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thiovanadate nanoparticles:
synthesis, characterization, and antibacterial
activity

Fatimah Alahmari *

Infection control is a key point for maintaining and developing the healthcare sector. Nanosized metal

derivatives have attracted significant interest for preventing infections caused by various bacteria and

fungi. This study reports the synthesis of new sulfide nanoparticles containing bioactive Zn, Mo, and V in

one structure. Powder X-ray diffraction (PXRD) analysis was used to determine the structure, phase

purity, and crystallite size of the ZnMoVS4 nanoparticles (NPs). The results reveal the presence of only

one phase corresponding to a cubic close-packed spinel structure in the F�43m (216) space group. The

calculated crystallite (grain) size is 16.86 nm, which falls within the nanoparticle size range. High-

resolution transmission electron microscopy (HR-TEM) was utilized to verify the nanoscale size and

crystallinity of the NPs and to examine their morphology. High-angle annular dark-field scanning

transmission electron microscopy (HAADF-STEM) was used to perform elemental mapping and confirm

the chemical composition of the prepared NPs. X-ray photoelectron spectroscopy (XPS) analysis was

performed to confirm the presence and oxidation states of all the introduced elements. These results are

consistent with the proposed chemical formula of ZnMoVS4 for the prepared NPs. The bioactivity of the

prepared NPs was studied using three waterborne Gram-negative bacteria: Escherichia coli, Salmonella

choleraesuis, and Shigella flexneri. The results revealed the significant effect of the ZnMoVS4 NPs on the

studied bacteria. However, Escherichia coli showed greater suppression upon treatment than Salmonella

choleraesuis and Shigella flexneri. Hence, the introduced NPs are promising antimicrobial candidates for

water treatment to prevent waterborne bacterial diseases.
Introduction

Nanotechnology is playing a signicant role in current break-
throughs in the environmental, industrial, and medical sectors.
The unique physical and chemical properties of materials at the
nanoscale make them a central topic for research in chemistry
and materials science. Nanomaterials are lighter in weight,
smaller in size, have a larger surface area, and exhibit greater
reactivity than the same material in bulk.1

Metal sulde nanomaterials have attracted considerable
interest due to their wide range of applications in diverse elds.
Thesematerials are composed of metal cations bonded to sulfur
atoms in a variety of congurations. As a result, they exhibit
distinctive optical, electrical, and catalytic properties that offer
several advantages over their metal oxide counterparts.2 Metal
sulde nanomaterials have been applied in diverse elds, such
as electronics, energy storage, catalysis, and sensing.2–4 The
tunable properties and high reactivity of these materials have
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extended their utilization in elds ranging from environmental
remediation to biomedical applications.5,6

In biomedicine, metal sulde nanomaterials hold signicant
potential for advancing diagnostics, imaging, and therapy.7

Moreover, the tunable surface chemistry and biocompatibility
of many metal sulde nanomaterials enable their functionali-
zation as targeted drug delivery systems.8

Zinc sulde (ZnS) is one of the most investigated metal suldes
for biomedical applications at the nanoscale owing to its biocom-
patibility, low toxicity and unique physicochemical properties at
the nanoscale.9 As expected, ZnS nanoparticles have demonstrated
excellent antimicrobial activity against a broad spectrum of
bacterial strains, making them potential candidates for combating
infections.10,11 For drug delivery, nanosized ZnS particles can be
functionalized to act as carriers for therapeutic agents, enabling
controlled release and precise targeting of specic cells or tissues.12

Moreover, the luminescence property of nanosized ZnS allows in
vitro imaging of targeted cancer cells during treatment.13

Molybdenum sulde (MoS2) nanosheets (NSs) are a remark-
able class of two-dimensional materials with exceptional prop-
erties. These NSs are typically composed of a single or a few
layers of molybdenum disulde.14 The unique structure of these
materials, which resembles that of graphene but with distinct
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra07046e&domain=pdf&date_stamp=2025-12-27
http://orcid.org/0000-0002-6527-3961
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07046e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016002


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 3

:2
1:

21
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
electronic and chemical characteristics, makes them ideal for
use in various elds.14–16 In biomedicine, MoS2 NSs have
attracted signicant interest because of their distinctive prop-
erties, such as adjustable optical properties, excellent electro-
chemical properties, high surface area, biocompatibility, low
toxicity and catalytic activity.15–17 For drug delivery, MoS2 NSs
can be used to effectively load and release therapeutic agents,
offering controlled drug delivery with minimal side effects.18,19

Moreover, its excellent photothermal properties enable it to
serve as a robust agent for photothermal therapy.19–21 MoS2 NSs
have also played a role in improving imaging techniques,
including photoacoustic and uorescence imaging, by offering
high-resolution imaging capabilities that support more accu-
rate diagnosis and treatment planning.22,23

Vanadium sulde (VxSy) nanomaterials have various formulas
and morphologies due to the multiple oxidation states of V (V2+–
V5+).24,25 Although these materials are well investigated for indus-
trial purposes, their biocompatibility, high surface area and
tunable characteristics allow for the functionalization needed for
various bioapplications.26Moreover, they contain vanadium, which
plays an important role in many biological applications, including
drug delivery, antimicrobial treatment, biosensing, imaging and
treating several diseases as a therapeutic agent.27–29 A recent study
reported the efficacy of vanadium disulde (VS2) NSs in cancer
immunotherapy and immune checkpoint blockade therapy.26

For the health care, food processing and water purication
elds, combating bacterial infection is essential. Bacteria can
develop resistance to common antibacterial treatments, which
occurs when bacteria evolve mechanisms to withstand the
effects of those antibiotics. The main reason is the overuse and
misuse of antibiotics in healthcare and agriculture.30–32 Thus,
innovative solutions are needed to overcome this issue,
including the promotion of responsible antibiotic use and the
development of new antibacterial agents.33

Usually, increasing the complexity of nanostructures enhances
their bioactivity by introducing multifunctionality, precise tar-
geting, and improved interactions at the cellular level.34

The combination of bioactive Zn, Mo, and V within a single
sulde structure is anticipated to enhance its antibacterial
activity through synergistic effects. Zn ion is well-known for its
antimicrobial activity and role in promoting cellular repair.10,11

Mo ions inuence oxidative processes and contribute to reactive
oxygen species (ROS) generation, leading to oxidative stress in
bacterial cells.35,36 V ions demonstrated strong antibacterial
potential due to their redox versatility and ability to accelerate
electron transfer reactions that promote ROS formation.37,38

Integrating these components in one sulde lattice may
therefore yield a multifunctional nanomaterial with enhanced
antibacterial efficiency through combined oxidative and
membrane-disruptive actions. This constructive interaction
provides a rational basis for exploring such nanostructures as
promising bioactive agents for infection control and waterborne
pathogen management.

Herein, the synthesis of ZnMoVS4 nanoparticles (NPs) is re-
ported for the rst time via a one-pot solvothermal reaction using
thiourea. The antibacterial activity of the synthesized NPs was
determined against selected waterborne bacterial pathogens.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Experimental
Instrumentation

This study utilized various characterization techniques to analyze
the synthesized NPs. Powder X-ray diffraction (PXRD) analysis
was carried out using a Rigaku Benchtop Miniex diffractometer
equipped with a Cu Ka radiation source (l = 1.5406 Å). The
measurements were performed at 40 kV and 15 mA under
ambient conditions. Diffraction patterns were recorded in the 2q
range of 20–80° with a step size of 0.05° and a scan rate of
2° min−1. The obtained diffraction data were analyzed using
PDXL2 soware for phase identication by comparison with
standard reference patterns from the ICDD database. The PXRD
results conrmed the crystalline nature and phase purity of the
synthesized NPs. Transmission electron microscopy (TEM) and
selected area electron diffraction (SAED) analysis were performed
with a Thermo Fisher Scientic Titan Themis Z equipped with
a double Cs corrector, a high-brightness electron gun (x-FEG),
and an electron beam monochromator. The TEM analysis was
carried out by operating the microscope at the accelerating
voltage of 300 kV and with a beam current of 0.5 nA. The Dark
eld imaging was performed by scanning TEM (STEM) coupled
to a high-angle annular dark-eld (HAADF) detector. The STEM-
HAADF data were acquired with a convergence angle of 20.9
mrad. Furthermore, an X-ray energy dispersive spectrometer
(SuperX) was also utilized in conjunction with DF-STEM imaging
to acquire STEM-EDS spectrum-imaging data sets. The process-
ing of HRTEM images and SAED patterns was made with the
Gatan soware GMS3 and the process of EDX maps was done
using Velox Thermo Fisher soware. The elemental mapping
technique, integrated with HR-TEM analysis, enabled the iden-
tication and spatial distribution of all the elements forming the
NPs. Additionally, X-ray photoelectron spectroscopy (XPS) anal-
ysis was performed using a Kratos Axis Ultra spectrometer
equipped with a monochromatic Al Ka X-ray source (hn = 1486.6
eV). Themeasurements were carried out under ultrahigh vacuum
conditions (∼1× 10−9 mbar) with a pass energy of 20 eV for high-
resolution scans and 160 eV for survey spectra. The binding
energy scale was calibrated using the C 1s peak at 284.8 eV as
a reference. Data processing and peak tting were performed
using ESCApe soware, employing a Shirley background and
Gaussian–Lorentzian peak shapes. The obtained spectra
provided detailed information on the elemental states, the
chemical composition, and the surface characteristics of the NPs.
NPs synthesis

ZnMoVS4 NPs were synthesized through a solvothermal reaction
usingmetal precursors, thiourea for sulfurization, and ethanol as
the solvent. Oxalic acid was used as a reducing agent, while
polyvinylpyrrolidone, 1 300 000 molecular wight (PVP1300000)
was incorporated as a growthmodier and dispersant to stabilize
and control the shape of the NPs and reduce their size.39,40

The successful synthesis of ZnMoVS4 NPs was out of
a systematic study and more than twenty reactions were con-
ducted to nd the best conditions for producing a pure phase of
these NPs.
RSC Adv., 2026, 16, 1068–1077 | 1069
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The study included using different metal precursors such as
VCl3, Na2MoO4$2H2O, and different sulfur sources such as
sulfur powder (S8) and thiourea, while the solvent was xed to
be ethanol for all reactions. For the reducing agent and stabi-
lizer, reactions were carried out with and without oxalic acid,
with and without PVP and without both. The reactions were
performed under three heating proles: 150 °C, 180 °C and
200 °C. The reaction and conditions producing the reported
ZnMoVS4 NPs was repeated ve times to check the reproduc-
ibility and each time a pure phase of the NPs was formed
(conrmed by PXRD). Following is the detailed description for
ZnMoVS4 NPs synthesis under the best conditions.

The procedure started by mixing 2 mmol of each NH4VO3

(0.234 g) and Zn(CH3COO)2$2H2O (0.44 g) and 0.28 mmol of
(NH4)6Mo7O24$4H2O (0.353 g) with 140 mL of absolute ethanol
in a 200mL Teon-lined vessel. Then, 40mmol (3 g) of thiourea,
20 mmol (1.8 g) of anhydrous oxalic acid and 0.0015 mmol (2 g)
of PVP1300000 were added to the mixture and kept stirring
magnetically for 2 hours. The vessel was then closed and sealed
in a stainless-steel autoclave and heated in a preheated oven at
200 °C for 48 hours. Aer cooling, the vessel was unsealed, and
a grey colloidal solution had formed. The dark gray precipitate
of the NPs was collected by centrifugation and washed with
absolute ethanol six times until the solution was clear. The
product was dried using diethyl ether and subsequently kept in
a vacuum oven at 80 °C overnight. The nal yield of the NPs was
0.52 g (±0.05), ∼96% indicating that the metal precursors are
fully reacted under the given conditions.
Fig. 1 Rietveld refined PXRD pattern for ZnMoVS4 NPs.
Antibacterial activity

The commercially available Gram-negative bacterial strains S.
choleraesuis (ATCC10708), S. exneri (ATCC12022) and E. coli
(ATCC352118) were chosen to evaluate the antibacterial action
of the synthesized ZnMoVS4 NPs. The fresh inoculum was
prepared by inoculating a pure colony in nutrient broth
(MOLEQULE-ON, cat no: MM-M-060-500) and incubating in an
incubator shaker at 110 rpm and 37 °C overnight. Later, the
bacterial cells obtained were washed with phosphate-buffered
saline (PBS) and adjusted with 0.9% NaCl solution to obtain
a concentration of 106 CFU mL−1 as a standardized inoculum.

The macro broth dilution technique was used to evaluate the
MIC/MBC of the ZnMoVS4 NPs against the test bacteria. The
bacterial suspension was prepared in sterile Mueller–Hinton
broth (Scharlau 02-136-500), along with synthesized and soni-
cated ZnMoVS4 NPs at concentrations ranging from 0.25 mg
mL−1 to 16 mg mL−1 for each bacterium and further incubated.
The growth control (without ZnMoVS4 NPs) and media control
were included and incubated in an incubator shaker according
to the above-described parameters. The MIC offers the
minimum concentration of ZnMoVS4 NPs that suppresses
bacterial growth. Subsequently, aer evaluation of the MIC,
aliquots of treated bacteria were inoculated on fresh sterile
MHA plates. The lowest concentration of ZnMoVS4 NPs that
caused no growth or colony formation in fewer than three cells
was recorded as the MBC.41 The experiments were repeated
twice for reliability and the ndings were the same each time.
1070 | RSC Adv., 2026, 16, 1068–1077
Results and discussion

The prepared ZnMoVS4 NPs have been the subject of structural
andmorphological investigations utilizing a variety of methods,
such as PXRD, HR-TEM, HAADF-STEM and XPS. Understanding
the crystal structure, shape and composition is crucial for
evaluating nanomaterials characteristics promoting their
bioactivity examination.
Structure and morphology

Fig. 1 shows the Rietveld rened PXRD pattern for the ZnMoVS4
NPs. The plot indicates the existence of a single-crystalline
phase, which is consistent with a cubic close-packed spinel
structure in the F�43m (216) space group.42 From the structure
renement, the lattice constant a is equal to 5.393 Å.43 The
crystallite (grain) size corresponding to the highest intensity
peak related to the (111) plane was calculated using the Scherrer
equation to be 16.86 nm.44

The prepared NP samples were studied by high resolutions
TEM (HR-TEM) imaging to conrm their nanosize and crystal-
linity. Fig. 2 displays HR-TEM images captured at different
resolutions, which show aggregations of particles with an
average size $20 nm. The observed aggregation can be attrib-
uted primarily to their high surface energy and strong van der
Waals and interactions. Such aggregation can occur during the
solvent evaporation and drying process used in TEM grid
preparation. While aggregation may reduce the effective surface
area accessible for antibacterial interactions, it can also
enhance structural stability and facilitate electron transport
between adjacent nanoparticles. These interparticle contacts
can promote charge carrier mobility and improve redox activity,
which are benecial for antibacterial performance.45

The integration of the lattice fringes at 2 nm (Fig. 2d) gave
two values of d-spacing, d(111) = 0.318 nm and d(200) = 0.282 nm,
corresponding to the (111) and (200) planes, respectively.

In Fig. 2e, the selected area electron diffraction (SAED)
pattern at a specic spot shows a well-dened diffraction
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 HR-TEM images (a) at 50 nm, (b) at 20 nm, (c) at 10 nm, and (d) at 2 nm showing lattice fringes; (e and f) SAED analysis and peak indexing.
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pattern reecting the high crystallinity of the sample. The
indexing planes in the SAED pattern (Fig. 2f) match the space
group F�43m (216) with a lattice constant a of 5.404 Å. The lattice
constant derived from PXRD renement (5.393 Å) showed
a minor deviation from that obtained through SAED (5.404 Å).
This slight difference can be attributed to variations in
measurement principles and calibration accuracy between the
two techniques. PXRD represents an average over the entire
crystalline sample, whereas SAED is a localized probe that may
reect subtle lattice distortions or strain in individual nano-
particles. The observed variation (∼0.01 Å) falls within the ex-
pected experimental tolerance for nanoscale materials and
conrms good consistency between the two analyses.
© 2026 The Author(s). Published by the Royal Society of Chemistry
The integration of the lattice fringes at 2 nm (Fig. 2d) gave
two values of d-spacing, d(111) = 0.318 nm and d(200) = 0.282 nm,
corresponding to the (111) and (200) planes, respectively.
Elemental mapping was performed using HAADF-STEM
coupled with EDX to conrm the chemical composition of the
ZnMoVS4 NPs (Fig. 3). All the elements in the proposed formula
appear in the examined sample. EDX elemental mapping
conrms a homogeneous distribution of Zn, Mo, V, and S
throughout the ZnMoVS4 nanostructure. The measured atomic
ratio of Zn : Mo : V : S is approximately 1 : 1 : 1 : 4, based on semi-
quantitative EDX analysis of three representative regions, with
standard deviations of ±0.03, ±0.05, ±0.05, and ±0.10,
respectively.
RSC Adv., 2026, 16, 1068–1077 | 1071
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Fig. 3 HAADF-STEM elemental mapping of ZnMoVS4 NPs.
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Fig. 4 shows the XPS analysis of the ZnMoVS4 NPs performed
to determine the presence and oxidation states of all the
elements aligning with the chemical formula. A survey scan was
performed to detect all the elements in the sample, which
conrmed the presence of Zn, Mo, V and S.

The S 2p narrow spectrum shows two overlapping peaks at
161.5 eV and 162.2 eV according to the 2p3/2 and 2p1/2 spins,
respectively, characteristic of S2− in sulde species.46–48

The S 2s peak overlaps with the Mo 3d spectrum and appears
at 225.1 eV, while the Mo 3d peaks split over 229.2 for Mo 3d5/2
and 232.3 for Mo 3d3/2. These values are typically attributed to
Mo3+ in sulde environments, which are consistent with the
reported values for Mo3+ in CoMo2S4.49 Although Mo3+ is less
common in suldes compared to Mo4+ (e.g., in MoS2), Mo3+

species can be stabilized in sulde systems under sulde-rich or
reducing conditions such as in Mo2S3 and CoMo2S4.49,50

The Mo 3p XPS spectrum displays two peaks at 396.2 and
412.2 eV related to Mo 2p3/2 and Mo 2p1/2, respectively, for the
core level of Mo3+.51

The V 2p XPS spectrum shows two peaks at 513.3 and
520.6 eV associated with V3+ spins, V 2p3/2 and V 2p1/2, respec-
tively.52,53 These values are consistent with the V3+ 2p reported
values in suldes such as ZnV2S4 and Cu doped CoV2S4.54,55

The Zn 2p XPS spectrum exhibits two distinct sharp peaks at
1042.1 eV and 1018.9.2 eV belong to Zn 2p3/2 and Zn 2p1/2,
respectively, for the Zn2+ oxidation state.48,56 XPS analysis veried
the purity and chemical composition of the synthesized NPs,
identied as Zn2+V3+Mo3+S4. This result is supported by the PXRD
analysis which conrmed that the prepared NPs adapts the thi-
ospinel structure and EDX elemental mapping results.
Antibacterial activity

Fig. 5 displays the antibacterial activity study for ZnMoVS4 NPs
against S. choleraesuis, S. exneri and E. coli by evaluating the
MIC and MBC via the broth dilution method. For S. choleraesuis
and S. exneri, the lowest effective MIC/MBC concentration for
1072 | RSC Adv., 2026, 16, 1068–1077
the ZnMoVS4 NPs is 4 mg mL; however, for E. coli, the lowest
effective MIC/MBC concentration is 1 mg mL−1 of the ZnMoVS4
NPs. As shown in Fig. 5, E. coli was the most affected bacterium
compared with the other two Gram-negative organisms. The
difference in action among all the three Gram-negative organ-
isms could be attributed to the effective interaction/attachment
of NPs to the specic cell wall receptors of each bacterium. The
results revealed the variation in the antibacterial inhibition of
Gram-negative bacteria treated with ZnMoVS4 NPs compared to
that of the control bacteria, which were not treated but were
grown under similar experimental conditions. Overall, the
ZnMoVS4 NPs inhibited the growth of all the tested Gram-
negative bacteria, which are mostly responsible bacteria for
waterborne diseases. However, E. coli showed greater suppres-
sion upon treatment than S. cholerasuis and S. exneri.

The obtained antibacterial activities of ZnMoVS4 NPs can be
correlated to the multi-elemental nature that imparts the multi-
mechanistic action against the tested bacteria. It has already
been reported that zinc ions in nanostructures tend to exert
signicant antimicrobial activity through a number of mecha-
nisms of mechanisms as membrane distortion, metal and
cellular protein interactions, and reactive oxygen species (ROS)
generation.10,11 Molybdenum and vanadium ions are also
known for their strong catalytic and redox potential and elec-
tron transfer acceleration, promoting the generation of ROS and
thereby inducing the oxidative stress in bacterial cells.35–38 The
integration of sulfur additionally enhances the interactions
with thiol possessing membrane proteins, promoting perme-
ability of the bacterial membrane.57 Such combined mecha-
nisms are commonly have a synergistic impact, resulting in
effective antibacterial action compared to individual metals or
metal oxides NPs.

Silver nanoparticles (Ag NPs) are extensively studied as
potent antibacterial agents owing to their ability to release Ag+

ions and enhance the ROS generation.58,59 ZnMoVS4 NPs
exhibited comparable antibacterial activity to Ag NPs against
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XPS analysis of ZnMoVS4 NPs.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 3

:2
1:

21
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the tested strain. On the contrary, Ag NPs are associated with
toxicity and environmental hazards.58,60 The synthesized
ZnMoVS4 NPs may possess advantages over Ag NPs, e.g.,
© 2026 The Author(s). Published by the Royal Society of Chemistry
synergistic redox potential reactions via physiochemical active
metal ions attributed to the anionic sulde matrix, and
biocompatibility (based on components). The outcome of the
RSC Adv., 2026, 16, 1068–1077 | 1073
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Fig. 5 MHA agar plates showing the MIC/MBC of S. choleraesuis, S. flexneri and E. coli upon treatment with ZnMoVS4 NPs (1: 16 mg mL−1, 2:
8 mg mL−1, 3: 4 mg mL−1, 4: 2 mg mL−1, 5: 1 mg mL−1, 6: untreated bacteria).
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current study aligns with earlier reports supporting that
multimetallic NPs usually perform better than monometallic
NPs because of the combined redox and mechanisms related to
membrane interactions.61,62 For ZnMoVS4 NPs, the combination
of bioactive Zn, Mo, and V within a single sulde structure is
anticipated to enhance its antibacterial activity through syner-
gistic effects. Integrating these components in one sulde
lattice may therefore yield a multifunctional nanomaterial with
enhanced antibacterial efficiency through combined oxidative
and membrane-disruptive actions. These characteristics
potentially contribute to the improved antibacterial activity
observed in the current study.

Moreover, the size and morphology of the NPs can
contribute signicantly to the antibacterial potential. Smaller
sized NPs with increased crystallinity possess greater surface/
volume ratios, encouraging maximum interaction with
cellular membranes/walls and enhanced ROS generation.63

Furthermore, as conrmed by EDX analysis, the uniform
distribution of elements proves that each nanoparticle bears
a consistent ratio of zinc, molybdenum, vanadium, and sulfur,
which is also responsible for the obtained antibacterial effects.
Although the HR-TEM images (Fig. 2) show some aggregation
which may reduce the effective surface area accessible for
antibacterial interactions, it does not compromise and may
even enhance the overall antibacterial functionality of ZnMoVS4
NPs. In fact, the interparticle contacts can promote charge
carrier mobility and improve redox activity, which are benecial
for antibacterial performance through the generation of reac-
tive oxygen species (ROS).45

The present study demonstrates that ZnMoVS4 NPs are
impactful and possess a wide range of mechanistic ways for
imparting the antimicrobial effect. Such a nding has impor-
tant relevance in the current global issue of antimicrobial
resistance (AMR). Bioactive NPs that work through multiple
actions like membrane disruption, oxidative stress, and meta-
bolic interference minimize the chance of developing resis-
tance, compared to conventional antimicrobials that acts on
specic proteins.64 Thus, ZnMoVS4 NPs may represent a poten-
tial candidate for upcoming antimicrobial agents in combating
the rising AMR across the world aer evaluating their cytotox-
icity tests on animal models and clinical studies.
1074 | RSC Adv., 2026, 16, 1068–1077
Conclusion

The synthesis of zinc molybdenum thiovanadate NPs was
successfully achieved using a modied solvothermal technique.
Comprehensive structural and morphological analyses
conrmed the formation of a well-crystallized material with
a uniform nanoscale morphology, demonstrating the reliability
and reproducibility of the adopted synthesis procedure. The
bioactivity assessment of the prepared NPs against three
predominant waterborne bacterial strains demonstrated
remarkable antibacterial performance, conrming their poten-
tial as efficient antimicrobial agents.

The promising bioactivity of these NPs can be attributed to
the synergistic interaction among zinc, molybdenum, and
vanadium ions, which enhances the generation of reactive
oxygen species and disrupts bacterial cell membranes.
Although this nding warrants deeper investigation, it suggests
the potential of zinc molybdenum thiovanadate as a multi-
functional nanomaterial for water purication, environmental
remediation, and biomedical applications.

Future investigations should focus on elucidating the
detailed antibacterial mechanism, evaluating the cytotoxicity
toward human cells, and optimizing experimental parameters
to further enhance performance and optimize their use in
practical environmental and biomedical applications. Overall,
zinc molybdenum thiovanadate NPs are introduced as a new
and effective nanomaterial for antimicrobial technology to
prevent waterborne bacterial diseases.

This study highlights the potential of exploratory synthesis
of mixed metal suldes as prospective candidates for nano-
medicine applications. The ndings can lead to the develop-
ment of effective infection control and therapeutic strategies.
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