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The uncontrolled discharge of hospital and pharmaceutical waste pollutes aquatic ecosystems by
introducing diverse microorganisms and drug-resistant pathogens that later affect human health, while
the release of toxic dyes from textile industries further harms the ecosystem. Nanomaterials, with their
multifunctional properties, provide effective solutions for degrading dyes and eliminating harmful
microorganisms. In this work, an inexpensive and simple chemical precipitation method was adopted to
prepare pure ZnO and Zn; ,M,O nanoparticles doped with metals where M = Ag, Cu, Co, Fe, and Ca,
with x set at 0.5. The produced materials were evaluated using a variety of techniques, including XRD,
TEM, SEM, and DLS. The results showed that the particle sizes ranged from 92 to 129 nm for all samples,
with hydrodynamic diameters of 293 nm for PZO and 383 nm for AgZO. FTIR analysis was used
to confirm the formation of Zn-O bonds and assess the purity of the samples. AgZO exhibited signifi-
cant antibacterial activity among all samples, targeting Gram-positive strains such as B. cereus,
L. monocytogenes, and S. aureus, along with Gram-negative E. coli, producing inhibition zones of
102 +£ 035 mm, 112 £ 0.29 mm, 10.2 £ 029 mm, and 20.8 £ 0.80 mm, respectively. The
photocatalytic efficiency in degrading 10 ppm Congo Red (CR) dye reached approximately 95.17%,
94.81%, and 94.81% for CuzZO, AgZO, and PZO samples, respectively. The nearly identical band gap
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1. Introduction

Rapid and reckless urbanization and industrialization plans
resulted in a major rise in environmental pollution, with textile
and pharmaceutical wastes being the most hazardous. Reducing
the impact of these industries is crucial in addressing aquatic and
air pollution, particularly in terms of lowering the chemical
oxygen demand (COD) and bio-chemical oxygen demand (BOD),
due to the release of various microorganisms in freshwater
reservoirs and reduced light penetration for the photosynthesis
process resulting from human activities." In addition to their high
toxicity and carcinogenic nature, the dyes and microorganisms
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energy indicates that the photocatalytic activity of PZO and AgZO NPs is comparable.

could influence genomic mutations in aquatic plants and poten-
tially integrate into the food chain.” Congo red (CR) is regarded
as one of the most dangerous dyes, as its partial degradation
generates harmful aromatic substances that are classified as
carcinogenic, mutagenic, and teratogenic agents.” So, degrading
dye solutions is essential for safeguarding aquatic biota and
humans, necessitating the development of efficient methods to
diminish their toxic concentrations in water.

In 2019, the World Health Organization identified the most
pressing global health dangers, including antibiotic resistance,
a probable global influenza epidemic, and other infection-
related disorders being among the top worries.* Bacterial
infections result in the loss of numerous lives every year, while
influenza pandemics severely affect both health systems and
economic stability worldwide.” Since Fleming’s groundbreak-
ing discovery of antibiotics in 1928, their excessive and impro-
per application has resulted in the development of resistant
microorganisms, a critical public health issue linked to an
estimated 700 000 deaths annually.® By 2050, around 10 million
deaths annually are anticipated to result from bacteria that are
resistant to antibiotics.” To tackle these challenges related to
health and the environment, researchers view nanoparticles as
a significant solution owing to their multifunctional properties.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A large spectrum of nanoparticles have been applied in the past
few decades to overcome this situation, such as ZnO,® Cu0O,’
TiO,,'® Fe;0,,™ g-C;N,,'* and others.

The US FDA (21CFR182.8991) has identified five zinc-based
compounds as secure and potent antibacterial agents, includ-
ing ZnO nanostructures.'® Within the field of electrochemistry,
ZnO finds diverse applications, including its recent utilization
in the development of an electrochemical sensor for acetone
detection, achieving a detection limit of 0.03 ppm."* Acting as
both an antioxidant and a catalyst, ZnO NPs contribute to
formic acid dehydrogenation, yielding hydrogen gas through
a simple and cost-efficient method."’

ZnO nanoparticles (ZnO-NPs) have emerged as a leading
choice for photocatalysts due to their distinctive characteristics,
including having a direct band-gap (3.37 eV), being non-toxic
and safe, having a high binding energy of 60 meV for activation,
and exhibiting fast electron mobility and strong oxidation
capability.'® Its wide band gap limits its application by absorb-
ing mostly UV light, and it exhibits point defects like oxygen
vacancies.'” Moreover, pure ZnO-NPs’ photocatalytic efficacy is
greatly reduced by the constant recombination of electrons and
holes." Therefore, modifying ZnO by doping it with different
metals is a highly effective strategy for resolving these chal-
lenges. By decreasing the band gap, doping with metals like Ag
and Cu increases photocatalytic activity.® Doped ZnO NPs
exhibit surface plasmon resonance, enabling them to absorb
electromagnetic energy and facilitate the creation of electron-
hole pairs.”® To minimize expenses, this research employs
affordable metal nitrate salts, such as nitrates of Ag, Cu, Co,
Fe and Ca, as alternatives to costly metals. ZnO-NPs can be
produced using various techniques, including precipitation,>
co-precipitation,! sol-gel,>* hydrothermal,?® green synthesis,**
microwave-assisted synthesis,> physical vapor deposition
(PVD),>® mechanical milling,”” and laser ablation.*® Nano-
particles like ZnO effectively transfer electrons after absorbing
light energy, enabling electron transitions from the valence
band to the conduction band and forming holes. The inter-
action of electrons and holes with water and hydroxyl ions
generates additional free radicals (*OH), which degrade organic
bonds and eliminate dyes through redox reactions.>® Bacteria,
being porous and micrometer-sized, are easily infiltrated by
nanoparticles, which generate reactive oxygen species (ROS),
release Zn>" ions, and accumulate within the cells, inhibiting
protein formation and leading to cell death.*°

In this study, the chemical precipitation method was chosen
as the synthesis approach because of its affordability, simplicity,
operational ease, scalability, exact control of particle size and
shape, as well as the synthesis of materials that are crystalline
and highly pure. Each sample was doped with 0.5% metal
concentration, and multiple characterization techniques were
utilized to study the crystal size, shape, optical properties, and
morphologies of pure and doped ZnO-NPs, which exhibited
remarkable photocatalytic and antimicrobial properties.
Although individual studies have explored these metals sepa-
rately or in subsets, the integration of Ag, Cu, Co, Fe, and Ca
with ZnO-NPs into one comprehensive analysis remains

© 2025 The Author(s). Published by the Royal Society of Chemistry
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unaddressed in the current literature. Comparing all five
metal-doped ZnO nanoparticles is easier than analyzing them
individually. This paper aims to evaluate and compare various
metal-doped ZnO-NPs, focusing on less explored aspects in the
literature.

2. Methods and materials

2.1. Materials

The most frequently used chemical, 96% pure Zn-nitrate hexa-
hydrate [Zn(NO3),-6H,0], was employed to synthesize pure and
various metal-doped ZnO-NP samples, purchased from Loba
Chemie Pvt. Ltd, India, and nitrate salts of Ag (99%, Sigma-
Aldrich), Cu (95%, Loba Chemie), Ca (Millipore Sigma,
Germany), Co (97%, Merck, India), and Fe (Research lab Chem.
Industry, India) were used as dopant salts to supply the dopant
metals. NaOH (commercial grade) and deionized water (DI)
were used in every synthesis process.

2.2. Synthesis of ZnO nanoparticles

A simple and inexpensive chemical precipitation method has
been utilized for fabricating ZnO-NPs. ZnO nanocrystals were
formed by dissolving Zn-nitrate hexahydrate (10 mM) in 50 mL
of DI water under continuous stirring. Once the salt had
completely dissolved, the temperature was increased to 70 °C,
and then 4 M NaOH was added (0.5 mL min~") from a burette
until the pH reached 12. Under these circumstances, the
precipitate developed and was kept for two hours. This was
followed by filtering and cleaning the precipitate three times
with DI water and once with ethanol. Ultimately, the powder
was dried using a vacuum dryer set at 45 °C overnight and
calcined at 500 °C for 4 h.

For the synthesis of doped ZnO NPs, a 0.5 mol% dopant salt
(zn;_,M,0) is used, where x = 0.5 and M = Ag, Cu, Ca, Co, and
Fe. Specifically, for the synthesis of Ag-doped ZnO NPs,
0.5 mol% AgNO; (relative to zinc nitrate hexahydrate) is com-
bined with an appropriate amount of zinc salt in a beaker and
stirred for 30 minutes. Then, the same technique is repeatedly
applied for the synthesis of ZnO-NPs doped with other metals
by changing metal precursors only. In this research, the
synthesized samples of pure ZnO and ZnO doped with 0.5%
of Ag, Cu, Co, Fe, and Ca were labeled as PZO, AgZO, CuZO,
CoZO, FeZO, and CaZO, respectively (Fig. 1).

2.3. Characterization

2.3.1. X-ray diffraction analysis. The synthesized samples’
X-ray diffractogram was obtained using the Rikagu SE XRD
system, which operated at 40 kV and 50 mA while maintaining
a cooling water temperature of 20 to 30 °C. The device’s X-ray
source was copper, producing a wavelength of 1.5406 A, and
measurements were recorded in 0.01 increments across the 20
range of 10-70°. A nickel shield was positioned in front of the
detector to obstruct beta radiation from the X-ray source, and
before the analysis, a calibrated silicon reference was used.
Every verified data collection has been analyzed based on
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Fig. 1 Schematic diagram of the chemical precipitation method for synthesizing pure and various metal doped ZnO-NPs.

the standards specified by the ICDD database (card no. # 00-
036-1451).

2.3.2. FTIR analysis. An IR-prestige 21 FTIR spectrophoto-
meter (Shimadzu, Japan) with an attenuated total reflection
(ATR) system was used to examine the distinctive functional
groups of ZnO-NPs as well as any possible contaminants. With
a spectral bandwidth of 4 ecm™*, the FTIR spectrum was
obtained from 400 to 4000 cm ', with an average of 30 scans
per sample. All measurements were made under constant condi-
tions at 25 °C and 60% relative humidity.

2.3.3. FESEM analysis. Using a JEOL-JSM-7600F high-
resolution field emission scanning electron microscope (FESEM)
equipped with an energy dispersive X-ray (EDX) system, pure ZnO-
NPs and those doped with various metals were subjected to
microstructural and elemental composition analyses. To capture
the images, a 15 kV acceleration voltage was employed.

2.3.4. Photocatalytic activity. When a material is exposed
to light, often visible or ultraviolet light, it produces electron—
hole pairs that accelerate chemical reactions and generate
various free radicals. The material is then called a photo-
catalyst. When catalysts such as ZnO-NPs are exposed to light,
their electrons shift from the valence band to the conduction
band. This excitation promotes the interactions of electrons
with water and oxygen, which results in the production of
reactive radicals such as OH®, O,*, and HO,*.*" The experiment
was carried out in a 100 mL beaker with 0.07 g of pure and
different metal doped-ZnO photocatalyst samples suspended in
40 mL of a CR solution with a concentration of 10.0 mg L.
A 500 W halogen lamp was placed 65 cm away from the beaker.
Eqn (1) and (2) were used to determine photocatalytic degrada-
tion and capacity, respectively, where V stands for the volume of
the dye solution, W is the sample weight in grams (g), and C,
and C, are the starting and ultimate dye concentrations.
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The absorbance of a specific volume of CR solution was

periodically measured, and the sampled portion was then

transferred to the degradation medium.

Cy—C,
0

Degradation percentage, D, = x 100

(1)

Cy—C
Degradation capacity, D, =0 —iyy

- @)

2.3.5. Antibacterial activity

2.3.5.1. Sample preparation. An antibacterial activity test was
performed on four bacteria such as Bacillus cereus ATCC 11778,
Listeria monocytogenes ATCC 13932, Staphylococcus aureus ATCC
6538, and Escherichia coli ATCC 25922, using the produced
ZnO-NPs. To perform the test, 40 mg of six ZnO-NP samples was
dissolved in distilled water containing 2% Tween 20 (Promega,
USA). In the case of well diffusion assay, a sample concen-
tration of 40 mg mL™' was directly applied to the well and
to determine the MIC and MBC values eight different concen-
trations (0.157-20 mg mL ') of the sample were analyzed
against the previously mentioned four bacteria.

2.3.5.2. Antibacterial assay. A well diffusion approach was
used to test the ZnO-NPs’ antibacterial activity. Inoculums of
bacteria were made according to the 0.5 McFarland standard
(1 x 107-1 x 10® CFU per mL). A sterile cotton bar was used to
equally distribute 100 pL of each bacterial culture in a Mueller-
Hinton agar (MHA) plate (HiMedia, India), and a sterile borer
was used to create a hole 6 mm in diameter. The plates were
incubated for 16-18 hours at 37 °C after 50 pL of each sample
(concentration: 40 mg mL ™~ ") was injected into the wells against
four microorganisms. Following the guidelines set forth by the
Clinical and Laboratory Standards Institute (CLSI, 2020), the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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procedure was carried out using distilled water (containing 2%
Tween 20) serving as the negative control and 100 ppm of the
antibacterial medicine chloramphenicol as the positive control.
The zone of inhibition was measured in millimeters (mm) and
the assay was performed in triplicate.

2.3.5.3. Minimum inhibitory concentration (MIC) and mini-
mum bactericidal concentration (MBC) assays. The standard tube
dilution (CLSI M-07-A8) method was used to determine the
minimum bactericidal concentration (MBC) and minimum
inhibitory concentration (MIC) of six synthesized ZnO-NPs.
The samples were serially diluted (two-fold) from stock solu-
tion (40 mg mL™") and the concentration range was 0.157 to
20 mg mL . Gram-negative bacteria, such as E. coli, and Gram-
positive bacteria, such as B. cereus, L. monocytogenes, mono-
cytogenes and S. aureus, were tested for MIC and MBC values.
This study was carried out by serially diluting 100 pL of the
sample in distilled water (with 2% Tween 20) and then adding
100 pL of sterile LB media and 10 pL of bacterial suspension
(10" CFU per mL) to each tube. After that, the tubes were
incubated for 24 hours at 37 °C, and the MIC was determined
by measuring the sample’s minimal concentration (mg mL ")
at which no apparent microbial growth occurred.*>*

For MBC determination, 50 uL of the sample from the tubes
with no visible growth on MIC assay were taken and cultured
on MHA agar plates. After 24 h at 37 °C the colonies are
examined and counted. The MBC endpoint is defined as the
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sample concentration at which 99.9% of the bacteria were
destroyed.**

3. Results and discussion

3.1. Crystal phase analysis

As illustrated in Fig. 2, the X-ray diffractograms of pure ZnO
and multiple metal-doped ZnO nanoparticles (Zn,_,M,0) exhi-
bit identical patterns, with intensity and 26 values plotted on
the Y-axis and X-axis, respectively. The presence of charac-
teristic peaks of pure ZnO-NPs was confirmed through the
XRD diffractogram with 20 values at 31.80° (1 0 0), 34.44° (0 0 2),
36.27° (10 1), 47.55° (1 0 2), 56.62° (1 1 0), 62.89° (1 0 3), 66.46°
(2 00),67.97° (1 1 2), and 69.05° (2 0 1), which were matched
with the ICDD database card no. # 00-036-1451, indicating a
hexagonal crystal structure with a face-centered lattice (space
group 186: P63mc). The XRD patterns of the doped samples
showed no additional diffraction peaks associated with Ag, Cu,
Ca, Co, or Fe phases, indicating full metal ion incorporation
into the ZnO lattice by substituting Zn>" ions without altering
the crystal structure because the doping levels were within the
solubility limit.?’

Based on the crystallographic diffractogram data, various crys-
tal properties, including unit cell parameters, crystallite dimen-
sions, microstrain, unit cell volume, dislocation density, and the
specific surface area, were computed using equations given in the
ESIT (eqn (S1)-(S6)) and data were arranged in Table 1.
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Fig. 2 X-ray diffractogram of pure and 0.5% Ag, Cu, Co, Fe, Ca doped ZnO-NPs.
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Table 1 Parameters of chemically precipitated pure and doped ZnO nanoparticles based on XRD analysis
Parameter PZO AgZ0 CuzZO CoZO FeZO CazZo
Lattice parameter, A In card no. # 00-036-1451: a = b = 3.24982 ¢ = 5.20661
a=b = 3.246; a=b=3251; a=b=3251; a=bh=3252 a=b=3254; a=bh=3251;
¢ =5.2034 ¢ =5.207 ¢ =5.2094 ¢ =5.2106 ¢ =5.2142 ¢ =5.208
Macrostrain, & £=1532 x 1072 1498 x 107>  15.70 x 107>  14.93 x 1072  16.17 x 107>  15.24 x 1072
Unit cell volume, A® V=47.48 47.65 47.68 47.72 47.81 47.67
Dislocation density (10* lines per m*) 6 =1.01 0.972 1.065 0.962 1.122 1.007
Specific surface area, g~ m* S =0.3404 0.3340 0.3497 0.3322 0.3589 0.3401
Preference growth, PG PG = 0.0072 0.0204 0.0086 0.012 0.0146 0.019

3.2. Crystal size estimation using different XRD models

3.2.1. Scherrer’s model. A popular formula for determining
the size of a nanoparticle’s crystallite based on the widening
of individual diffraction peaks is the Scherrer equation.>® As per
the Scherrer documentation, the formula for fine powder samples
with cubic crystallites can be expressed as follows in eqn (3).

KA

Crystallite size, Djyy = ———
Y s Lkl ﬁ]l]d cos 0

(3)

The full width at half maximum (FWHM) of the ikl plane is
indicated by fux (in radians) in the formula above, while the
wavelength of X-rays emitted from Cu (copper), 1.5406 A, is
represented by 4. In terms of the shape factor, the widely
recognized Scherrer constant is 0.9.%” According to the planes
with the highest intensities, Table 2 shows the average crystal-
lite sizes of pure and Ag, Cu, Co, Fe, and Ca doped ZnO.

3.2.2. Williamson-Hall model. The previously discussed
approaches concentrated exclusively on peak widening caused
by the crystallite particle size; however, other factors that can
impact peak broadening and, in turn, particle size include
boundaries, microstrain, crystal defects, and instrumental
effects.*®?° The fundamental idea behind this model is that it
relies on the combined widening, which combines the effects of
strain broadening (Bain) and size broadening (fi,e), with the
total broadening being a combination of these two elements,
which is shown in eqn (4).

ﬂtotal = ﬁsize + ﬂstrain (4)

The uniform deformation model (UDM), uniform stress
deformation model (USDM), and uniform deformation energy

density model (UDEDM) are three modifications of the W-H
model that have been used to calculate crystallite size, strain
and stress.”” Additionally, other models, such as Scherrer’s
model with a linear straight-line method, the Monshi-Scherrer
method, Sahadat-Scherrer’s model, and the size-strain plot,
are explained in detail in Supplementary File S2 (ESIY).

The energy density, strain, and crystallite size of PZO and
various metal doped ZnO-NP samples are revealed by the X-ray
diffraction analysis. The smallest crystallite sizes ranging from
29.85 to 32.25 nm were obtained using Scherrer’s equation and
the Monshi-Scherrer approach estimates slightly bigger values
of up to 38.79 nm. As LSLMSE accounts for each peak broad-
ening and lattice distortions, it shows the largest sizes between
72.9 nm and 106.6 nm. The Williamson-Hall method is used to
calculate the energy density (16.8-35.3 J m ™), stress (976 x
10°-122 x 10° N m~?), strain (0.0007-0.0011), and intermediate
diameters (41.98-55.43 nm). The size-strain approach provides the
crystallite size between 32.99 nm and 43.3 nm. Overall, AgZO NPs
exhibit relatively larger crystallite sizes with moderate strain, which
may indicate structural changes caused by doping that enhance
specific properties. The differences in crystallite sizes arise because
each model considers different factors such as strain, defects, and
peak broadening effects. While the Scherrer model assumes size-
dependent broadening, models like Williamson-Hall and the
strain-stress plot account for both crystallite size and microstrain,
leading to variations in results.

3.3. Texture coefficient

In general terms, a plane’s texture coefficient for a crystallite
reflects its deviation from the reference sample, implying a

Table 2 Evaluation of ZnO-NPs' microstructural characteristics using various models

Crystal size (D, nm), energy density (x, ] m™*), stress (¢, N m ?)

Model name P-ZO Ag-70 Cu-Z0 Co-Z0 Fe-ZO Ca-ZO
Scherrer’s equation Dg = 31.48 32.08 30.64 32.25 29.85 31.52
Williamson-Hall method UDM & =0.0011 & =0.0009 & =0.0007 & =0.0009 & =0.0008 & =0.0009
D,, = 55.43 D,, = 51.32 D,, = 41.99 D,, = 49.49 D,, = 41.98 D,, = 49.48
USDM 0 =1569 x 10° ¢ =1326 x 10° ¢=976 x 10° =122 x 10° ¢=1116 x 10° ¢ =1287 x 10°
D,, = 55.43 Dy, = 51.32 Dy, = 41.99 D,, = 49.48 Dy, = 41.99 D,, = 49.48
UDEDM u=35.3 =312 g =16.8 g =26.6 =224 o =29.6
D,, = 55.43 D, = 51.32 D,, = 41.99 D,, = 49.48 D,, = 41.99 D,, = 49.48
LSLMSE Dy, = 106.6 92.4 72.9 92.4 86.6 99
Monshi-Scherrer method Dy = 38.79 32.43 35.01 38.36 34.5 37.53
Sahadat-Scherrer’s model Ds—s) = 32.22 35.53 30.78 32.99 30.12 32.22
Size-strain plot Dy, =43.3 32.99 37.44 40.75 36.46 41.98
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Fig. 3 Graphical representation of texture coefficients of synthesized pure and various metal doped ZnO-NPs.

directional preference in crystallite growth. The method
described in eqn (5), which shows intensity peaks for the planes
(100), (002), (101), (102), (110), (103), (200), (112), and (201), can
be used to calculate the texture coefficient T¢ based on an X-ray
assessment.

L) / I, _1
Texture coefficient, Tc(hkl) = TOH)(Z Ty /Io(hkl))

(5)

The calculated values of the texture coefficient, with the
corresponding graph, are illustrated in Fig. 3. The (110) and
(103) planes show the highest texture coefficient values, sug-
gesting that ZnO and its doped forms exhibit significant crystal
growth along these orientations. The (100), (002), and (101)
planes have relatively lower T values, implying that these
orientations are less dominant. Some doped samples show
slightly enhanced texture coefficients in specific orientations
(AgZO and CuZO in the (110) and (103) planes).

3.4. Functional group analysis (FTIR)

The functional groups in synthesized nanoparticles were inves-
tigated using FTIR spectroscopy, as shown in Fig. 4a, which
analyzed the absorption spectra of pure and doped ZnO-NPs of
Ag, Cu, Co, Fe, and Ca in the wavelength range of 400 cm™ " to
4000 cm ™. The region from 400 to 750 cm ™' is associated with
the bonding between metal and oxygen atoms.*' In terms of
wavenumber per centimeter, the anticipated absorption maxima
for ZnO nanoparticles are 2362, 1518, and 541.8 for vibrational
modes of CO,, bending vibration of H-O-H and stretching of
Zn-0 vibration, respectively.**** Bond length changes brought
about by the partial substitution of various metal dopant ions,
such as Ag", Cu®", Co**, Fe**, and Ca®', for ZnO lattice sites
may be correlated with shifts in the absorbance peak position
shown in Fig. 4b. Additionally, the findings verify that

© 2025 The Author(s). Published by the Royal Society of Chemistry

the manufactured ZnO NP samples include no unnecessary
components.

3.5. Morphology and EDAX analysis

Field emission scanning electron microscopy (FESEM) analysis
was performed to study the surface morphology of chemically
synthesized ZnO-NPs, both pure and doped, with the corres-
ponding SEM images displayed in Fig. 5. Observations revealed
that the ZnO-NPs had spherical grains, which were densely
clustered and tightly grouped together due to agglomeration
on the surface and the same data were observed in recent
research.>® High temperatures during the drying and calcina-
tion stages may lead to the clustering of ZnO particles. The
particle size was analyzed, and the average sizes of pure
ZnO and Ag-, Cu-, Co-, Fe-, and Ca-doped ZnO were found to
be 107, 98, 93, 109, 102, and 129 nm, respectively, using ImageJ
software.

The chemical composition of both pure and metal-doped
ZnO-NPs was further examined using energy dispersive X-ray
analysis (EDAX). It also revealed that pure ZnO-NPs had an
elemental composition of 83.82% zinc (Zn) and 16.18% oxygen
(O). The weight percentages of each doped metal with respect to
Zn and O were as follows: 0.2% for Ag, 0.38% for Cu, 1.13%
for Co, 0.36% for Fe, and 0.19% for Ca. Furthermore, it is
evident from the study that none of the samples contain any
contaminants.

3.6. HR-TEM analysis

High-resolution TEM is performed to support other analytical
results and to analyze particle size and surface morphology
with greater precision. In addition to spherical particles, hexa-
gonal honeycomb structures are also visible, denoted by red
arrows in Fig. 6(a). Using Image] software, the size of 25
individual particles was determined. The results showed an
average of 92.18 nm and a size range of 28 to 130 nm (Fig. 6b),
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Fig. 5 FESEM images of (a) P-ZO, (b) Ag-ZO, (c) Cu-ZO, (d) Co-ZO, (e) Fe-ZO, and (f) Ca—ZO nanoparticles.

which is in line with previous SEM and XRD findings. The SAED
pattern, which shows Debye-Scherrer rings corresponding to
the planes (100), (102), (101), (102), (110), (103), (200), and
(112), as shown in Fig. 6(c), validates the polycrystalline nature

3692 | Mater. Adv., 2025, 6, 3686-3704

of the produced AgZO. Because of the higher molecular weight
of Ag compared to Zn, dark patches within the ZnO-NPs
indicate the presence of Ag ions. In accordance with findings
from prior investigations, the interplanar spacing of AgZO, as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 HR-TEM images of AgZO NPs for analyzing (a) morphology and particle size, (b) particle size distribution histogram, (c) SAED pattern, and (d)

interplanar spacing measurements.

measured by Image] software and displayed in Fig. 6(d), was
0.235 nm, for the (101) plane.*

3.7. Band gap analysis

The optical band gap energy is the smallest amount of energy
required to excite an electron from the valence band to the
conduction band, permitting optical absorption and electronic
transitions. The band gap of both pure and Ag-doped ZnO-NPs
was determined using UV-vis-NIR spectroscopy. The corresponding
figure, which was obtained from Tauc’s equation followed by the
Kubelka-Munk equation in eqn (6), is displayed in Fig. 7.**

ahv = A x (hv — Ey)*

(6)

Here, o refers to the absorption coefficient, and A is a
constant dependent on the material, whereas 2 denotes the
photon energy and E, signifies the optical band gap energy.
Four distinct types of band transitions were identified, with an

© 2025 The Author(s). Published by the Royal Society of Chemistry

exponent of 1/2 indicating direct allowed transitions, while 3/2,
2, and 3 correspond to direct forbidden, indirect allowed, and
indirect forbidden transitions, respectively.”> In the case of
ZnO-NPs, a direct allowed transition occurs, with the band
gap energy measured at 3.16 eV for pure ZnO. After doping with
Ag ions, the band gap remains nearly the same at 3.168 eV in
this study. Almost similar results have been documented in
previous research on AgZ0."¢

3.8. TGA analysis

Thermogravimetric analysis (TGA) was used to assess the
thermal stability of pure and Ag-doped ZnO-NPs, calcined at
500 °C, by measuring the weight loss. As depicted in Fig. 8,
about 2% of the moisture content is removed between 50 and
7000 °C, while the PZO sample demonstrates nearly 5% weight
loss. Both samples exhibit a rapid weight reduction in the range
of 50-150 °C, with the weight loss of PZO being higher than that
of pure ZnO due to the physically adsorbed surface water

Mater. Adv., 2025, 6, 3686-3704 | 3693
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Fig. 8 TGA curves of PZO and AgZO nanoparticles.

content. A minor weight loss observed between 150 and 400 °C
is likely due to the release of chemically adsorbed water.*” At
temperatures above 500 °C, the amorphous phase transforms
into a crystalline structure, during which the remaining water is
expected to evaporate, leading to a decrease in weight. Since the
samples were previously calcined, this indicates that pure ZnO-
NPs adsorbed more moisture compared to Ag-doped ZnO-NPs.

3.9. Particle size analysis

Using the dynamic light scattering (DLS) method, the particle
size of the synthesized products was determined; the results are
shown in Fig. 9. The samples were dispersed in water and

3694 | Mater. Adv, 2025, 6, 3686-3704

sonicated for 10 minutes to achieve a uniform dispersion,
ensuring suitability for DLS measurements. This technique
determines the particle size of the sample by measuring its
hydrodynamic volume, based on the Brownian motion of the
particles.*® The hydrodynamic volumes of PZO and AgZO were
found to average 293 nm and 383 nm, respectively, which were
significantly larger than the theoretical sizes previously deter-
mined using FESEM and TEM.

3.10. Photocatalytic activity evaluation

The synthesized ZnO-NPs, available in pure form or doped with
metals like Ag, Cu, Co, Fe, or Ca, act as powerful photocatalysts

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The DLS method was utilized to analyze the particle sizes of (a) PZO

for degrading textile dyes such as Congo Red (CR). Under
visible light irradiation, the photocatalytic activity of the
generated ZnO-NPs with time is shown in Fig. 10. This study
evaluated the rate of degradation and capacity of 0.075 g of
both pure and doped ZnO-NPs over 30, 60, 90, and 120-minute
intervals, employing UV-visible spectrum analysis for mea-
surement. Both curves, a and b, indicate that the degradation
percentage and capacity increased over time. The study found
that although Fe-ZO initially exhibited a higher degradation
rate, Cu-ZO, Ag-ZO and PZO ultimately achieved the highest
degradation levels, reaching 95.17%, 94.81% and 94.81%,
with degradation capacities of 5.02, 4.99 and 4.99, respec-
tively, after 180 minutes of irradiation under visible light.
However, Fe-Z0O, Ca-ZO, and Co-ZO likewise demonstrated
notable degradation abilities of 94.27, 94.09, and 93.92%, with
the corresponding degradation capacities of 4.96, 4.95, and
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4.94. The comparison study with other recent research studies
is displayed in Table 3.

3.11. Scavenger test

Scavengers are substances added to a reaction during chemical
treatment in order to either remove or deactivate undesirable
products. Degradation of persistent organic pollutants in water
is mostly dependent on reactive oxygen species (ROS), which
are produced during visible light-induced photocatalysis and
include free radicals such as hydroxyl groups (*OH), and pair of
electron-hole and hydrogen peroxide (H,0,). The involvement
of various ions and radicals in dye breakdown was examined
through a scavenger test. The specific roles of destructive
agents, including *0>7, HY, and °*OH, were identified using
inhibitors like DPPH, EDTA, and IPA.%° In this research, the func-
tions of free radicals and hydroxyl groups in CR degradation were

100

95

90

85

80

75

70

Degradation (%)

65

60
55

50
0 50
Time (min)
—0—Ag-ZnO
—8—Fe-Zn0O

100

150

Cu-ZnO
—&— Ca-ZnO

a —&—P-Zn0O
Co-ZnO

5.5
5
2
‘S 4.5
<
="
<
i~ 4
g
=
< 35
&h
J5
A 3
25
2
0 50 100 150
Time (min)
—&—P-Zn0O —0—Ag-ZnO Cu-znO
b Co-Zn0 —®—Fe-ZnO0  —®—(Ca-Zn0O

Fig. 10 Photocatalytic degradation (a) and degradation capacity (b) curve of CR dye with pure and several metal-doped ZnO nanoparticles.
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Table 3 Comparative study of the photocatalytic degradation performance of pure and various metal doped ZnO nanoparticles

Sample; amount (mg) Dye Time Degradation (%) Ref.

Ag-ZnO; 0.1 CR 120 min under UV 60.5 49

Ag-7ZnO CR 86 50

Fe-ZnO; 300 mg L ! MB 60 min under visible light 94.21 51
CR 32.97

C-Zn0; 0.1 RhB 240 min under UV 99 29

Co-ZnO; 0.025 CR 60 min under a xenon lamp 90.12 52

ZnO (olive fruit); 30 mg MB 180 min under sunlight exposure 75 53
MO 87

ZnO (Equisetum diffusum) MB 120 min under sunlight exposure 85.61 54
MO 79.10

ZnO (C. macrocarpa) MB 120 min under sunlight exposure 82.2 55
MO 87.5

Mg-ZnO; 0.05 RhB 120 min under UV 78 56

Cu-ZnO; 120 mg L™ * CR 140 min under UV 97 57

Mn-ZnO; 0.15 CR 180 min under UV 92 58

Cr-ZnO; 0.05 CR 60 min under visible light 94 59

PZO CR 120 min under visible light 94.81 This work

AgZO 94.81

CuZO 95.17

CoZO 93.92

FeZO 94.28

CaZoO 94.2

analyzed using DPPH and IPA solutions. A mixture of 10 mL
of DPPH (8 ppm), 10 mL of IPA (0.1 M), 0.075 g of the sample,
and 40 mL of deionized water was prepared in a beaker for the
experiment. A beaker was prepared containing 40 mL of dye solution
with 0.07 g of each sample and then 10 mL of DPPH (8 ppm) and
10 mL of IPA (0.1 M) solution were added to each beaker. A beaker
containing 40 mL of dye solution and 0.07 g of the sample was set
up under a visible lamp for 120 minutes, with 10 mL of DPPH
(8 ppm) and 10 mL of IPA (0.1 M) solutions added separately. As
depicted in Fig. 11, degradation diminished for all samples upon the
addition of DPPH and IPA solutions, with the values falling within
39-73% and 45-56%, respectively. Since the addition of IPA results
in a more noticeable decrease in efficiency, the data indicate that
hydroxyl radicals are the main source of deterioration.

3.12. Recyclability and stability of the sample

A recyclability assessment was conducted to evaluate the durability
of the synthesized catalyst by analyzing its effectiveness in degrad-
ing the CR dye. To investigate the catalyst’s reusability for CR dye

DPPH

80

60
4
2 I
0

PZO AgZO CuZO CoZO FeZO CaZzO

Degradation (%)
o

o

degradation, a 40 mL dye solution (10 ppm) was mixed with 0.07 g
of the catalyst in a beaker and subjected to halogen lamp
illumination for 120 minutes. The procedure involved conducting
three cycles, during which the catalyst underwent a washing and
decanting process three times using water after the completion of
each cycle. Subsequently, the catalyst was dried in an oven at 80 °C
before being utilized in the next cycle. As illustrated in Fig. 12, the
percentage of degradation exhibited a gradual decrease. The total
degradation efficiency reduced from a peak value of 95% for CuZO
to 61% for PZO. The decline in photocatalytic efficiency observed
for both pure and doped ZnO catalysts can be attributed to two
primary factors. Firstly, repeated usage leads to surface blockage,
thereby hindering catalytic activity. Secondly, catalyst leaching
occurs during the washing and separation processes, further
contributing to efficiency reduction.®*

3.13. Kinetics of photodegradation

The widely recognized Langmuir-Hinshelwood model equation was
employed to determine the rate of dye degradation. This model
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Fig. 11 Free radical and hydroxyl scavenging test with DPPH and IPA solutions for pure and doped ZnO-NPs.
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establishes a mathematical relationship, expressed in eqn (7), that
describes how the concentration varies over time (¢, in minutes) in
relation to the degradation rate.®

Cde  kikae
dt 14 keC

r= ()
Here, r is the rate of the reaction and k. and k,. are the rate
constant and adsorption constant respectively. Eliminating the
denominator and treating C, at ¢t = 0 as negligible due to its
relatively low value, eqn (8) is reformulated as follows®*

—1In (Q) = krkaet = Kappt (8)

Co

The calculated slope from the plotted graph corresponds to
the observed first-order rate constant (K,pp). Analysis of the six
samples revealed a consistent linear trend, implying that the

View Article Online
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photodegradation process proceeded according to first-order
reaction kinetics. According to the data depicted in Fig. 13,
the rate constants estimated from the graph correspond to
0.019 min~* for pure, 0.0207 min ' for CuZO, 0.02 min* for
both AgZO and CoZO, 0.016 min~* for CaZO, and 0.017 min~"
for FeZO. The photodegradation rate constants of ZnO nano-
particles synthesized via a recent green method were deter-
mined to be 0.008 min~" for MB and 0.013 min~" for MO.>?
Similarly, gold nanoparticles produced through a green synth-
esis approach exhibited a photodegradation rate constant of
0.0791 min " for MB degradation.®* Additionally, another study
reported rate constants of 0.022 min~ " and 0.025 min " for the
degradation of MO and MB, respectively, at 90 °C.>°

3.14. Antimicrobial activity evaluation

The six samples showed antibacterial activity against all tested
Gram-positive bacteria such as B. cereus, L. monocytogenes,
monocytogenes and S. aureus and in the case of Gram-negative
bacteria E. coli, only the AgZO sample showed a clear zone of
inhibition (20.8 mm) in agar diffusion assay shown in Table 4
and Fig. 14. Against S. aureus, the activity levels of all samples
are nearly identical, whereas PZO exhibits a remarkable activity
against L. monocytogenes with the lowest MBC (0.625 mg mL ™)
and MIC (0.313 mg mL ") values. Among the six samples, AgZO
showed antibacterial activity against all tested bacteria and
between 1.25 and 5 mg mL ' concentration, the sample was
able to kill 99.9% bacterial population after 24 h of incubation
under shaking conditions (Table 5 and Fig. 15). The precipita-
tion rate of ZnO-NPs is higher than the diffusion rate in agar
media and this could be a possible reason that in well diffusion
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13 A first-order kinetics approach was employed to interpret the experimental results concerning the photocatalytic degradation of the CR dye.
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Table 4 Antibacterial activity of pure and doped ZnO-NPs

Names of tested microorganisms

Gram-positive

Gram-negative

S. aureus L. monocytogenes B. cereus  E. coli
Sample
name Diameter of zone of inhibition (mm)
P-7Z0 10.17 £ 0.29 12.2 4+ 1.04 11.7 £ 0.76 <6
Ag-7Z0O 10.2 + 0.35 11.2 + 0.29 10.2 4+ 0.29 20.8 + 0.80
Cu-ZO 10.3 £+ 0.81 13.3 £+ 1.53 11.0 £ 0.50 <6
Co-Z20 10.0 + 0.93 10.5 + 0.50 13.5 + 1.32 <6
Fe-ZO 10.5 £+ 0.50 12.2 4+ 0.29 10.5 + 0.50 <6
Ca-Zo 10.1 £ 0.45 13.2 £+ 0.29 10.7 £ 0.29 <6

Positive control 15.7 £+ 0.76 16.8 £ 1.61 14.8 £ 1.61 20.7 + 0.76

* <6 mm = no significant antibacterial activity was observed.

assay, the highest concentration (40 mg mL ') of samples
was not able to form a clear zone of inhibition compared
to the bactericidal activity (99.9% kill) shown by the samples
at comparatively lower concentration (1.25-10 mg mL™ ') in
MBC assay.

4. Environmental impact

While metal-doped ZnO nanoparticles, particularly those doped
with Ag, Cu, Fe, and Ca, have shown remarkable efficacy in dye
degradation and antimicrobial activity, their potential environ-
mental impact remains a growing concern. The accumulation of
ZnO-NPs in ecological systems may lead to their dissociation
into zinc ions, potentially disrupting microbial communities by
degrading beneficial or non-target microorganisms.®® Since ZnO
NPs are safe and non-toxic and contain only a minimal amount
of metal, they cannot be classified as a highly toxic material.'®
Furthermore, as these nanoparticles are intended for reuse and

View Article Online
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Table 5 Minimum inhibitory concentration (MIC) and minimum bacter-
icidal concentration (MBC) of ZnO-NPs

B. cereus S. aureus  E. coli

MIC MBC MIC MIC MBC MIC MBC

Concentration, mg mL ™"

L. monocytogenes

Sample name

P-ZO 5 10 0.313 0.625 5 5
Ag-7Z0 1.25 2.5 0.625 1.25 5 5 1.25 2.5
Cu-ZO 5 10 0.625 1.25 5 5
Co-Z0 2.5 5 0.625 1.25 5 10 - -
Fe-ZO 2.5 5 1.25 1.25 2.5 5 - -
Cu-ZO 5 10 0.625 1.25 5 5 - —

will be recollected, there is no risk of their accumulation in the
environmental cycle. Due to its insolubility in water, sophisti-
cated filtration techniques may help prevent leaching. Future
studies should focus on creating eco-friendly ways to make these
nanoparticles, designing them to be safer, and finding effective
ways to recover or collect them after use to avoid harming the
environment.

5. Discussion

ZnO-NPs, being non-toxic, safe, and versatile, find applications
across various fields, including dentistry,*® toothpaste,®”
cosmetics,®® and skin creams.®® In addition to water treatment,
ZnO-NPs are used as an effective bactericidal agent in these
industries. To enhance the efficiency of ZnO-NPs in combating
microorganisms and degrading dyes, various metal-doped
ZnO-NP samples were synthesized. The efficacy of the ZnO-
NPs has been significantly improved in recent studies through
the doping of metals like silver, copper, iron, and cobalt,
which effectively alter structural and crystallographic
parameters.”®”® In the present study, AgZO samples

Fig. 14 Antibacterial activity of ZnO-NPs against (A) and (B) S. aureus; (C) and (D) Listeria monocytogenes; (E) and (F) B. cereus; and (G) and (H) E. coli.
Here, 1 = Cu-Z0, 2 =P-Z0, 3 =Co0-Z0, 4 = Ca-Z0, 5 = Fe-Z0O, 6 = Ag—ZO. *PC = chloramphenicol 100 ppm; NC = distilled water (with 2% Tween 20).
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Fig. 15 Minimum bactericidal activity of ZnO-NPs, S-1 = Cu-ZO, S-2 = P-ZO, S-3 = Co-Z0O, S-4 = Ca-Z0, S-5 = Fe-ZO, S-6 = Ag-ZO, against
(A) S. aureus; (B) Listeria. monocytogenes; (C) B. cereus; and (D) E. coli. The concentration of samples is diluted by a 2-fold serial dilution method, where,
1=20mgmL % 2=10mgmL ™% 3=5mgmL ™% 4=25mgmL%5=125mgmL™% 6=0625mgmL™,7=0313mgmL™ and 8 = 0157 mg mL™%.
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demonstrated heightened antimicrobial efficacy, eradicating
99.9% of Gram-positive and Gram-negative bacteria at con-
centrations of 1.25-5 mg mL .

The synthesized PZO, with a band gap energy of 3.16 eV and
nanoscale particle size, demonstrates enhanced photocatalytic
and antimicrobial performance, achieving 94.81% degradation
and inhibition zones of 10.17 + 0.29 mm, 12.2 + 1.04 mm, and
11.7 £ 0.76 mm against Gram-positive strains S. aureus,
L. monocytogenes, and B. cereus, respectively, while showing
no activity against Gram-negative E. coli. However. doping
ZnO with Ag ions has mitigated this issue by amplifying the
synergistic generation of ROS in both light and dark environ-
ments, facilitating the release of Ag" and Zn" ions,”* possibly
lowering the Fermi energy to enable electron migration from
ZnO to Ag”” and utilizing surface defects like oxygen vacancies
to drive free radical formation.”® Since Zn>" and Ag" ions are
nanometer-sized, much smaller than bacteria, they can pene-
trate the cell membrane and interact with negatively charged
proteins and DNA, disrupting their function and ultimately
killing the cell. Congo Red (CR) was photocatalytically broken
down under a 500 W halogen lamp that was positioned 65 cm
away from the sample. Owing to the nearly equivalent band
gaps of PZO and AgZO, their degradation levels were close, with
CuZO, AgZO, and PZO showing slightly higher values at
95.17%, 94.81%, and 94.81%, respectively. The photocatalytic
degradation performance of FeZO, CaZO, and CoZO remains
noteworthy, though marginally inferior to that of PZO, AgZO,
and CuZO. The primary reason for this reduction in activity lies
in their comparatively larger particle sizes, which obstruct
active sites and diminish the formation of reactive oxygen
species. Furthermore, texture coefficient values indicate that
AgZO0O and CuZO exhibit the highest preferential growth along
the 110 and 103 crystal planes, which may contribute to their
superior catalytic efficiency compared to other doped variants.
Through scavenger studies with DPPH and IPA, the role of
reactive oxygen species (ROS), such as O*>”, H', and OH™, in
degrading dyes was evaluated. As can be shown in Fig. 7, which
displays a decrease in degradation performance, these sub-
stances inhibit ROS activity.

In the future, additional research could focus on degrading
emerging multidrug-resistant bacterial strains, as well as incor-
porating the material into various products to improve their
usability and stability.

6. Conclusion

In this work, we have synthesized pure and various metal doped
ZnO-NPs such as Ag, Cu, Co, Fe, and Ca ZnO-NPs through the
cost effective and easy to operate chemical precipitation
method, which show excellent photocatalytic dye degradation
and antimicrobial activity. All synthesized samples, as con-
firmed by the XRD data, exhibited a wurtzite crystal structure
and displayed a combination of spherical and hexagonal
morphologies. Techniques like FESEM and HR-TEM are
employed to measure particle sizes, which are found to range
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from 92.18 nm to 129 nm on average. Thermogravimetric
analysis (TGA) shows the stability of PZO and AgZO up to
700 °C, with slight weight loss attributed to regained moisture.
The optical band gap analysis supports the photocatalytic
efficiency of PZO and AgZO nanoparticles, as their values are
nearly identical at 3.16 eV and 3.168 eV. While no other
samples exhibit effective activity against the Gram-negative
bacterium E. coli, Ag-doped ZnO (AgZO) nanoparticles exhibit
enhanced antibacterial effects on both Gram-positive and
Gram-negative bacteria, producing inhibition zones of 12.2 +
1.04 mm and 20.8 £ 0.80 mm, respectively, when compared to
pure ZnO. However, all the samples demonstrate outstanding
photocatalytic performance in degrading the Congo Red (CR)
dye under simulated sunlight, with CuZO, AgZO and PZO
achieving remarkable degradation efficiencies of 95.17%, 94.81%,
and 94.81%, respectively.
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