials. The
plant leaf sample was collected from the eastern Gojjam Zone,
Motta Town, Ethiopia. After collection, the specimen under-
went preliminary washing using tap water, followed by air
drying and graining. The powdered plant material was
extracted using distilled water while being heated and stirred
on a hot plate for 1 h. The sample was then filtered via filter
paper, and the extract was stored at 4 °C in the refrigerator for
further experimentation.

2.3. Preliminary Phytochemical Analysis. Preliminary
phytochemical analysis was conducted on the leaf extract of
Lupinus albus using established testing protocols. The detailed
procedures can be found elsewhere in the literature.14,15

2.4. Synthesis of ZnO and Mg-Doped ZnO Nano-
particles. The synthesis of ZnO NPs was performed with
slight modifications to the method reported in the literature.16

A known volume of the leaf extract was added to a 0.1 M zinc
nitrate solution while being constantly stirred. Subsequently, 2
M sodium hydroxide was incrementally added dropwise to the
solution until it achieved a pH of 10. The mixture was
subjected to heating for 1 h while being stirred, leading to the
formation of a white precipitate. The precipitate was filtered
and washed several times with distilled water to remove
impurities. The sample was subsequently subjected to drying in
an oven set at a temperature of 60 °C. The synthesized ZnO
NPs were characterized through visual observation and UV−
vis spectroscopy.3 Finally, the ZnO NPs formed were
examined for their photocatalytic and antimicrobial activities.
Since the size, shape, optical properties, and stability of NPs
depend on synthesis parameters,15,17−19 in this study, the
concentration of the precursor metal ions, pH of the solution,
plant extract volume, and reaction time were optimized. The
Mg-doped ZnO NPs were synthesized using a slight
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modification of the methods described in the literature.9 The
synthesis of Mg-doped ZnO NPs was carried out by mixing 0.1
M Mg(NO3)2·6H2O and Zn(NO3)2·6H2O solutions under
optimum conditions for ZnO NPs synthesis. The impact of the
dopant quantity was assessed by altering the concentration of
Mg, ranging from 5% to 7.5% to 10% Mg.

2.5. Characterization of ZnO and Mg-Doped ZnO
NPs. The characterization of the synthesized nanoparticles was
conducted through various techniques such as visual
observation, UV−vis spectroscopy, Fourier transform infrared
(FT-IR) spectroscopy, X-ray diffraction (XRD), scanning
electron microscopy (SEM), and comparison with existing
literature data.
2.5.1. UV−Vis Spectrophotometer. The NPs were charac-

terized by utilizing a double-beam UV−vis spectrophotometer
(SPECORD 200 PLUS, Analytik Jena, Germany). Samples of
the mixture were collected periodically to monitor the
completion of the NP formation. The spectra of the samples
were recorded within the wavelength range of 250 to 600 nm,
with a resolution of 1 nm.
2.5.2. FT-IR Spectroscopy. Fourier transform infrared (FT-

IR) analysis was conducted to characterize the adsorbents and
identify the functional groups present in the aqueous extract of
the plant that could potentially contribute to the formation of
NPs. The NPs were characterized by preparing pellets with
potassium bromide (KBr) and analyzing them using an FT-IR
spectrophotometer (Shimadzu IR-470, Japan) in the wave-
number range of 4000 to 400 cm−1.
2.5.3. X-ray Diffraction (XRD). The crystallographic

structure of the NPs was examined by using X-ray diffraction
(D8 ECO XRD, Bruker). The XRD patterns were obtained
using a diffractometer (Cu Kα radiation, λ = 1.5406 Å) set to
40 kV, 25 mA, and 2θ ranges of 10°−80°. The average
crystallite size (D) was calculated using the Debye−Scherrer
formula eq 14,20

= ×
×

D
(0.9 )

( cos )
(Å)

(1)

where λ is the wavelength Cu Kα = 1.5406 Å, β is the full
width at half-maximum (rad), and θ is the diffraction angle
(degrees).
2.5.4. Scanning Electron Microscope (SEM). The scanning

electron microscope (SEM) model JCM-6000Plus was utilized
to analyze the morphology of ZnO NPs and Mg-doped ZnO
NPs. Powdered NPs were subjected to coating with a
conducting metal before being scanned by using a precisely
focused electron beam. The examination of surface character-
istics entailed the application of secondary electrons produced
from the sample’s surface.

2.6. Photocatalytic Activity Study. The photocatalytic
activity of ZnO and Mg-doped ZnO NPs was investigated
using established methodologies described in previous
studies.4,21 The degradation of a 10 mg/L solution of MB
(methylene blue) by NPs was investigated under direct solar
irradiation. The experiment was conducted between 11:00 and
16:00 in February 2023, during which the average daily
temperature was 30 ± 2 °C. First, the MB solution and NPs
were subjected to magnetic agitation for 30 min in the dark to
attain adsorption−desorption equilibrium. The mixture was
subsequently subjected to solar irradiation. A 3 mL suspension
was periodically collected and subjected to centrifugation to
separate and remove the nanoparticles. The residual

concentration of MB was analyzed using a UV−vis
spectrophotometer within the wavelength range of 400 to
800 nm to investigate the degradation of MB dye by NPs. All
of the above steps were repeated for the MB solution without
the NPs for comparison purposes. Finally, eq 2 was utilized to
determine the percent (%) of dye degradation

= ×A A
A

%degradation 1000

0 (2)

where A0 and A are the initial and final concentrations of MB,
respectively.

2.7. Antimicrobial Assay. The as-prepared ZnO and Mg-
doped ZnO NPs were tested for in vitro antimicrobial activity
against four bacteria strains (Escherichia coli, Bacillus cereus,
Salmonella typhi, and Staphylococcus aureus) and one fungal
strain (Candida albicans) using the agar disc diffusion
method22 at Jimma University Microbiology Laboratory. The
test solution was prepared by dissolving the NPs in dimethyl
sulfoxide (DMSO) to achieve a 200 mg/mL concentration.
The inoculums with identical turbidity at 0.5 McFarland were
then swabbed uniformly over the Müeller-Hinton Agar
medium with a sterile swab. The filter paper discs (6 mm in
diameter, made from Whatman No. 1 filter paper and sterilized
in an autoclave at 121 °C for 20 min) were then impregnated
with the test samples and placed on the medium at an
appropriate distance apart to avoid overlap of zones of growth
inhibition. The inhibition zone measurement was conducted in
millimeters following a 24 h incubation period at 37 °C, and
the results were compared to the standard drug, gentamicin (a
positive control). As a negative control, DMSO was employed.
The antifungal activity of the NPs against Candida albicans was
tested similarly, except that clotrimazole was used as the
reference drug.

3. RESULTS AND DISCUSSION
3.1. Phytochemical Screening of the Lupinus albus

Extract. The phytochemicals responsible for the reduction and
stability of ZnO and Mg-ZnO NPs are determined via
qualitative analysis of the aqueous leaf extract of Lupinus
albus. The results of the phytochemical screening test
demonstrated that the aqueous leaf extract of Lupinus albus
is a valuable reservoir of secondary metabolites (Table 1).
These phytochemicals are polar and play a significant role in
NPs production.23 They reduce zinc ions (Zn2+) by losing
electrons, acting as a capping agent, and providing stability to
ZnO and Mg-ZnO NPs. Flavonoids comprise the principal
constituents of Lupinus albus, as indicated in Table 1.
Flavonoids, due to their high concentration of hydroxyl

Table 1. Phytochemical Screening of Lupinus albus Leaf
Extract

S. No. Phytochemicals Results (Inference)a

1 Flavonoids ++
2 Tannins +
3 Terpenoid −
4 Alkaloids +
5 Saponins −
6 Phenolic compound +
7 Glycoside +

aNote: (+) sign indicates presence, (++) indicates high intensity, and
(−) absence of phytochemical constituents.
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(OH) group, have been found to possess significant
effectiveness in reducing and stabilizing zinc ions (Zn2+) at
the nanoscale level.24

3.2. Optimization of the Synthesis. The morphology of
synthesized NPs using plants is significantly influenced by
various factors, including the phytochemicals present in the
extract, the volume of the extract used, the quantities of
precursor metal salt, the pH of the solution, reaction duration,
and temperature.25 Visual inspection and UV−vis spectroscopy
were employed to validate the synthesis of the NPs. The UV−
vis absorbance of the NPs was measured immediately after
preparation and dissolution in water using an ultrasonic bath.
The quantity of Lupinus albus leaf extract utilized plays a
crucial role in zinc ions (Zn2+) reduction in the synthesis of
NPs.26 To ascertain the optimal conditions, various volumes of
the extract (5, 10, and 15 mL) were subjected to reaction with
a constant quantity of the precursor salt (Figure 1A). The
maximum absorption peak of ZnO NPs was observed at
approximately 357 nm, which aligns with the findings of a
previous study on synthesized ZnO NPs that ranged between
340 and 370 nm.27 These peaks could be attributed to
absorption caused by electrons moving from the lower valence
band to the higher conduction band. The absorption spectrum
demonstrates a sharp absorbance of around 357 nm, indicating

that the NPs were almost uniform in size.28 However, the
observed broadening of the peak suggests that the NPs may
have a polydispersed size distribution. The optimal extract
volume was determined by selecting the NPs produced using
10 mL of the extract as they exhibited the sharpest peak.

The precursor concentration has been identified as the
primary determinant influencing the morphology of ZnO NPs
is the precursor concentration.25,29 Different concentrations of
zinc ions were employed in the ZnO NPs synthesis, as
depicted in Figure 1B. As the concentration of zinc ions varied
from 0.01 to 0.1 M, a noticeable enhancement in the sharpness
of the UV−vis absorption peaks was observed. However,
further increases in concentration to 0.15 and 0.2 M resulted in
peak sharpness reduction. This can be explained by the
insufficiency of the phytochemicals in the aqueous leaf extract
of Lupinus albus, which are responsible for acting as capping
agents and stabilizing the nanoparticles. The size of the
particles exhibits a positive correlation with the precursor
concentration, as supported by previous studies.30−32

Reaction time plays a crucial role in the synthesis and
stability of NP, as stated by ref 33. The NPs were synthesized
at three different reaction times: 30, 60, and 90 min. The
formation of ZnO nuclei increases as the reaction time is
extended under optimal temperature conditions.34 As depicted

Figure 1. Optimization of the synthesis of ZnO- and Mg-doped ZnO NPs: (A) effect of volume of plant extract, (B) effect of concentration of
metal salt precursor, (C) effect of reaction time, (D) effect of pH, (E) effect of temperature, and (F) effect of dopant concentration.
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in Figure 1C, the graph illustrates that a reaction period of 60
min resulted in a sharp peak, indicating that this is the optimal
condition for ZnO NPs synthesis.

The pH level is another influential factor affecting the size,
shape, and composition of NPs.35 The synthesis of ZnO NPs
was examined using an aqueous leaf extract of Lupinus albus
across a pH range of 6 to 10 (Figure 1D). The absence of any
color alteration in the solution at pH 6 indicates an insufficient
production of ZnO nanoparticles. A redshift and sharp
absorption peaks were observed upon increasing the pH
from 8 to 10. The rate of ZnO NPs synthesis was higher under
alkaline pH conditions than under acidic pH conditions. This
difference in the synthesis rate can be attributed to the
ionization of the phenolic group present in the extract. The
optimal conditions for ZnO NPs synthesis were at pH 10.

Most nanoparticle production processes employ environ-
mentally friendly technologies that demand temperatures
below 100 °C or keep them at ambient temperature.36 The
ZnO NPs did not exhibit distinct absorption peaks at 30 and
40 °C (not shown in this paper), suggesting that a negligible
quantity of ZnO NPs was produced. The absorption intensities
exhibited an upward trend as the temperature was raised from
50 to 60 °C. At 60 °C, a distinct and narrow peak emerged, as
depicted in Figure 1E. As the temperature was increased to 70
and 80 °C, the width of the peaks expanded, potentially
attributed to the elevated temperature causing accelerated
reaction kinetics, unregulated particle size, and rapid
aggregation of NPs.37 Consequently, a temperature of 60 °C
was determined to be the optimal condition for ZnO NPs
synthesis.

The UV−vis absorption peak of Mg-ZnO NPs was also
influenced by the concentration of dopant.17 ZnO NPs were
doped at 5%, 7.5%, and 10% Mg to synthesize Mg-doped ZnO
NPs (Figure 1F). The maximum absorbance (λmax) in the
UV−vis spectrum broadened and shifted toward longer
wavelengths (red-shifted) with an increase in the percentage
of dopant up to 7.5% and then decreased when the
concentration of Mg increased to 10% while keeping other
parameters constant. The UV−vis absorption wavelengths of
Mg-doped ZnO NPs with doping concentrations of 5%, 7.5%,
and 10% were found to be 358, 363, and 361 nm, respectively.
As a result, the optimal value of 7.5% dopant was chosen for
the production of Mg-doped ZnO NPs, which aligns with the
findings of a previous study.9

3.3. Characterization of ZnO and Mg-Doped ZnO
NPs. Various characterization techniques, such as visual
observation, UV−vis spectroscopy, FT-IR spectroscopy,

SEM, and X-ray XRD analysis, were employed to investigate
the synthesized nanoparticles. The color change observed in
the reaction mixture was utilized as an indicator to track the
progress of the synthesis of ZnO and Mg-doped ZnO NPs.
The formation of creamy white precipitates during the
experimental procedure confirmed the synthesis of ZnO
NPs.30 After the addition of Mg, there was no visible change
in the color of the precipitate. The observed red shift in the
UV−vis spectrum, specifically from 357 to 363 nm, confirms
the doping of ZnO with Mg.
3.3.1. UV−Vis Analysis. The UV−vis absorbance of

synthesized ZnO and Mg-doped ZnO NPs was measured
within 300−600 nm wavelength. The presence of distinct
peaks in the UV−vis spectra at 357 and 363 nm indicates the
successful synthesis of ZnO and Mg-doped ZnO NPs,
respectively (Figure 2A). When comparing ZnO NPs to Mg-
doped ZnO NPs with a doping concentration of 7.5%, it was
observed that the absorption edge of the latter was slightly red-
shifted toward lower energy. This shift in absorption edge
could be attributed to a decrease in the band gap, as suggested
by previous report.38 The Tauc relationship (eq 3)30 is
employed to compute the energy band gap values based on
optical absorption spectra.

=h h EA( )n
g (3)

Where α is the absorption coefficient, h is the plank’s constant,
ν is the photon frequency, A is a constant, Eg is the band gap,
and n is an index that characterizes the optical absorption
process (for direct band gap semiconductor material, n = 1/2
and for indirect transition, n = 2). The calculated band gap
energies for pristine ZnO NPs and Mg-doped ZnO NPs are
3.25 and 3.02 eV, respectively. These results indicate the
successful incorporation of Mg ions into the ZnO lattice. The
incorporation of Mg ions into ZnO crystals leads to a
reduction in the band gap energy and an expansion of the
absorption band, resulting in an enhanced capacity for
capturing light. Previous studies have reported conflicting
findings regarding the effect of doping ZnO NPs with Mg ions
on the band gap. Some studies have found that doping with
Mg ions decreases the band gap,9,39 while others have found
that it increases the band gap.10,13,40,41 The observed
discrepancy in the band gap of Mg-doped ZnO NPs can be
attributed to several factors, including particle size, oxygen
deprivation, surface roughness, and lattice strain.42

3.3.2. Fourier Transform Infrared (FT-IR) Analysis. FT-IR
analysis was conducted on an aqueous extract of Lupinus albus,
ZnO, and Mg-doped-ZnO nanoparticles from 400 to 4000

Figure 2. UV−vis spectra (A) and energy band gap (B) of ZnO and Mg-doped ZnO nanoparticles.
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cm−1. As depicted in Figure 3A, the extract exhibited broad
absorption peaks at 3426 cm−1, which can be attributed to the
stretching vibration of the −OH group of the phenolic
compounds. The peak at 3372 cm−1 (Figure 3B) can be
attributed to the stretching vibration of the −OH group
present on the surface of both ZnO NPs and Mg-doped ZnO
NPs. The presence of a weak peak at 2916 cm−1 and a slight
shoulder peak at 2847 cm−1 in the spectrum can be attributed
to the stretching vibrations of the asymmetric −CH2−,
symmetric −CH3, and −CH2− groups present in the plant
extract. The peak observed at 1592 cm−1 can be attributed to
the presence of a carbonyl group, while the peak at 1310 cm−1

corresponds to C−H bending. The prominent peak observed
at 966 cm−1 can be attributed to the stretching of the C−O
bond. This peak exhibits a decrease in intensity and a shift to
907 and 958 cm−1 for ZnO NPs and Mg-doped ZnO NPs,
respectively. These observations may suggest that the presence
of the carbonyl group plays a role in the reduction and
stabilization of the nanoparticles. The absorption peaks at 441
and 409 cm−1 (Figure 3B) correspond to the metal−oxygen
vibration mode in ZnO NPs and Mg-doped ZnO NPs,
respectively.32

3.3.3. X-ray Diffraction (XRD) Analysis. The X-ray
diffraction pattern was employed to ascertain the crystallinity
and distinct phases of the synthesized nanoparticles. The XRD
pattern, as shown in Figure 4, exhibits eight well-defined peaks
at 2θ values of 31.84°, 34.51°, 36.38°, 47.67°, 56.74°, 63.02°,
68.13°, and 69.22°. These peaks can be attributed to the
diffraction planes (100), (002), (101), (102), (110), (103),

(112), and (201), respectively. When comparing the data
obtained from JCPDS card no. 36-1451 and recently published
data,9,43 it is evident that the intensities and positions of the
diffraction peaks indicate the existence of the hexagonal
wurtzite crystal structure in the ZnO NPs. The average
crystallite size (D) was determined by applying the Debye−
Scherrer formula.4,20 The calculated values for ZnO and Mg-
doped ZnO NPs were 28.1 and 34.4 nm, respectively. The
diffraction results indicate that there are no significant changes
in the XRD patterns of the undoped and Mg-doped ZnO NPs.
However, it is observed that the intensity of the peaks
decreases after the doping process. These findings indicate a
decrease in the crystallinity and the presence of Mg within the
ZnO lattice. The findings presented in this study are in line
with previous reports.9,44 The XRD data also indicated that the
synthesized NPs exhibit polydispersity as a result of
agglomeration or aggregation occurring during the processes
of synthesis, storage, or analysis.
3.3.4. Scanning Electron Microscope (SEM) Analysis. The

Scanning electron microscopy (SEM) is a valuable technique
for comprehending the morphology of the NPs. Figure 5 gives
the surface morphology of the synthesized ZnO NPs and Mg-
doped ZnO NPs using Lupines albus leaf extract. The surface of
undoped ZnO NPs (Figure 5A) is rough compared to that of
Mg-doped ZnO NPs (Figure 5B). The particle size of Mg-
doped ZnO NPs looks smaller than that of the pristine one,
and higher aggregation is observed for Mg-doped ZnO NPs.
These differences in surface morphology may be due to the
incorporation of Mg ions into the ZnO lattice.

3.4. Antimicrobial Activity Test. The disc diffusion
method was used to test the antimicrobial activity of the
synthesized NPs against five microorganisms (S. aureus, B.
cereus, S. typhi, E. coli, and C. albicans). The antimicrobial
activity of the tested samples was assessed by preparing a 200
mg/mL solution for each sample and measuring the diameter
of the zone of inhibition in millimeters. Figure 6 illustrates the
inhibition zone of ZnO and Mg-doped ZnO NPs against
various Gram-negative and Gram-positive bacteria. As
evidenced by the data presented in Table 2, it can be observed
that both ZnO NPs and Mg-doped ZnO NPs exhibit
antibacterial properties against both Gram-positive and
Gram-negative bacteria. However, Mg-doped ZnO NPs
induced a higher inhibition zone in comparison to the ZnO
NPs. The diameter of the inhibition zone for ZnO NPs ranged
from 17 to 21 mm, whereas for Mg-doped ZnO NPs, it ranged
from 21 to 24 mm. Particle size has a significant effect on the

Figure 3. Fourier transform infrared spectroscopy (FT-IR) spectra of (A) Lupinus albus extract and (B) ZnO and Mg-doped ZnO NPs.

Figure 4. XRD pattern of ZnO and Mg-doped ZnO nanoparticles.
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antimicrobial activity of NPs. It has been observed that
reducing the particle size enhances the antimicrobial activity of
ZnO NPs.45 However, in this study, it was observed that Mg-
doped ZnO NPs with a larger particle size of 34.4 nm
demonstrated superior antibacterial activity compared to that
of ZnO NPs with a smaller particle size of 28.1 nm. The NPs
exhibited significant antifungal activity against Candida
albicans. Specifically, the Mg-doped ZnO NPs demonstrated

superior performance compared with the ZnO NPs and were
comparable to the standard antifungal drug Clotrimazole.

Even though the synthesized nanoparticles exhibit efficacy
against both Gram-negative and Gram-positive bacteria, it was
observed that the activity of ZnO and Mg-doped ZnO NPs
against Gram-negative bacteria was superior to that against
Gram-positive bacteria. This observed difference may be due
to variations in the cellular wall composition of the two
pathogens.46 Gram-positive bacteria have a thicker wall as a
protective layer, making the interaction between NPs and cell
walls less significant.47 The antibacterial activity of metal
oxides is usually determined by their size, specific surface area,
and morphology. The electrostatic interaction between
negatively charged bacterial cells and positively charged
nanoparticles is critical for the NPs functioning as bactericidal
agents.48

One possible mechanism for the enhanced antibacterial
activity of Mg-doped ZnO NPs is that positively charged Mg2+

and Zn2+ are released and electrostatically interact with the
negatively charged bacterial cell membrane. This interaction
damages membrane permeability, resulting in the rapid death

Figure 5. SEM images of (A) ZnO and (B) Mg-doped ZnO nanoparticles.

Figure 6. In vitro antimicrobial activities of ZnO NPs, Mg-doped ZnO NPs (5% and 7.5% Mg), plant extract, and negative and positive controls:
(A) E. coli, (B) S. aureus, (C) B. cereus, and (D) S. typhi, and (E) C. albicans.

Table 2. In Vitro Antimicrobial Activities of NPs (Diameter
of Zone of Inhibition (mm))

Strains
Leaf

Extract
ZnO
NPs

Mg-Doped
ZnO NPs Gentamycin Clotrimazolea

E. coli 14 21 24 27 N
S. typhi 13 19 22 28 N
S. aureus 12 17 21 26 N
B. cereus 11 18 21 30 N
C.
albicans

10 13 15 N 17

aN = Not tested.
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of microorganisms.49 The other suggested mechanism is when
the NPs absorb light energy that is greater than the band gap;
the electrons jump from the valence band (e−) of the NPs to
the conduction band, which creates a hole (h+) in the valence
band (Scheme 1). The holes split H2O molecules (from the

suspension of ZnO) into OH− and H+.50 The electrons
undergo a reaction with the dissolved oxygen molecules,
resulting in the formation of superoxide anion (O2•−). This
anion then combines with H+ to generate the HO2

• radical,
ultimately leading to the production of hydrogen peroxide
(H2O2).

50 Hydrogen peroxide exhibits potent oxidizing
properties, leading to the disruption of the cell membrane
and subsequent bacterial cell death.

The increase in antimicrobial activities observed upon
doping ZnO NPs can be attributed to the reduction in the
energy band gap, which decreases from 3.25 eV for undoped
ZnO NPs to 3.02 eV for ZnO NPs doped with Mg. In the case

of Mg-doped ZnO NPs, it is observed that the formation of an
electron−hole pair can take place at a lower photon energy
compared to pristine ZnO NPs. This phenomenon results in
an increased production of hydrogen peroxide (H2O2) and
consequently leads to a higher rate of cell death.51

3.5. Photocatalytic Activity. The ability of ZnO and Mg-
doped ZnO nanoparticles to degrade the methylene blue (MB)
dye was examined under sunlight irradiation. The degradation
of MB dye is characterized by a gradual change in the color of
the dye solution from blue to colorless along with a continuous
decrease in MB absorption as the irradiation time increases
(Figure 7). This observation is consistent with previous studies
on the photodegradation of MB by ZnO and metal-doped
ZnO NPs.15 The degradation of MB dye was also studied in
the presence of sunlight in the absence of catalysts. As seen in
Figure 8, the degradation of the MB dye was negligible in the
absence of these catalysts. Previous reports also indicated that
a minimal amount of MB is degraded through photolysis under
sunlight.52

Figure 9A depicts the presence of MB (10 mg/L) in the dark
with ZnO and Mg-doped ZnO NPs, MB photolysis in sunlight
without ZnO and Mg-doped ZnO NPs, and MB photocatalysis
in sunlight with ZnO and Mg-doped ZnO NPs. The
adsorption−desorption equilibrium was reached within 60
min, with approximately 10% of MB adsorption achieved.
Figure 9A also illustrates the minimal degradation of MB in the
absence of a photocatalyst compared to adsorption in the dark.
The photodegradation of MB under sunlight irradiation with
ZnO and Mg-doped ZnO NPs increased with time (Figure

Scheme 1. Generation of Reactive Oxygen Species on the
Surface of ZnO NPs50

Figure 7. MB dye degradation under sunlight irradiation (A) in the presence of ZnO nanoparticles and (B) in the presence of Mg-doped ZnO
nanoparticles; (C) observed color change.
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9A). The results showed that Mg-doped ZnO NPs (99.6%)
demonstrated better photocatalytic activity than ZnO NPs
(94.1%). This enhancement in efficiency was attributed to a
decrease in band gap energy or the formation of defects inside
the ZnO crystal while doing it with Mg ions.9

The methylene blue degradation rate constant (k) for ZnO
NPs and Mg-ZnO NPs was calculated from Figure 9B and
found to be 2.6 × 10−2 and 4.7 × 10−2, respectively. The Mg-
ZnO NPs have shown a higher degradation rate constant (k)
value, which has significantly increased compared with ZnO
NPs. Similar results have also been reported previously.9 The
results of this photocatalytic experiment demonstrated that
doping Mg ions increased the photocatalytic activity of the
ZnO photocatalyst.

3.6. Conclusions. Lupinus albus leaf extract was used to
synthesize ZnO and Mg-doped ZnO nanoparticles. The NPs
were characterized using SEM, XRD, FT-IR, and UV−vis
analyses, and the results were compared to existing data. The
absorption peaks at 357 and 363 nm in the UV−vis absorption
spectra suggest the production of ZnO and Mg-doped ZnO
NPs, respectively. The XRD data show that the crystal
structure of ZnO NPs is in the hexagonal wurtzite phase. The
average crystallite diameters of ZnO and Mg-doped ZnO NPs
were 28.1 and 34.4 nm, respectively. Mg-doped ZnO NPs have
better antimicrobial activity compared to that of pure ZnO
NPs. In addition, Mg-doping increased the photocatalytic
activity of ZnO nanoparticles from 94.1% to 99.6%. The
observed increase in the photocatalysis may be due to the

narrower energy band of Mg-doped ZnO NPs. The study
demonstrated that the synthesized NPs are promising
alternative candidates for antimicrobial drugs and photo-
catalysts that can help reduce environmental pollution caused
by organic dyes.
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Figure 8. MB dye degradation under sunlight irradiation without using the synthesized NPs.

Figure 9. (A) MB dye degradation (10 mg/L) in the presence of ZnO and Mg-doped ZnO NPs in the dark, in sunlight photolysis, photocatalysis
in sunlight irradiation, and (B) the reaction kinetics of MB dye degradation for ZnO and Mg-ZnO NPs.
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