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Abstract: In this study, we used sol-gel to synthesize undoped and V-ZnO nanoparticles with different
vanadium concentrations (1, 3, and 5 at.%) under supercritical dry conditions of ethanol. XRD spectra
showed that the obtained powders are well crystallized in the hexagonal wurtzite structure of ZnO
nanoparticles. The average crystallite size, estimated by the Debye-Scherer formula, was found to be
equal to 31 nm for the pure sample, and it was decreased to 27 nm for the 3at.% vanadium-doped one.
SEM and TEM photographs indicated the spherical and elongated shapes of the nanoparticles. The
stretching bands located at 419 cm−1 confirmed ZnO material formation. The efficacy of the produced
ZnO NPs against Gram+, Gram− bacteria, and fungi was tested. Vanadium-doped ZnO, with low
concentrations (10 µg/mL), exhibited a large influence on bacterial and fungi growth inhibition. For
example, the inhibition zones IZ of S. aureus and E. coli bacteria reached 16 and 15 mm, respectively,
for ZnO:V1%, while the IZ of these two bacteria were 14 and 12 mm for the undoped ZnO. The use of
V-dopant enhanced the production of the reactive oxygen species ROS by the photogeneration of
electron-hole pairs due to light absorption by ZnO in the visible region.

Keywords: ZnO NPs; sol-gel; vanadium; dopant; bacteria; fungi

1. Introduction

In the last decades, several scientific researchers have given interest to microbial and
bacterial contaminations because this pest is becoming a serious and hazardous problem in
the food industry, waterborne, and healthcare [1]. In fact, these infections were among the
first causes of mortality all over the world. Bacteria are microorganisms with a cell structure
simpler than that of many other organisms. Their control center, containing the genetic
information, is contained in a single loop of DNA. Some bacteria have an extra circle of
genetic material called a plasmid rather than a nucleus. The plasmid often contains genes
that give the bacterium some advantage over other bacteria. For example, it may contain
a gene that makes the bacterium resistant to a certain antibiotic. Staphylococcus aureus can
cause illness through preformed toxin production as well as by infecting both local tissues
and the systemic circulation. Shigella flexneri causes more than one million deaths every
year because of food contamination by this type of bacteria.

The use of different resistance drugs for a lot of microbes increased the risk of this
issue. Every year, an important percentage of hospitalized patients are infected by drug-
resistant bacteria [2]. In addition, overuse of antibiotics causes bacteria to become resistant
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to them. In addition to this issue, when bacteria are in a certain environment, they tend to
communicate among themselves and create a biofilm (protective layer). Polysaccharides
forming the biofilm do not allow antibiotics to penetrate into the biofilm. Bacteria in a
biofilm are extremely hard to kill. These circumstances prompted scientists to search for
alternative solutions such as the use of organic (alcohols, chlorine, etc.) and inorganic
antimicrobial agents that killed or slowed the microbes growth without being toxic or
dangerous to the surrounding tissue. In comparison with organic agents, inorganic ones
are more stable and can withstand higher temperatures and pressures.

Among the inorganic antimicrobial agents, metal oxide nanomaterials have been largely
used in antibacterial activities to kill or inhibit bacteria growth. Eduardo’s team has utilized
Ag/SnO2 composites against E. coli bacteria [3]. Rajagopalachar et al. synthesized MgO
nanoparticles as an antibacaterial agent to kill Bacillus cereus and Pseudomonas aeruginosa
bacteria [4]. Parc and his colleagues have used CuO/TiO2 nanowires to inhibit the growth
of Escherichia coli (E. coli) bacteria [5]. Alghamdi et al. have tested Co2SnO4 particles against
both Gram+ and Gram− bacteria [6].

Additionally, ZnO nanostructures have been synthesized using numerous techniques
and processes. El Mir et al. have produced a new protocol for the preparation of ZnO
nanoparticles using the sol-gel route [7]. Using the electrodeposition approach, ZnO
nanoflowers and nanosheets have been synthesized by Kou and his team [8]. On the
other hand, Wahab and his colleagues have produced ZnO with nanowire shapes using a
low-cost and safe technique named the green chemistry process [9]. Additionally, the same
approach was used to prepare ZnO with a spherical shape using citrus sinensis extract [10].
ZnO, with its different shapes, has been applied in several research domains. Hjiri et al.
have tested ZnO nanoparticles against several hazardous gases, such as carbon monoxide
CO and nitrogen dioxide NO2, to find promising gas sensors based on spherical-shaped
ZnO materials [11,12]. El Mir and his team have produced a solar cell based on ZnO thin
film as a transparent window [13]. Farzinfar and his colleagues have applied this material
to the dye’s degradation and photocatalysis [14]. Another application of ZnO was the
light-emitting diode performed by Zhang and his team [15]. Daniel et al. have synthesized
In doped ZnO with a spherical shape for antibacterial activities [16], which is the goal of
our present work.

Numerous scientific researchers have considered ZnO as a promising inorganic nano-
material used to produce an antimicrobial activity agent [17–20] due to its abundance in
nature, low cost, non-toxicity, and chemical stability. Zinc oxide exhibited n-type conductiv-
ity, a wide band gap of 3.37 eV, and an excitonic binding energy equal to 60 meV at ambient
temperature [21,22]. Furthermore, its great physical properties lead this material to find an-
timicrobial activity against several pathogenic microbial strains, including Gram+ bacteria
such as Bacillus cereus and Staphylococcus aureus, Gram− bacteria such as Escherichia coli and
Pseudomonas aeruginosa, and fungi such as Candida albicans and Rhodotorula glutinis [23–25].

Despite its interesting properties, ZnO still suffers from a lack of efficiency against
bacteria and fungi, especially in the visible region of light because of the wide band gap.
As a solution, diverse approaches are followed to enhance the antimicrobial activities of
ZnO nanomaterials. One of these ways is that doping ZnO with suitable metals improves
antibacterial/anti-fungal activities and growth inhibition. The use of cadmium [26], yt-
terbium [27], nickel [28], cobalt [29], magnesium [30], boron [31], and tellurium [32] as
dopants for ZnO nanoparticles has been investigated in the literature.

Doping ZnO with vanadium enhances the antibacterial activity of this material by
generating reactive oxygen species (ROS). Pure ZnO suffers from the weak usage rate of
visible radiation as a bactericidal agent because of its large band gap, resulting in low
generation of ROS and bad antibacterial activity. Herein comes the role of the vanadium
element to increase the light absorption of ZnO in the visible range by reducing the band
gap and then enhance the photogeneration of electron-hole pairs, leading to amelioration
of the production of ROS and, therefore, an increase in the antibacterial activity of ZnO
nanopowders. Furthermore, the addition of V dopant in ZnO influences the crystallite
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size by reducing it, causing damage to bacteria and fungi walls, and then enhancing the
antibacterial activities. The vanadium element also helps in releasing Zn2+ from ZnO
material and then promotes ROS production.

In this context, the utilization of vanadium ions for doping ZnO nanomaterials was
investigated. The influence of this dopant on structure and morphology was studied.
Furthermore, the effect of these ions on the amelioration of the antimicrobial activities
of this material against different pathogenic strains has been largely demonstrated. The
different mechanisms involved in bacterial activity are well investigated and explained.

2. Materials and Methods
2.1. V-ZnO Powders Synthesis

The sol-gel technique was performed to obtain pure ZnO and V-doped ZnO nanopow-
der samples with different loads of vanadium (1, 3, and 5 at.%). One dissolved 16 g of
zinc precursor [Zn(OOCCH3, 2 H2O); 98%] in 112 milliliters of methyl alcohol [CH3OH],
then added the quantity of ammonium metavanadate [NH4VO3], which corresponds to
each vanadium doping concentration (1, 3, and 5 at.%), and continued stirring until the
solubility of all the precursors and a clear solution were obtained. The obtained solution
was poured into a stainless-steel autoclave and dried in supercritical conditions (ethyl
alcohol as co-solvent; Tc = 243 ◦C; Pc = 63.6 bars) so that powdered aerogels could be
obtained [7]. Finally, the samples are calcinated for 2 h at 500 ◦C in air using a furnace.
Sample codes are written as V0ZO, V1ZO, V3ZO, and V5ZO, according to the nominal
vanadium load of each sample. Some quantities of prepared powders were used to do
different characterizations (XRD, scanning electron microscopy (SEM), energy dispersive
X-ray spectroscopy (EDX), Fourier transform infrared (FTIR) and the rest of the powders
were tested as antimicrobial agents against Gram+ and Gram− bacteria strains and two
kinds of fungi.

2.2. Characterization

The X-ray diffraction apparatus of type Bruker AXS D8 Advance uses 1.5405 Å as
CuKα1 wavelength. We have estimated the average particle size using Scherrer’s formula:

G =
0.9λ

B cos θB
(1)

From Formula (1), the X-ray wavelength is λ, B is the full width at half maximum
(FWHM) of the XRD peak, and the maximum of the Bragg diffraction peak (in radians) is
noted θB.

The shape and size of the synthesized nanopowders were shown by transmission
electron microscopy (TEM) carried out with an electron microscope of type JEOL JEM
2010 (LaB6 electron gun, JEOL, Tokyo, Japan) that operates at 200 kV and is equipped
with a Gatan 794 Multi-Scan CCD camera to do digital imaging. The surface of samples is
observed using SEM observations performed using an instrument of the type Zeiss Cross
Beam 540. The absorption coefficients from Fourier transform infrared (FTIR) were carried
out with a spectrophotometer of type Brucker and ranged from 400 to 4000 cm−1.

2.3. Antibacterial Assay
2.3.1. Microbial Strains

Six pathogenic microbial strains, including two Gram+ bacteria (Bacillus cereus ATCC
11,778 and Staphylococcus aureus ATCC 25923), two Gram− bacteria (Escherichia coli ATCC
25,922 and Pseudomonas aeruginosa ATCC 25668), and two strains of opportunistic fungal
(Candida albicans and Rhodotorula glutinis), were gotten from the culture collection in the Bi-
ology Department, College of Applied Sciences, The University of Umm Al-Qura, Makkah,
Saudi Arabia. The initial cultures of microbial strains were kept at 4 ◦C on nutrient and
sabouraud agar slants, respectively.
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2.3.2. Assessment of Antimicrobial Activities

The antimicrobial activities of four different ZnO powders were assessed using the
well-diffusion technique. Sterilized petri dishes were prepared with sterilized nutrient agar
media for the application of bacteria strains, whereas sterilized sabouraud agar media was
applied for fungi tests. All media were left to solidify in petri dishes at room temperature
(25 ± 1 ◦C) before being inoculated with fresh bacterial or fungal strain cultures. By using
a sterile cork borer (8 mm diameter), wells were performed in the agar plates. Each well
was filled with 100 µL of different ZnO NPs components suspended in dimethyl sulfoxide
(DMSO) at a concentration of 10 µg/mL for each component. All plates were kept at
ambient temperature for four hours to allow diffusion before incubation at 37 ◦C for 48 h.
The potential antimicrobial activities of different components of ZnO NPs were stated when
the inhibition zone diameter was measured for every well, with DMSO stated as a positive
control and distilled water as a negative control for each microbial strain.

3. Results and Discussion
3.1. Samples Microstructure

X-ray diffractometers are designed for obtaining the highest quality diffraction data,
combined with ease of use and flexibility to quickly switch to different applications. The
XRD spectra of undoped ZnO and V-ZnO NPs are observed in Figure 1. This technique is
non-destructive and is utilized to calculate the crystallite size and determine the structure
of the materials. All diffraction peaks, located at 2θ = 31.68, 34.40, 36.23, 47.55, 56.56, 62.90,
67.92, and 69.09◦, corresponding to Miller indices (100), (002), (101), (102), (110), (013), (112),
and (021), respectively, emphasized that the prepared samples are well crystallized in the
structure called hexagonal Wurtzite, as indicated in the JPCDS card N◦ 36-1451 [33]. The
non-existence of secondary phases was evidence for the high purity of the synthesized
nanomaterials and the efficacy of the sol-gel technique. Most ZnO nanoparticles are
preferentially oriented in the (101) direction. This result was also noticed with In-doped
ZnO [16], Ca-doped ZnO [34], and Al-doped ZnO [12]. The average crystallite size of
all samples was determined by Sherrer’s formula [35]. As illustrated in Table 1, the
particle size decreased with 1 at.% vanadium dopant addition from 31 to 26 nm and
increased for a 3 at.% doped sample compared to a 1 at.% doped one. Adding dopant
concentration until 5 at.% raised the particle size, but it was still less than the undoped
one. The reduction in crystallite size was probably due to an increase in nucluation centers
during the nanomaterial synthesis [36]. In contrast, the enhancement of the size may
be due to the creation of agglomerates with the increase in dopant load, which leads to
larger particles [37].
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Table 1. Structural data reported from XRD analyses (101 plane).

Samples I-Max
(Counts) 2θ (deg) B (FWHM)

(deg)
B (FWHM)
(Radian) G (nm) d (A)

V0ZO 2109 36.16 0.2725 0.0048 31 2.4878
V1ZO 2511 36.28 0.3240 0.0057 26 2.4792
V3ZO 2430 36.20 0.3182 0.0056 27 2.4760
V5ZO 1981 36.04 0.2917 0.0051 29 2.4880

The Fourier transform infrared spectroscopy (FTIR) recorded the vibrational bonds of
undoped and V-ZnO nanopowders. The obtained FTIR patterns are reported in Figure 2. A
stretching band at 419 cm−1 was attributed to ZnO material. Another band observed at
940 cm−1 was due to C-H vibrations. The weak band at 620 cm−1 observed only for doped
samples is assigned to vanadium oxide [38].
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3.2. Samples Morphology

To confirm nanoparticle size obtained from XRD analysis by the Sherer formula, scan-
ning electron microscopy (SEM) and scanning transmission microscopy (TEM) observations
are made on undoped and V-ZnO nanoparticles.

Figure 3 shows SEM photographs of undoped and V-ZnO samples calcinated at 500 ◦C
for two hours. Pure ZnO exhibited traditional grains with a spherical and regular shape. The
grain size was estimated to be less than 1 µm. Incorporating vanadium dopant in the ZnO
network caused agglomerates to appear, and the grains became larger with homogeneous size,
as seen in the images. EDX spectra indicated the presence of the main elements Zn, O, and V
without any other impurities, indicating the purity of the obtained materials. The element
percentages are reported in Table 2. Zinc exhibited a percentage of 45.59 at.%, oxygen had a
percentage of 52.2 at.%, and the percentage of vanadium was 2.21 at.%.

TEM images of pure and ZnO:V3% nanoparticles heat-treated at 500 ◦C for 2 h are
reported in Figure 4. The undoped sample was composed of particles having a hexagonal
shape and some other particles with an irregular shape. For the 3 at.% vanadium-doped
ZnO, the particle shape was modified. In fact, they exhibited a prismatic shape and irregular
size. The crystallite sizes were in good agreement with those obtained by XRD analyses.
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Figure 3. SEM photographs and EDX spectra: (a) Pure ZnO and (b) ZnO:V3%.

Table 2. Different elements percentages of V3ZO samples from EDX technique.

Element Weight % Atomic %

O K 21.26 52.2
V K 2.87 2.21

Zn K 75.87 45.59
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3.3. Antibacterial Activities

The bacterial envelope is a complex, multi-layered structure that maintains the mor-
phology of the cell as well as the osmotic pressure of the cytoplasm and provides rigidity
that protects it against mechanical forces. It is composed mainly of peptidoglycans (essen-
tially amino acids and sugars). Gram+ bacteria have a membrane rich in peptidoglycans
forming a thick layer (20–80 nm); on the other hand, Gram− bacteria are composed of two
plasma membranes: the outer membrane and the plasma membrane with a thin layer of
peptidoglycan forming a thickness of 7–8 nm [39,40].

The antimicrobial activities of pure and vanadium-doped ZnO nanoparticles against
two Gram+ bacteria (S. aureus and B. cereus), two Gram− bacteria (E. coli and P. aeruginosa),
and two fungi (C. albicans and R. glutinis) were investigated via the inhibition zone (IZ), as
shown in Figure 5.

The antibacterial and antifungal activities of pure ZnO and V-doped NPs are given
in Table 3. It is clear from the table that ZnO NPs doped with 1 at.% and 3 at.% V
exhibited higher antibacterial activities against S. aureus, E. coli, and P. aeruginosa and
higher antifungal activity for C. albicans compared to 5 at.% loading and pure ZnO. This
result could be affected by the electronic defects created in the ZnO network after the
incorporation of vanadium impurities. In addition, the particle size exhibited a crucial role
in bactericidal and/or bacteriostatic mechanisms. In fact, as a result of reducing crystallite
size, an increase in specific surface area occurs, followed by an enhancement of particle
surface reactivity. All these phenomena led to an increase in the inhibition zone. As an
example, the variation of E. coli bacteria’s inhibition zone with particle size is presented
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in Figure 6. For 26 nm, the inhibition zone IZ of Escherichia coli bacteria was 15 mm, and
when the crystallite size is increased, the IZ is reduced to 12 mm. The obtained results are
in concordance with the works done by Zhang and his colleagues, Yamamoto’s team, and
Sawai et al. [41–43].
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Figure 5. Inhibition zones of vanadium doped ZnO against Staphylococcus aureus, Bacillus cereus,
Escherichia coli, Pseudomonas aeruginosa, Candida albicans, and Rhodotorula glutinis for control pure ZnO
(V0), vanadium doped ZnO, V1-ZnO (1 at.%), V3-ZnO (3 at.%), and V5-ZnO (5 at.%).

In contrast, and as illustrated in Table 3 and Figure 7, it is well noted that for the
ZnO:V1% sample, the inhibition zone IZ of P. aeruginosa bacteria has been reduced from
20 nm (for the undoped ZnO sample) to 15 nm (for the 1 at.% doped one). Despite the
lowest average crystallite size of the ZnO:V1% sample (26 nm) in comparison with that of
pure ZnO (31 nm), a reduction of the inhibition zone was observed for the above-mentioned
bacteria (P. aeruginosa). So, we can say that there is another reason for this behavior. It is
probably due to the non-solubility of the ZnO:V1% nanopowders in DMSO solvent.
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Table 3. Inhibition zones diameters showing antimicrobial activities of ZnO and V modified ZnO
against two Gram+ and two Gram− bacteria and two fungi.

Samples

Antimicrobial Activity (Inhibition Zone mm)

Gram+ Bacteria Gram− Bacteria Fungi

S. aureus B. cereus E. coli P. aeruginosa C. albicans R. glutinis

V0ZO 14 20 12 20 14 25
V1ZO 16 20 15 15 15 27
V3ZO 15 20 15 22 16 20
V5ZO 15 20 14 22 15 20
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The antibacterial activity is also dependent on nanoparticle shapes [44,45]. The shape
dependence is explained in terms of the number of active facets existing in nanoparticles.
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The rod shape of zinc oxide had (111) and (100) facets, whereas the sphere shape had mainly
(100) facets. In our case, from XRD spectra, V1ZO and V3ZO exhibited a more intensive
(100) peak; therefore, they had a larger number of facets, which is the explanation of the
high antibacterial activities for both samples compared to the other ones.

Table 4 reports a comparison between the antibacterial activities of our samples and
those of other research works cited in the literature. These results are in concordance
with the work performed by Danial and his team [16], which showed an enhancement
of inhibition zones when indium ions are incorporated in the network of material. Our
results were also well corroborated by Kayani et al. [31], who showed a high diameter of
the inhibition zone of ZnO: B towards E. coli bacteria. Laraib’s team has also noticed the
high influence of magnesium dopant on ZnO antibacterial activities [46]. As illustrated in
Table 3 and Figure 7, most antibacterial activity studies emphasized that metallic dopants
caused an enhancement in the inhibition zones of the studied bacteria. Despite the very low
nanomaterial concentration (10 µg/mL) of our samples compared to those of other samples,
they exhibited high activity against microbes. In fact, in all the scientific works noted in
Table 4, the authors have utilized a high concentration of the nanomaterials suspended in
dimethyl sulfoxide (DMSO) compared to the concentration of V-doped ZnO that has been
used in the present work. This is considered a strong point in our work.

Table 4. Comparison of antibacterial activities for some doped ZnO nanomaterials.

Samples Concentration
Inhibition Zone (mm)

Reference
E. coli S. aureus

ZnO:In 10 mg/mL 16 12 [26]
ZnO:Mg 90 µg/mL 19 15 [46]
ZnO:Cu 50 µg/mL 23 22 [47]
ZnO:V 1 mg/mL 22 - [48]
ZnO:Cr 2 mg/mL 13 15 [49]
ZnO:V 10 µg/mL 15 16 This work

3.4. Antimicrobial Activities Mechanisms

The antimicrobial activity mechanisms of ZnO material are Zn2+ release, electrostatic
interactions, and ROS species production. The reactive oxygen species ROS are highly
produced by aquatic ZnO nanoparticle suspensions. Numerous scientific studies have
confirmed the key role of ROS in the antibacterial activity mechanism [50,51]. In our study,
the ROS species are created without UV exposure but are generated in visible conditions.
The sources of free electrons were the interstitial Zn (Zni) defects that are negatively charged,
and the sources of free holes were zinc vacancies (VZn) defects that are positively charged.
So, in the absence of UV light, the existence of electronic defects in the ZnO network
exhibited a key role in electron-hole pair production and therefore the production of ROS
species that are very important in the enhancement of ZnO antimicrobial activities. This is
in accordance with numerous scientific studies [52]. As mentioned above, V-ZnO samples
exhibited higher activity against most bacteria and fungi compared to pure ones. This
enhancement can be explained as follows: the addition of vanadium to the ZnO network
increases the light absorption of ZnO in the visible range, so a strong photogeneration
of electron-hole pairs occurs, which leads to ROS production. These species (superoxide,
hydrogen peroxide, and hydroxide), by their toxicity, destroyed bacteria’s components
such as lipids, proteins, and DNA when they crossed the cell membranes of bacteria.

4. Conclusions

A low-cost chemical technique named sol-gel has been used to synthesize pure V-ZnO
nanoparticles with three different concentrations (1, 3, and 5 at.%) under supercritical dry
conditions (ethyl alcohol as co-solvent; Tc = 243 ◦C; Pc = 63.6 bars). All the samples are well
crystallized in a hexagonal Wurtzite structure. The average crystallite size was estimated
using Sherer’s formula. Its value was 31 nm for the undoped ZnO, and it decreased
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to 26 nm after doping with vanadium at 1 at.%. Pure and doped nanoparticles had
spherical and quasi-spherical shapes. Due to the reduction of particle size with vanadium
incorporation, V-doped samples exhibited high antimicrobial activities against Gram+ and
Gram− bacteria and fungi. The antimicrobial activity mechanisms of ZnO material are
Zn2+ release, electrostatic interactions, and ROS species production. The production of ROS
species due to light absorption in the visible range and the thermal excitation of electronic
defects is a key parameter for bactericidal and/or bacteriostatic mechanisms. Finally, we
could consider ZnO:V materials a promising antimicrobial agent in the visible region of
light due to their influence on minimizing the band gap of ZnO.

Author Contributions: Writing and editing, L.A.; investigation, A.M.S.; conceptualization, A.A.A.;
formal analysis, M.H.K.A.; formal analysis, N.H.A.; data curation, writing and editing, supervision,
M.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: All the data from this study are included in the manuscript. The data
used to support the findings of this study are available from the corresponding author upon request.

Conflicts of Interest: Authors declare that there is no conflict of interest.

References
1. Baruah, S.; Kitsomboonloha, R.; Myint, M.T.Z. Nanoparticle Applications for Environmental Control and Remediation Nanoparticles:

Synthesis Characterization and Applications; American Scientific Publishers: Valencia, CA, USA, 2009; pp. 195–216.
2. Lukhele, L.P.; Mamba, B.B.; Momba, M.N.; Krause, R.W. Water disinfection using novel cyclodextrin polyurethanes containing

silver nanoparticles supported on carbon nanotubes. J. Appl. Sci. 2010, 10, 65–70. [CrossRef]
3. Tibayan, E.B., Jr.; Muflikhun, M.A.; Kumar, V.; Fisher, C.; Villagracia, A.C.; Nonato, G.; Santos, C. Performance evaluation of

Ag/SnO2 nanocomposite materials as coating material with high capability on antibacterial activity. Ain Shams Eng. J. 2020, 11,
767–776. [CrossRef]

4. Rajagopalachar, S.; Pattar, J.; Mulla, S. Synthesis and characterization of plate like high surface area MgO nanoparticles for their
antibacterial activity against Bacillus cereus (MTCC 430) and Pseudomonas aeruginosa (MTCC 424) bacterias. Inorg. Chem.
Commun. 2022, 144, 109907. [CrossRef]

5. Park, C.; Hong, J.H.; Kim, B.Y.; An, S.; Yoon, S.S. Supersonically sprayed copper oxide titania nanowires for antibacterial activities
and water purification. Appl. Surf. Sci. 2023, 611, 155513. [CrossRef]

6. Alghamdi, A.I.; Ababutain, I.M.; Alonizan, N.H.; Hjiri, M.; Hammad, A.H.; Zerrad, B.; Aida, M.S. Antibacterial activity of
stannate M2SnO4 (M=Co, Cu, Mg, Ni and Zn) nanoparticles prepared by hydrothermal. Appl. Nanosci. 2022, 12, 1601–1611.
[CrossRef]

7. El Mir, L.; El Ghoul, J.; Alaya, S.; Ben Salem, M.; Barthou, C.; von Bardeleben, H.J. Synthesis and luminescence properties of
vanadium-doped nanosized zinc oxide aerogel. Phys. B Condens. Matter. 2008, 403, 1770–1774. [CrossRef]

8. Kou, H.; Zhang, X.; Du, Y.; Ye, W.; Lin, S.; Wang, C. Electrochemical Synthesis of ZnO Nanoflowers and Nanosheets on Porous Si
as Photoelectric Materials. Appl. Surf. Sci. 2011, 257, 4643–4649. [CrossRef]

9. Wahab, R.; Ansari, S.G.; Kim, Y.S.; Dar, M.A.; Shin, H.S. Synthesis and characterization of hydrozincite and its conversion into
zinc oxide nanoparticles. J. Alloys Compd. 2008, 461, 66–71. [CrossRef]

10. Luque, P.A.; Soto-Robles, C.A.; Nava, O.; Gomez-Gutierrez, C.M.; Castro-Beltran, A.; Garrafa-Galvez, H.E.; Vilshis-Nestor,
A.R.; Olivas, A. Green synthesis of zinc oxide nanoparticles using Citrus sinensis extract. J. Mater. Sci. Mater. Electro. 2018, 29,
9764–9770. [CrossRef]

11. Hjiri, M.; Dhahri, R.; El Mir, L.; Bonavita, A.; Donato, N.; Leonardi, S.G.; Neri, G. Gas sensing properties of Al-doped ZnO for
UV-activated CO detection. J. Alloys Compd. 2015, 634, 187–192. [CrossRef]

12. Hjiri, M.; El Mir, L.; Leonardi, S.G.; Pistone, A.; Mavilia, L.; Neri, G. Al-doped ZnO for highly sensitive CO gas sensors. Sens.
Actuators B 2014, 196, 413–420. [CrossRef]

13. El Mir, L.; Ghribi, F.; Hajiri, M.; Ben Ayadi, Z.; Djessas, K.; Cubukcu, M.; von Bardeleben, H.J. Multifunctional ZnO:V thin films
deposited by rf-magnetron sputtering from aerogel nanopowder target material. Thin Solid Film. 2011, 519, 5787–5791. [CrossRef]

14. Zhang, D.; Liu, Y.H.; Zhu, L. Surface engineering of ZnO nanoparticles with diethylenetriamine for efficient red quantum-dot
light-emitting diodes. iScience 2022, 25, 105111. [CrossRef] [PubMed]

15. Farzinfar, B.; Qaderi, F. Synergistic degradation of aqueous p-nitrophenol using DBD plasma combined with ZnO photocatalyst.
Process Saf. Environ. Prot. 2022, 168, 907–917. [CrossRef]

16. Danial, E.N.; Hjiri, M.; Abdel-Wahab, M.S.; Alonizan, N.H.; El Mir, L.; Aida, M.S. Antibacterial activity of In-doped ZnO
nanoparticles. Inorg. Chem. Commun. 2020, 122, 108281. [CrossRef]

https://doi.org/10.3923/jas.2010.65.70
https://doi.org/10.1016/j.asej.2019.11.009
https://doi.org/10.1016/j.inoche.2022.109907
https://doi.org/10.1016/j.apsusc.2022.155513
https://doi.org/10.1007/s13204-021-02274-9
https://doi.org/10.1016/j.physb.2007.10.069
https://doi.org/10.1016/j.apsusc.2010.12.108
https://doi.org/10.1016/j.jallcom.2007.07.029
https://doi.org/10.1007/s10854-018-9015-2
https://doi.org/10.1016/j.jallcom.2015.02.083
https://doi.org/10.1016/j.snb.2014.01.068
https://doi.org/10.1016/j.tsf.2010.12.198
https://doi.org/10.1016/j.isci.2022.105111
https://www.ncbi.nlm.nih.gov/pubmed/36185385
https://doi.org/10.1016/j.psep.2022.10.060
https://doi.org/10.1016/j.inoche.2020.108281


J. Compos. Sci. 2023, 7, 190 12 of 13

17. Umavathi, S.; Subash, M.; Gopinath, K.; Alarifi, S.; Nicoletti, M.; Govindarajan, M. Facile synthesis and characterization of ZnO
nanoparticles using Abutilon indicum leaf extract: An eco-friendly nano-drug on human microbial pathogens. J. Drug Deliv. Sci.
Technol. 2021, 66, 102917. [CrossRef]

18. Suresh, J.; Pradheesh, G.; Alexramani, V.; Sundrarajan, M.; Hong, S.I. Green synthesis and characterization of zinc oxide
nanoparticle using insulin plant (Costus pictus D. Don) and investigation of its antimicrobial as well as anticancer activities. Adv.
Nat. Sci. J. Nanosci. Nanotechnol. 2018, 9, 015008. [CrossRef]

19. Rafiee, B.; Ghani, S.; Sadeghi, D.; Ahsani, M. Green synthesis of Zinc Oxide Nanoparticles Using Eucalyptus Mellidora Leaf
Extract and Evaluation of its Antimicrobial Effects. J. Babol. Univ. Med. Sci. 2018, 20, 28–35.

20. Chemingui, H.; Missaoui, T.; Mzali, J.C.; Yildiz, T.; Konyar, M.; Smiri, M.; Saidi, N.; Hafiane, A.; Yatmaz, H. Facile green synthesis
of zinc oxide nanoparticles (ZnO NPs): Antibacterial and photocatalytic activities. Mater. Res. Express. 2019, 6, 1050b4. [CrossRef]

21. Nanto, H.; Minami, T.; Takata, S. Zinc-oxide thin-film ammonia gas sensors with high sensitivity and excellent selectivity. J. Appl.
Phys. 1986, 60, 482–484. [CrossRef]

22. Klingshirn, C. The Luminescence of ZnO under High One- and Two-Quantum Excitation. Phys. Stat. Solidi B 1975, 71, 547–556.
[CrossRef]

23. Mao, H.; Zhang, B.; Nie, Y.; Tang, X.; Yang, S.; Zhou, S. Enhanced antibacterial activity of V-doped ZnO@SiO2 composites. Appl.
Surf. Sci. 2021, 546, 149127. [CrossRef]

24. Ali, M.M.; Haque Md. Kabir, J.H.; Abdul Kaiyum, M.; Rahman, M.S. Nano synthesis of ZnO–TiO2 composites by sol-gel method
and evaluation of their antibacterial, optical and photocatalytic activities. Res. Mater. 2021, 11, 100199. [CrossRef]

25. Vijayalakshmi, K.; Sivaraj, D. Enhanced antibacterial activity of Cr doped ZnO nanorods synthesized using microwave processing.
RSC Adv. 2015, 5, 68461. [CrossRef]

26. Deepu, T.; Jyothi, A.; Vattappalam, S.C.; Simon, A.; Dennis, T. Antibacterial activity of pure and cadmium doped ZnO thin film.
Indo Am. J. Pharm. Sci. 2014, 4, 1612–1616.

27. Navarro-Lopez, D.E.; Garcia-Varela, R.; Ceballos-Sanchez, O.; Sanchez-Martinez, A.; Sanchez-Ante, G.; Corona-Romero, K.;
Buentello-Montoya, D.A.; Elías-Zuniga, A.; Lopez-Mena, E.R. Effective antimicrobial activity of ZnO and Yb-doped ZnO
nanoparticles against Staphylococcus aureus and Escherichia coli. Mater. Sci. Eng. C 2021, 123, 112004. [CrossRef]

28. Iqbal, S.; Nadeem, S.; Bahadur, A.; Javed, M.; Ahmad, Z.; Ahmad, M.N.; Shoaib, M.; Liu, G.; Mohyuddin, A.; Raheel, M. The Effect
of Ni-Doped ZnO NPs on the Antibacterial Activity and Degradation Rate of Polyacrylic Acid-Modified Starch Nanocomposite.
JOM 2021, 73, 380–386. [CrossRef]

29. Oves, M.; Arshad, M.; Khan, M.S.; Ahmed, A.S.; Azam, A.; Ismail, I.M.I. Anti-microbial activity of cobalt doped zinc oxide
nanoparticles: Targeting water borne bacteria. J. Saudi Chem. Soc. 2015, 19, 581–588. [CrossRef]

30. Chandrasekaran, K.; Varaprasad, K.; Venugopal, S.K.; Arun, L.; Hameed, A.S.H. Synergistic Antibacterial Effect of the Magnesium-
Doped ZnO Nanoparticles with Chloramphenicol. Biol. Nano Sci. 2020, 10, 106–111. [CrossRef]

31. Kayani, Z.N.; Bashir, Z.; Riaz, S.; Naseem, S.; Saddiqe, Z. Transparent boron-doped zinc oxide films for antibacterial and magnetic
applications. J. Mater. Sci. Mater. Electron. 2020, 31, 11911–11926. [CrossRef]

32. Singh, A.; Nenavathu, B.P.; Irfan; Mohsin, M. Facile synthesis of Te-doped ZnO nanoparticles and their morphology-dependent
antibacterial studies. Chem. Pap. 2021, 75, 4317–4326. [CrossRef]

33. Chen, Y.; Bagnall, D.M.; Koh, H.J.; Park, K.T.; Hiraga, K.; Zhu, Z.; Yao, T. Plasma assisted molecular beam epitaxy of ZnO on
c-plane sapphire: Growth and characterization. J. Appl. Phys. 1998, 84, 3912–3918. [CrossRef]

34. Dhahri, R.; Hjiri, M.; El Mir, L.; Fazio, E.; Neri, F.; Barreca, F.; Donato, N.; Bonavita, A.; Leonardi, S.G.; Neri, G. ZnO:Ca
nanopowders with enhanced CO2 sensing properties. J. Phys. D Appl. Phys. 2015, 48, 255503. [CrossRef]

35. Cullity, B.D. Elements of X-ray Diffraction, 2nd ed.; Addison-Wesley Publishing Company Inc.: Boston, MA, USA, 1978.
36. Slama, R.; Ghribi, F.; Houas, A.; Barthou, C.; El Mir, L. Photocatalytic and optical properties of vanadium doped zinc oxide

nanoparticles. Int. J. Nanoelectron. Mater. 2010, 3, 133–142.
37. Frederickson, L.D.; Hausen, D.M. Infrared Spectra-Structure Correlation Study of Vanadium-Oxygen Compounds. Anal. Chem.

1963, 35, 818–827. [CrossRef]
38. Fu, G.; Vary, P.S.; Lin, C.T. Anatase TiO2 Nanocomposites for Antimicrobial Coatings. J. Phys. Chem. B 2005, 109, 8889–8898.

[CrossRef]
39. Sirelkhatim, A.; Mahmud, S.; Seeni, A.; Kaus, N.H.M.; Ann, L.C.; Bakhori, S.K.M.; Hasan, H.; Mohamad, D. Review on Zinc

Oxide Nanoparticles: Antibacterial Activity and Toxicity Mechanism. Nano-Micro Lett. 2015, 7, 219–242. [CrossRef]
40. Zhang, L.; Jiang, Y.; Ding, Y.; Povey, M.; York, D. Investigation into the antibacterial behaviour of suspensions of ZnO nanoparticles

(ZnO nanofluids). J. Nanopart. Res. 2007, 9, 479–489. [CrossRef]
41. Yamamoto, O. Influence of particle size on the antibacterial activity of zinc oxide. Int. J. Inorg. Mater. 2001, 3, 643–646. [CrossRef]
42. Sawai, J.; Kawada, E.; Kanou, F.; Igarashi, H.; Hashimoto, A.; Kokugan, T.; Shimizu, M. Detection of active oxygen generated

from ceramic powders having antibacterial activity. J. Chem. Eng. Jpn. 1996, 29, 627–633. [CrossRef]
43. Talebian, N.; Amininezhad, S.M.; Doudi, M. Controllable synthesis of ZnO nanoparticles and their morphology-dependent

antibacterial and optical properties. J. Photochem. Photobiol. B 2013, 120, 66–73. [CrossRef] [PubMed]
44. Ma, J.; Liu, J.; Bao, Y.; Zhu, Z.; Wang, X.; Zhang, J. Synthesis of large-scale uniform mulberry-like ZnO particles with microwave

hydrothermal method and its antibacterial property. Ceram. Int. 2013, 39, 2803–2810. [CrossRef]

https://doi.org/10.1016/j.jddst.2021.102917
https://doi.org/10.1088/2043-6254/aaa6f1
https://doi.org/10.1088/2053-1591/ab3cd6
https://doi.org/10.1063/1.337435
https://doi.org/10.1002/pssb.2220710216
https://doi.org/10.1016/j.apsusc.2021.149127
https://doi.org/10.1016/j.rinma.2021.100199
https://doi.org/10.1039/C5RA13375K
https://doi.org/10.1016/j.msec.2021.112004
https://doi.org/10.1007/s11837-020-04490-0
https://doi.org/10.1016/j.jscs.2015.05.003
https://doi.org/10.1007/s12668-019-00696-y
https://doi.org/10.1007/s10854-020-03745-5
https://doi.org/10.1007/s11696-021-01654-3
https://doi.org/10.1063/1.368595
https://doi.org/10.1088/0022-3727/48/25/255503
https://doi.org/10.1021/ac60200a018
https://doi.org/10.1021/jp0502196
https://doi.org/10.1007/s40820-015-0040-x
https://doi.org/10.1007/s11051-006-9150-1
https://doi.org/10.1016/S1466-6049(01)00197-0
https://doi.org/10.1252/jcej.29.627
https://doi.org/10.1016/j.jphotobiol.2013.01.004
https://www.ncbi.nlm.nih.gov/pubmed/23428888
https://doi.org/10.1016/j.ceramint.2012.09.049


J. Compos. Sci. 2023, 7, 190 13 of 13

45. Laraib, S.; Shah, A.; Asim, N.; Amin, F.; Lutfullah, G.; Haider, J. Synthesis, Characterization and antibacterial activity of simple
ZnO and metal doped ZnO nanoparticles. Pak. J. Pharm. Sci. 2021, 34, 1651–1658.

46. Raju, P.; Deivatamil, D.; Martin Mark, J.; Jesuraj, J.P. Antibacterial and catalytic activity of Cu doped ZnO nanoparticles: Structural,
optical, and morphological study. J. Iran. Chem. Soc. 2022, 19, 861–872. [CrossRef]

47. Kayani, Z.N.; Bashir, H.; Riaz, S.; Naseem, S. Optical properties and antibacterial activity of V doped ZnO used in solar cells and
biomedical applications. Mater. Res. Bull. 2019, 115, 121–129. [CrossRef]

48. Jones, N.; Ray, B.; Ranjit, K.T.; Manna, A.C. Antibacterial activity of ZnO nanoparticle suspensions on a broad spectrum of
microorganisms. FEMS. Microbiol. Lett. 2008, 279, 71–76. [CrossRef] [PubMed]

49. Padmavathy, N.; Vijayaraghavan, R. Enhanced bioactivity of ZnO nanoparticles-an antimicrobial study. Sci. Technol. Adv. Mater.
2008, 9, 35004–35010. [CrossRef]

50. Raghupathi, K.R.; Koodali, R.T.; Manna, A.C. Size-dependent bacterial growth inhibition and mechanism of antibacterial activity
of zinc oxide nanoparticles. Langmuir 2011, 27, 4020–4028. [CrossRef]

51. Adams, L.K.; Lyon, D.Y.; Alvarez, P.J. Comparative eco-toxicity of nanoscale TiO2, SiO2, and ZnO water suspensions. Water. Res.
2006, 40, 3527–3532. [CrossRef]

52. Hirota, K.; Sugimoto, M.; Kato, M.; Tsukagoshi, K.; Tanigawa, T.; Sugimoto, H. Preparation of Zinc Oxide Ceramics with a
Sustainable Antibacterial Activity under Dark Conditions. Ceram. Int. 2010, 36, 497–506. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s13738-021-02352-3
https://doi.org/10.1016/j.materresbull.2019.03.016
https://doi.org/10.1111/j.1574-6968.2007.01012.x
https://www.ncbi.nlm.nih.gov/pubmed/18081843
https://doi.org/10.1088/1468-6996/9/3/035004
https://doi.org/10.1021/la104825u
https://doi.org/10.1016/j.watres.2006.08.004
https://doi.org/10.1016/j.ceramint.2009.09.026

	Introduction 
	Materials and Methods 
	V-ZnO Powders Synthesis 
	Characterization 
	Antibacterial Assay 
	Microbial Strains 
	Assessment of Antimicrobial Activities 


	Results and Discussion 
	Samples Microstructure 
	Samples Morphology 
	Antibacterial Activities 
	Antimicrobial Activities Mechanisms 

	Conclusions 
	References

