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ABSTRACT: Vanadium oxide (V2O5) and carbon spheres (Cs)-doped NiO2
nanostructures (NSs) were prepared using the co-precipitation approach.
Several spectroscopic and microscopic techniques, including X-ray diffraction
(XRD), UV−vis, FTIR, TEM, and HR-TEM investigations, were used to
describe the as-synthesized NSs. The XRD pattern exhibited the hexagonal
structure, and the crystallite size of pristine and doped NSs was calculated as
29.3, 32.8, 25.79, and 45.19 nm, respectively. The control sample (NiO2)
showed maximum absorption at 330 nm, and upon doping, a redshift was
observed, leading to decreased band gap energy from 3.75 to 3.59 eV. TEM of
NiO2 shows agglomerated nonuniform nanorods exhibited with various
nanoparticles without a specific orientation; a higher agglomeration was
observed upon doping. The (4 wt %) V2O5/Cs-doped NiO2 NSs served as
superior catalysts with a 94.21% MB reduction in acidic media. The significant
antibacterial efficacy was estimated against Escherichia coli by measuring the zone of inhibition (3.75 mm). Besides their bactericidal
analysis, V2O5/Cs-doped NiO2 was shown to have a binding score of 6.37 for dihydrofolate reductase and a binding score of 4.31 for
dihydropteroate synthase in an in silico docking study of E. coli.

1. INTRODUCTION
Rapid growth in population, chemical fertilizers, industrializa-
tion, and increased urban wastewater outputs have revealed the
most significant environmental issues.1 The primary contam-
inants in polluted water are waste from several industries,
including paper, plastic, leather, food, textile sectors, and
organic dyes.2 The most frequently employed cationic dye in
industries is methylene blue (MB). The primary adverse effects
of this harmful dye in humans include respiratory irritation,
teratogenicity, and carcinogenicity.3−5 The dye pollutants are
often cleaned using various physical, biological, and chemical
techniques such as catalysis, flocculation, absorption, aeration,
and photooxidation.6−8 Among them, the dye is broken down
by a catalytic process, while nanomaterials are present that are
relatively simple, cost-effective, and eco-friendly.6

Metal oxides (MOs) have gained much attention in the
catalysis process attributed to their minimal toxicity, high
chemical stability, inexpensive, and environmentally favorable
qualities.6 MOs have significant adsorption and catalytic
properties as well as reactivity and sorption capacity assigned
to their large specific surface area and small size. According to
the literature, a number of prepared MOs,9 such as La2O3,

10

Er2O3,
11 Tm2O3,

12 and Y2O3,
13 are considered chemically

stable and toxic and have broad band gaps (∼4.3−7 eV). On

the other hand, nickel oxide (NiO2) is a feasible alternative
since it is commonly accessible, inexpensive, and electro-
chemically stable, with a minimal band gap of 3.6−4.0 eV.14

Furthermore, the catalytic abilities and chemical stability of
NiO2 can be enhanced by suitable dopants.15

In recent studies, many polymers have been used as dopants
for the reduction of MB, such as polyvinylpyrrolidone,
polyaniline, polydopamine, poly(N-vinylcaprolactam), and
carbon spheres (Cs).16−20 Many researchers used chitosan,
cellulose nanocrystal, and poly(acrylic acid) in the MO that
degraded MB 88% for 220 min, 70.6% after 30 min, and 65%
in 60 min, respectively.21−23 The above-mentioned catalysts/
photocatalysts have some drawbacks such as a low photo-
response toward visible light, high cost, and longer reduction
time. Among them, Cs is a potential contender in the realm of
catalysis due to the availability of various surface functional
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groups (such as carbonyl, hydroxyl, and carboxylic) with a high
specific surface area, superior chemical durability, and high
biocompatibility.24,25 Furthermore, V2O5 has excellent redox
properties and can be used as a co-catalyst. It has a 3d3-4s2
valence electron layer structure with a remarkable stability, a
large surface area, a high energy density, and a high
conductivity.26−28

Most of these above-reported catalysts/photocatalysts are
related to limitations such as the low photoresponse toward
visible light, high cost, and longer degradation time. The
proposed material (2 and 4 wt %) V2O5/Cs-doped NiO2
nanostructures (NSs) would be the best candidate for catalytic
and antimicrobial activities. The potential of this work is that
Cs have a wide surface area and porous structure and promote
NiO2 adsorption and reaction, which can improve contact
between the NiO2 and the microbes, resulting in a more
effective antimicrobial and catalytic activity. Furthermore,
adding V2O5 into Cs-doped NiO2 can improve its catalytic
and antimicrobial activity by increasing the availability of
reactive oxygen species (ROS) and boosting redox reactions.
The pathogen Escherichia coli, which broadly spreads through
contaminated water and causes diarrhea, kills 1.3 million
children globally yearly.29 In this regard, NSs that are tiny,
mobile, and conductive prevent bacterial adherence.30,31

The co-precipitation approach has been employed in this
study to synthesize V2O5/Cs-doped NiO2 NSs. Character-
izations were carried out utilizing techniques such as XRD,
FTIR, TEM, HR-TEM, UV−vis, and PL for a detailed study.
The prepared ternary system composite can remove organic
dyes like MB. Furthermore, their antibacterial experiments
against E. coli (Gram-negative) bacteria were carried out
through the agar well diffusion method, and the binding
propensity of NSs was investigated using molecular docking
predictions.

2. EXPERIMENTAL SECTION
2.1. Materials. Nickel nitrate hexahydrate [Ni(NO3)2·

6H2O, 98%] has been purchased from VWR Chemicals, and
NaOH glucose and V2O5 were obtained from Sigma-Aldrich
(Germany). The entire chemicals were in pure form and used
without any further purification.
2.2. Synthesis. 2.2.1. Preparation of Cs. The Cs have been

synthesized using a hydrothermal carbonization method.
Initially, 1 M glucose solution was diluted under steady
stirring to achieve a clear and transparent solution. The
colloidal solution was placed in a stainless autoclave at 180 °C
for 12 h. The obtained precipitates were washed several times
using deionized (DI) water and dried overnight at 100 °C
(Figure 1a).

2.2.2. Synthesis of V2O5/Cs-Doped NiO2. NiO2 was
prepared through a chemical co-precipitation route using
Ni(NO3)2·6H2O as a precursor under continuous stirring at
100 °C. After 30 min, 1 M NaOH was incorporated to
maintain pH ≈ 12 and to obtain precipitates. Furthermore, the
obtained precipitates have been washed through centrifugation
at 7000 rpm for 7 min several times. The washed precipitates
were dried at 150 °C for 12 h to sustain the fine powder. The
same procedure was carried out to prepare a fixed amount of
Cs and different concentrations (2 and 4 wt %) of V2O5-doped
NiO2 (Figure 1b).
2.3. Catalytic Activity. The catalytic activity (CA) of

NiO2 and (2 and 4 wt %) V2O5/Cs-doped NiO2 NSs for MB
reduction was investigated in sodium borohydride (NaBH4).

MB and NaBH4 solutions were prepared freshly to perform
CA, and 400 μL of NaBH4 was incorporated into the MB
solution to check the %age reduction. Afterward, the freshly
prepared nanocatalyst solution (400 μL) was introduced into
the above solution, and MB color started to change into its
leuco form. As a direct result, a UV−vis spectrophotometer
was employed to obtain consistent recordings of the
absorption variation spectra. A formula was used to calculate
the percentage of degradation:

C C C%degradation ( )/ 100o t o= ×
where Co is the initial concentration of MB dye solution and Ct
is the specific time concentration after incorporating NSs.
2.4. Isolation and Identification of MDR E. coli.

2.4.1. Isolation of E. coli. 2.4.1.1. Sample Collection. Raw
milk samples have been gathered from the veterinary form sold
at different markets, veterinary clinics, and farms in Punjab,
Pakistan. The milk was then directly poured into sterile
glassware. Raw milk was gathered at 4 °C and transported to
the lab immediately. Coliforms discovered in raw milk were
enumerated on MacConkey agar. All plates were kept in an
incubator for 48 h at 37 °C.

2.4.2. Identification and Characterization of Bacterial
Isolates. Initial recognition of E. coli was based on the colonial
structure by Gram stain and by numerous biochemical
investigations with reverence to Bergey’s Manual of Determi-
native Bacteriology E. coli.32

2.4.2.1. Antibiotic Susceptibility. To determine the anti-
biotic susceptibility of the sample, the agar well diffusion
method was used, which was carried out on Mueller−Hinton
agar (MHA).33 The antimicrobial tests were conducted to
investigate the E. coli’s resistance to antimicrobial classes such
as cephalosporins (ceftriaxone (Cro) 30 μg), aminoglycosides
(gentamicin (Gm) 10 μg), quinolones (ciprofloxacin (Cip) 5
μg), carbapenems (imipenem (Imi) 10 μg), penicillins
(amoxicillin (A) 30 μg), tetracyclines (tetracycline (Te) 30
μg), and macrolides (azithromycin (Azm) 15 μg).34 Following

Figure 1. (a, b) Schematic illustration of Cs and V2O5/Cs-doped
NiO2 synthesis.
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the McFarland standard, a turbidity level of 0.5 was attained by
growing pure E. coli cultures. The bacteria were distributed
throughout MHA (Oxoid Limited, Basingstoke, United
Kingdom), and antibiotic discs were subsequently positioned
at a distance on the surface of the inoculation plate. This was
done to prevent interfering with inhibitory zones. The plates
were incubated for 48 h at 37 °C, and the data were examined
by Diagnostic and Laboratory Standard Institute instructions.35

Bacteria resistant to at least three antibiotics were proclaimed
MDR.36

2.4.2.2. Antimicrobial Activity. A good diffusion test
evaluated the microbicidal performance of the pure (2 and 4
wt %) V2O5/Cs-doped NiO2 NSs against pathogenic E. coli.
MacConkey agar was treated with MDR E. coli at a
concentration of 1.5 × 108 CFU/mL (0.5 McFarland
standard). To examine the bactericidal capability of pristine
and doped NSs, E. coli infection bacteria were successfully
isolated from ovine mastitis milk. On MacConkey agar and
mannitol salt plates that had been cleaned with 0.5 McFarland
of E. coli, piercing wells with an internal diameter of
approximately 6 mm were punctured using a sterilized borer.
The conventional antibiotic ciprofloxacin (5 mg/50 μL) was
employed as a positive control, while 50 μL of DI water
functioned as a negative control. After that, the boreholes were
filled with pristine and doped NSs at high and low
concentrations (1.0 mg/50 μL and 0.5 mg/50 μL),
respectively.37 Then, the plates were contaminated aerobically
for 12 h at 37 °C, and the inhibited zones around the
surroundings of the wellbores were determined utilizing a
vernier caliper to determine the antimicrobial properties.

2.4.2.3. Statistical Analysis. Zones of inhibition were used
to assess antimicrobial performance and their diameters were
subjected to statistical analysis using one-way analysis of
variance (ANOVA) in SPSS 20.38

2.5. Molecular Docking Study. 2.5.1. Method. The
proposed mode of action for V2O5/Cs-doped NiO2 has been
predicted using in silico docking, a potential method for
determining the distinctive structural characteristic under-
pinning microbicidal activity. Dihydrofolate reductase
(DHFR) and dihydropteroate synthase (DHPS), two essential
enzymes in folate biosynthesis, have been singled out as
promising antibiotic targets. The three-dimensional structures
of target enzymes were obtained from the Data Bank of
Protein and then created using a protein synthesis tool to
facilitate the docking of V2O5/Cs-doped NiO2 into the active
site. Preferred targets were tagged with the annexation codes
2ANQ (DHFRE.coli)

39 and 5U0V (DHPSE.coli).
40 The SYBYL-X

2.0 program was used for the docking investigation. As in our
previous work,41,42 we used SYBYL-X 2.0 to model
compounds in three dimensions and evaluated nanoparticle
binding affinities with the residues found in the active sites of
certain proteins.

3. RESULTS AND DISCUSSION
The phase composition and structural characteristics of
prepared NiO2 and (2 and 4 wt %) V2O5/Cs-doped NiO2
NSs were examined using XRD, ranging between 2θ = 20 and
80° (Figure 2a). Diffraction peaks sited at 33.0, 38.5, 52.0,
59.0, 62.6, and 72.8° associated with crystal planes (010),
(011), (012), (110), (111), (020), and (112), respectively,
well matched with JCPDS card 96-901-1315, having a
hexagonal crystal structure and space group p-3m1. The
XRD patterns showed no extra peak, confirming the formation

of single-phase NiO2. An XRD spectrum of 4 wt % showed an
additional diffraction peak of V2O5 at 29.5° (400).43 This
result indicates that the doping of V2O5 with low
concentrations has a minor effect on the phase structure.44

Consequently, the peaks were shifted toward higher 2θ values,
suggesting that the Cs is present in the pristine matrix and
filling the void between Ni and O. The XRD peaks shift toward
a higher angle corresponding with interstitial site doping.45 In
addition, crystalline defects, lattice deformation, domain size
dispersion, and crystalline domain size cause peak broadness in
the doped samples.46 The peak intensity was diminished upon
doping V2O5 compared to the pristine and Cs-doped NiO2.
The crystallite size from the most instance peak (010) for pure
and doped NiO2 NSs was measured using the Debye−Scherrer
formula as 29.3, 32.8, 25.79, and 45.19 nm.
FTIR spectroscopy used to identify the functional groups

(4000 to 1500 cm−1) and the fingerprint regions (1500 to 400
cm−1) on the surfaces of NSs are shown in Figure 2b.47 The
O−H stretching vibration causes the broad and intense band at
3373 cm−1. Furthermore, the band observed at 1648 cm−1

were assigned to the bending and stretching vibrations of the
−OH group absorbed on the catalyst surface during the FTIR
measurement.48 The peak at 1368 cm−1 probably refers to
some leftovers of the precursor elements utilized to prepare the
NiO2.

49 Ni−O bonds are responsible for absorption peaks
beneath 1000 cm−1.50 The sharp band at 570 cm−1 was caused
by the Ni−O stretching vibrations.51 Upon doping of Cs and
V2O5, peaks were shifted toward a lower wavenumber (Figure
2b′). The blue shift of doped and NiO2 NSs was linked to the
quantum size effect and the NSs.52 The SAED images used to
identify the polycrystalline nature of synthesized pristine and
doped NiO2 NSs are shown in Figure 2c−f. Images containing
concentric rings that are polycrystalline were categorized as
planes (101), (011), (110), and (111), which agree with the
XRD results, confirming the crystalline nature of controlled
and doped NiO2.

Figure 2. (a) XRD pattern of NSs, (b) FTIR spectra of NSs, (b′)
zoom area of the Ni−O band, and SAED pattern of (c) NiO2, (d) Cs-
doped NiO2, (e) (2 wt %) V2O5/Cs-doped NiO2, and (f) (4 wt %)
V2O5/Cs-doped NiO2.
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To investigate the optical absorption properties of pristine
and (2 and 4 wt %) V2O5/Cs-doped NiO2 NSs, a UV−vis
spectrophotometer was used (Figure 3a). The significant

absorption bands at 330 nm for the pure NiO2 correspond to a
band gap energy of 3.75 eV determined from Tauc’s plot
approach.14 Optical absorption can be affected by a wide
variety of parameters, including the size of the particles and the
energy gap. An electronic transition can occur from the valence
band to the conduction band in the transition from O (2p) to
Ni (3d) in NiO2, resulting in a broad band at 330 nm.53,54 The
corresponding peak exhibits the symmetric forbidden tran-
sition associated with the electron injection from n to π*
transitions. The absorption maxima (λmax) for Cs-NiO2 and (2
and 4 wt %) V2O5/Cs-doped NiO2 have been measured at
335, 340, and 345 nm, respectively. Figure 3a depicts that the
absorption wavelength range increased with dopants introduc-
ing a redshift. The measured band gap energy values decreased
gradually from 3.75 to 3.59 eV attributed to an increase in the
crystalline size of NSs after doping (Figure 3b), as described
earlier.
PL spectroscopy has been used to assess the photogenerated

electron−hole recombination capability and separation effi-
ciency. The PL emission spectra of undoped and (2 and 4 wt
%) V2O5/Cs-doped NiO2 with a range of 380−410 nm are
represented in Figure 3c. The PL emission spectra of the
synthesized NSs exhibit a significant peak at 393 nm55 with an
excitation wavelength of 290 nm at 37 °C. The reduction in
peak intensity was found with increased dopants attributed to
the difference in the ionic radii.56 As reported, the high-
intensity peak of PL confirmed a higher recombination rate of
e−−h+ and vice versa.57,58 The green shift was observed as the
electron−hole recombination decreased, which boosted the
CA.59

The elemental composition of NiO2 and (2 and 4 wt %)
V2O5/Cs-doped NiO2 NSs was observed by EDS analysis, as
presented in Figure 4a−d. Furthermore, EDS assesses the
elemental distribution pattern to determine whether there is
additional interfacial contact. Strong nickel and oxygen peaks
were found, confirming the presence of NiO2 in the produced

samples (Figure 4a). A minor peak of sodium was observed
caused by NaOH to maintain the pH of the samples. The
elemental components of nickel (Ni), vanadium (V), sodium
(Na), and oxygen (O) were confirmed in the doped material.
On the other hand, the appearance of cesium peaks is linked to
the experimental equipment and sample preparation.60

The elemental mapping of (4 wt %) V2O5/Cs-doped NiO2
NSs is represented in Figure 5a. The existence of O, Na, V, and
Ni for forming pristine and doped NiO2 NSs is confirmed by
Figure 5b−e, respectively. The presence of Na was attributed
to NaBH4, which was used to maintain the pH, as already
mentioned.
TEM confirmed the morphologies of pristine and (2 and 4

wt %) V2O5/Cs-doped NiO2, as shown in Figure 6a−d. The
morphology of NiO2 (Figure 6a) looks like agglomerated
nonuniform nanorods with nanoparticles that might partially
interact in a multitude of orientations. In contrast, the doping
of a fixed amount of Cs into NiO2 caused the production of the
sphere, which overlaps the nanorods, indicating a reduction in
the size (Figure 6b). The addition of V2O5 (2 and 4 wt %) to
the binary system Cs-NiO2 resulted in highly agglomerated and
chunk-like morphology (Figure 6c,d). A higher degree of
aggregation was observed with increasing amounts of dopants.
The interlayer d-spacing of the synthesized NiO2 and the

V2O5/Cs-doped NSs was measured with HR-TEM, and the
results are displayed in Figure 7a−d. The interlayer d-spacing
of the NiO2 is about 0.178 nm (Figure 7a). Furthermore, the
addition of Cs and (2 and 4 wt %) V2O5 showed considerable
interplanar spacings of 0.147, 0.147, and 0.154 nm,
respectively, as indicated in Figure 7b−d. The d-spacing that
was predicted for pure and doped NiO2 matched the XRD
findings as well.
The CA of pristine and (2 and 4 wt %) V2O5/Cs-doped

NiO2 NSs was examined using a UV−vis spectrophotometer in
the spectral range of 200−800 nm at various pH levels
(neutral, basic, and acidic media). Various pH levels of the dye
sludge are regularly released from several industries in fresh
water resources. The pH of solution influences the reduction
pace and impacts the artificial nanocatalyst. The CA of
synthesized samples was affected by the microstructure of the
materials, specifically their crystal structures, particle sizes,
morphologies, and surface areas. Additionally, the OH− and H+

ions play critical roles in PCA and CA, respectively, and
provide more OH− radicals available to decompose the
contaminant.
In the catalysis mechanism, the addition of a nanocatalyst

and NaBH4 that act as reducing agents to the dye is the most
significant factor in the catalytic process (Figure 8). The
reducing agent donates an electron to the ongoing reaction,
and MB, also called the oxidizing agent, accepts an e− from the
reducing agent to carry out its role. During CA, a redox
reaction starts in which an electron is transferred from the
donor to the acceptor atoms. This leads to the absorption of
electrons in MB, which eventually stimulates the synthetic dye
to deteriorate. Additionally, MB was tested in the presence of
NaBH4, and the oxidation reaction was very slow. Incorporat-
ing a nanocatalyst (V2O5/Cs-doped NiO2) into the oxidation−
reduction reactions serves as an electron relay and makes it
possible for electrons to be transferred from the donor (BH4

−)
to the acceptor (MB). NSs enhance the adsorption of BH4

−

ions and the dye molecule by providing more active sites that
accelerate their interaction.61,62 The coexistence of a nano-
catalyst and a reducing agent enhances the efficiency of

Figure 3. (a) Optical absorption spectra, (b) band gap energy, and
(c) PL spectra of pure and doped NSs.
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degradation.63 As NSs have a high surface-to-volume ratio,
facilitating effective dye reduction, their size is another factor
influencing the CA.64

The V2O5/Cs-NiO2 NPs showed outstanding catalytic
performance for the reduction of MB dye in the presence of
the reducing agent NaBH4, and the findings demonstrate that
it exhibited the degradation of MB dye up to 75.13, 81.54,
85.76, and 91.89% in neutral (pH = 7), 59.29, 79.45, 84.22,
and 91.01% in basic (pH = 12), and 63.35, 76.1, 87.37, and
94.21% in acidic (pH = 4) media, as seen in Figure 9a−c. The
addition of V2O5 improved the CA up to 94.21%, given the

ideal level for the reduction of dye exhibited by (4 wt %)
V2O5/Cs-NiO2. The literature review and the current experi-
ment study for the reduction of MB can be seen in Table 1.
Significant CA against MB dye was observed upon the higher
incorporation of catalysts. The comparison study indicates that
the recent work has maximum potential against dye reduction.
However, their high electrical efficiency was attributed to
encouraging the results at acidic pH for (4 wt %) V2O5/Cs-
doped NiO2 NSs. The excellent CA in acidic media was
ascribed to the enhanced availability of hydrogen (H+) ions for
absorption on the NSs horizon.62

Figure 4. EDS analysis of (a) NiO2, (b) Cs-NiO2, (c) (2 wt %) V2O5/Cs-doped NiO2, and (d) (4 wt %) V2O5/Cs-doped NiO2 NSs.
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Since CA directly affects the production of H+ ions in acidic
media, the catalyst’s surface becomes more positively charged.
Since MB is also a cationic dye, its absorption is inhibited
because catalyst surfaces are less receptive to the cationic
adsorption of adsorbable families, which reduces the amount of
dye that can be absorbed. This occurs due to the increased
strength of the electrostatic repulsion force between the
positively charged surfaces of the catalyst and the dye.69,70

Generally, the catalyst’s wide surface area or tiny size has

provided more active sites to increase CA. Because of the
microporosity, the catalyst’s efficiency diminishes when the
surface area is big because the reactant cannot diffuse into the
binding sites of the catalyst.71

The well diffusion technique was followed to investigate the
antibacterial activity observed in vitro, and the synthesized
V2O5/Cs-NiO2 NSs samples were tested for E. coli (Gram-
negative bacteria) by measuring inhibition zones [49].
Significant inhibitory zones were seen against E. coli for

Figure 5. Elemental mapping composition of the synthesized NSs: (a) (4 wt %) V2O5/Cs-doped NiO2, (b) oxygen, (c) sodium, (d) vanadium, and
(e) nickel.

Figure 6. TEM micrographs of (a) NiO2, (b) Cs-doped NiO2, (c) (2 wt %) V2O5/Cs-doped NiO2, and (d) (4 wt %) V2O5/Cs-doped NiO2.
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doped and pure NSs, ranging from 1.30 to 3.05 mm in low and
2.25 to 3.75 mm in high concentrations, respectively, as
exhibited in Table 2. All the observations were analyzed with
ciprofloxacin at a concentration of 5.15 mm for Gram-negative
bacteria and DI water at a concentration of 0 mm. At a
concentration of 4 wt %, the V2O5/Cs-doped NiO2

demonstrated an effective antibacterial action. As a result of
the fact that since the doping concentration is directly related
to the size of the inhibition zones, an enhancement in the
measurements of the inhibition zones will naturally result in a
higher doping concentration. E. coli showed a high antibacterial
efficacy when it was in high concentrations. Table 3 shows the
literature comparison for the antimicrobial activity of nickel
oxide against E. coli.
The antibacterial activity was linked to a variety of

parameters, including the size, shape, and concentration of
the particles. Oxidative stress influences the phenotype, size,
and mass-to-surface concentration of NSs. This is because
nanoparticles quickly release ROS. ROS are responsible for
degrading the cytoplasmic contents of the bacterial membrane,
which ultimately leads to the death of the bacterium.60 Since
NiO2 has a positive surface charge electrostatically attached to
the negatively charged cell surface, it restricts cell activity.75

The cell was left lifeless as a result of NiO2 ability to enter the
cell and its harmful effects that caused the death of bacteria.
The preceding procedure is represented in Figure 10.
NSs connect themselves to the cell wall in the form of a

helical, disorderly spring and enter the cell membrane, where
they build interlinks with the structures of DNA molecules.62

The effectiveness of the antimicrobial agent depends on the
crystallite size and the doping concentration, and there is an
inverse link between the size of the pure and the size of the
V2O5/Cs-doped NiO2 NSs. Because of their diminutive
dimensions, the particles actively produce ROS, which, in
turn, create a rupture in the bacterial cell membrane and the
exposure of the bacterium’s cytoplasmic components, which
finally leads to the death of the bacterium. The mechanism for
the generation of ROS performed under the presence of visible
light can be exhibited as

hNiO (visible light)

h (hole) e (excited electron)
2 +

++

e O O2
2+ *

h H O OH H2+ ++ +

O H HO2
2* + *+

HO e H H O2 2
2* + + *+

H O O O H O OH2
2 2 2* + * * + +

The mechanism for the response of antimicrobial activity is
depicted in Figure 9, where ROS plays an effective part in the
death of microbial agents.76 Due to the direct attack of the
synthesized materials, the cell wall and cell membrane of the
bacteria are damaged, ultimately resulting in the death of the
pathogen. NSs that generate intracellular ROS communicate
with the nucleic acid of a bacterial cell, which causes single as
well as dual-wrecked breakage within the nitrogen base and
sugar-phosphate bond of nucleic acid.59

Drug resistance is seen as a serious threat to humanity, and
there is a continuing need for effective antibiotics. Metal NSs
are commonly believed to have a role in antibacterial activity.
Trimethoprim and sulfonamide medicines are known to target
the enzymes DHFR and DHPS in the folic acid production
pathway.77,78 Here, we tested Cs-doped NiO2 and V2O5/Cs-
doped NiO2 for their ability to bind to the DHFR and DHPS

Figure 7. Interlayer d-spacing of (a) NiO2, (b) Cs-doped NiO2, (c)
(2 wt %) V2O5/Cs-doped NiO2, and (d) (4 wt %) V2O5/Cs-doped
NiO2.

Figure 8. Schematic illustration of the catalytic reduction of dye in the
presence of pristine and V2O5/Cs-doped NiO2.

Figure 9. Catalytic potential of the pristine and (2 and 4 wt %) V2O5/
Cs-doped NiO2 in (a) neutral, (b) basic, and (c) acidic media.
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enzymes found in E. coli. Potential enzyme inhibitors were
identified based on the binding pattern of docked complexes
inside the active site of the target enzyme. The best docking
zone for DHFRE.coli had H-bonding interactions with Ala-7 and
Thr-113 for Cs-doped NiO2 and Ser-49 and Thr-113 for
V2O5/Cs-doped NiO2, with binding scores of 3.28 and 6.37,
respectively (Figure 11).

In Figure 12, the docking complex of Cs-doped NiO2 for
DHPSE.coli exhibited H-bonding with Thr-62 and Asn-115

having a docking score of 2.40. At the same time, V2O5/Cs-
doped NiO2 showed H-bonding with Phe-190, Lys-221, and
Arg-255 with a binding energy of 4.31. These V2O5/Cs-doped
NiO2 NSs were proposed as potential antagonists. Enzyme
activity stops when ligand binding prevents the substrate from
entering the active site. In silico estimations for selective
targets showed their potential binding patterns into the active

Table 1. Comparison for the Reduction/Degradation (Red/Deg) of MB from Literature and Current Research

nanocatalyst size (nm) synthesis method dye time (min) Red/Deg (%) under light/dark ref

NiO/Ag heterostructure 25 hydrothermal MB 210 70 light 65
NiO nanoparticles 2−5.4 thermal decomposition RhB, MB 300 RhB: 87MB: 70 light 66
NiO-CuO nanoparticles 14−36 sol−gel MB 26 40 light 67
NiO/ZnO composite 28.3 electrospinning RhB, MB 180 RhB: 59.41MB: 65.43 light 68
Cu-doped CNC/NiO composite 19.1 co-precipitation MB 30 70.6 dark 21
V2O5/Cs-NiO2 NSs 45.19 co-precipitation MB 10 94.21 dark this work

Table 2. Antimicrobial Potential of NiO2 and (2 and 4 wt
%) V2O5/Cs-Doped NiO2 NSs

E. coli inhibition zone (mm)

samples
0.5 mg/50

μL
1.0 mg/50

μL ciprofloxacin
DI

water

NiO2 1.30 2.25 5.15 0
Cs-NiO2 1.95 2.55 5.15 0
(2%) V2O5/Cs-
NiO2

2.15 3.05 5.15 0

(4%) V2O5/Cs-
NiO2

3.05 3.75 5.15 0

Table 3. Literature Comparison of Antimicrobial Activity of
Nickel Oxide with the Current Study

sample
preparation
method pathogen

% of
inhabitation

zone ref

graphene oxide-nickel
oxide (GO-NiO)
nanocomposite

hydrothermal E. coli 0 72

NiO nanoparticles green synthesis E. coli 27.7 73
Cu-doped CNC/NiO
nanocrystals

co-
precipitation

E. coli 56.65 21

BC-Ag/NiO
nanocomposite

hydrothermal E. coli 57 74

V2O5/Cs-NiO2 NSs co-
precipitation

E. coli 70 this
work

Figure 10. Antibacterial mechanism of produced NiO2 and V2O5/Cs-
doped NiO2 schematically.

Figure 11. Binding pocket (a) and interaction pattern of Cs-doped
NiO2 (b) and V2O5/Cs-doped NiO2 (c) inside active pocket DHFR
from E. coli.

Figure 12. Binding pocket (a) and interaction pattern of Cs-doped
NiO2 (b) and V2O5/Cs-doped NiO2 (c) inside active pocket DHPS
from E. coli.
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pocket of the enzyme and proposed those compounds as
enzyme inhibitors. V2O5/Cs-doped NiO2 NSs had an
enhanced antibacterial action against E. coli.

4. CONCLUSIONS
The co-precipitation technique was used to synthesize the (2
and 4 wt %) V2O5/Cs-doped NiO2 NSs. The XRD pattern
verified the hexagonal crystal structures and SAED confirmed
the polycrystalline nature of the synthesized NSs. The
elemental composition and NSs morphology was confirmed
by EDS and TEM micrographs. The synthesized NSs were
examined as a catalyst for the degradation of MB and its
antimicrobial activity against E. coli. The influence of Cs and
V2O5 as dopants in NiO2 results in a more efficient and
effective catalyst. In principle, Cs provide a wide surface area
and porous structure, and V2O5 generates more ROS and
boosts the redox reactions. Hence, NiO2 doped with (4 wt %)
V2O5/Cs demonstrated a remarkable CA at 91.98, 91.01, and
94.21% in neutral, basic, and acidic media, respectively, against
MB reduction. The high bactericidal effectiveness against E.
coli with a measured inhibition zone of 3.75 mm at high
concentration was observed. In addition, molecular docking
analysis suggested that V2O5/Cs-doped NiO2 NSs might block
the DHFR and DHPS. This research concludes that (4 wt %)
V2O5/Cs-doped NiO2 is an efficient catalytic material for
degrading dye and a worthy candidate for antibacterial
activities. This study aims to provide new insight into
developing a NiO2-based catalyst for bioremediation and CA.
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