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Abstract

Nowadays increasing severity of environmental pollution and antibiotic resistance poses significant
global challenges, particularly due to the accumulation of organic pollutants from industrialization
and the proliferation of antibiotic-resistant bacteria, which jeopardize ecosystems and public health.
To address these issues, the development of advanced nanocomposites with photocatalytic and
antimicrobial properties is of paramount importance. This article reports the synthesis of NiCr,0,/
NiO nanocomposite conducted in the current study via atmospheric pressure microplasma (AMP)
electrochemical method. The synthesized nanocomposite’s optical, structural, morphological, and
compositional characteristics were thoroughly examined using UV-visible spectroscopy, X-ray
diffraction (XRD), scanning electron microscopy (SEM), and Fourier-transform infrared (FTIR)
spectroscopy. XRD analysis confirmed the crystalline structure of the nanocomposite, indicating the
presence of a cubic spinel phase of NiCr,0., (space group Fd-3m) and a cubic phase of NiO, with a
crystallite size of 24.2 nm. SEM analysis demonstrated that nanocomposite exhibited a spherical-like
morphology. FTIR spectra showed characteristic metal-oxygen (Ni — O and Cr — 0) stretching
vibrations at 538 cm™ and 617 cm™*. UV-visible absorption spectra revealed a broad absorption
peak at 377 nm, and the nanomaterial ’s optical energy bandgap was estimated to be 2.4 eV. These
findings highlight the potential of the NiCr,0,/NiO nanocomposite for applications in environmental
remediation and antimicrobial treatments.
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INTRODUCTION

In recent decades, transition metal oxide has emerged as a significant area of scientific
investigation, owing to their distinctive properties, such as adaptable characteristics, and superior
catalytic performance. These attributes, coupled with
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the ability to finely tune them through advanced
synthesis techniques, have considerably expanded
their potential applications. Transition metal oxides
are now widely recognized for their role in fields
including energy storage, such as electrical,
photocatalytic, optical, and antimicrobial, which are
extremely important due to their technological
applications [1]. The heightened focus on these
nanomaterials emphasizes their critical importance in
advancing the frontiers of modern ingredients science
and technology [2—-4]. The applications of transition
metal oxides, such as ZnO, TiO,, CuO, ZrO,, Fe;0,,
MgO, chromium oxide (Cr.03), nickel oxide (NiO),
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and MnO,, etc., such as including chemicals, optoelectronics, aerospace, consumer goods, energy
storage, semiconductors, environmental solutions, coatings, optics, cosmetics, food packaging,
energy, textiles, paints, next-generation, medicine, catalysis, sensing, and plastics are just a few of the
industries [5-8].

The properties of binary metal oxides make them highly attractive for an extensive range of
applications, predominantly due to their capability to interact with biological systems. This capability
has become increasingly vital in current years, primarily due to the rising issue of bacterial resistance.
Binary transition metal oxides exhibit significantly superior properties compared to their
corresponding oxides of NiO and Cr203 [9-12]. Binary metal oxide plays an important role in their
potential applications as electrode materials for electrochemical films, supercapacitors, lithium-ion
batteries, photocatalytic materials, gas sensors, fuel cells, conversion technologies, and as efficient for
power generation [13, 14]. The efficient synthesis of binary metal oxide with controlled shapes, sizes,
compositions, appropriate bandgap, stability, nontoxicity, better structural stability, and electronic
conductivity [1, 15]. Transition metal oxides, such as Cr203, ZnO, NiO, MnO,, and Cu,O and their
well-controlled  structural nanocomposites, such as NiCo,0,, NiCo,0,/NiO, Co,0,/NiO,
CuCr, 0,4, NiCr,04, ZnCr,0,4, NiCr,0,/NiOand CuCo,0,/CuO, etc. have attracted attention for
various important technological applications as the degradation of organic dyes in photocatalytic
materials, remove the pollutants from wastewater and including the biomedical applications [16-26].
This is owing to the significant properties of the chosen metal oxides, such as NiO and
Cr205 nanoparticles, which have an extensive variety of applications [27]. One of the promising
transition metal oxides is nickel oxide (NiO) with a crystalline structure and a bandgap of 3.6 eV to
4.0 eV. One of the significant p-type nickel oxide semiconductors that has attracted increasing
industrial and technological interest. This interest has mainly to do with its properties of nickel oxide
has been used in a variety of uses including catalysts, magnetic material, non-enzymatic glucose
sensors, fuel cells, anticancer, solar cells, dye-sensitized photocathodes, and a diversity of electronic
devices [20, 28-29]. An important transition metal chromium oxide has hexagonal close-packed
(HCP) crystal structures and p-type semiconductor metal oxide with a bandgap of 3.0eV to 3.4eV
[30-32]. It is technologically interesting with attractive because of its good catalytic, magnetic, decent
optical, high thermal stability, electrical, gas sensing, and physicochemical properties [33, 34].
Cr,05is an antiferromagnetic material and has numerous performances, such as solar energy
collectors, optoelectronics devices, heterogeneous catalysts, refractory materials, inks, paints, and a
variety of industries [35-37]. Several types of chromium oxide have been reported, including CrO,,
CrO;, Cr:03,Cr0,4, Cr:05, and Cr205. This interesting transition metal oxide is very important
because it is widely used in abundant industries and can be applied to many areas, such as pigments,
catalysts, dye, corrosion-resistant materials, coating material, hydrogen storage materials, gas sensors,
solar energy applications, biomedical tools, and electrode materials for lithium material, etc. [38, 39].
As a result of these appreciated applications, the range of Cr,0; nanomaterials corresponds to
significant properties.

Spinel’s Spinel oxides represent an important class of binary metal oxides characterized by a cubic
crystal structure, typically belonging to the space group of Fd3m. These materials are characterized by
the chemical formula AB,O,, in which B denotes a trivalent cation and A denotes a divalent cation
[40-42]. NiCr,0,, is a notable member of this family, functioning as both a ferrimagnetic material
and a p-type semiconductor. NiCr,0, belongs to the chromite family and features a typical spinel
structure, with Ni*2 ions located at the tetrahedral (A) sitesand Cr*3 ions occupying the octahedral (B)
sites [43-46]. Nickel chromite with a normal spinel-type structure has achieved excellent materials
due to its excellent structural, electrical, thermal (high melting point at 2300°C), optical (narrow
bandgap), excellent catalytic, magnetic, sensing, physical-chemical properties, etc. [47, 48]. The
interesting spinel compounds of nickel chromite (NiCr,0,/NiO), with potential applications, include
gas sensors, pigments, lithium-ion batteries, full cells, magnetic materials, thermal mechanical
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devices, electronic apparatus, semiconductors, chemical industrial fields, etc. [49]. It is superior to
know that the practical use of NiCr,0, depends on its particle size, purity, and morphology.

The NiCr,0,4/NiO cubic spinel phase was selected for this study due to its outstanding properties,
such as superior electronic conductivity, improved electrochemical performance, and significant
electrochemical activity. Additionally, NiCr,0, offers a low-cost, environmentally friendly, and
naturally abundant option with high theoretical capacity, making it a promising candidate for
electrode materials. Nickel chromite can be synthesized using numerous methods, such as spray
drying, hydrothermal, thermal treatment, wet co-precipitation, sol-gel, sol-spray, ball milling, co-
precipitation, solid-state reactions, combustion, and thermal decomposition processes [50-54]. By
carefully selecting and controlling the starting materials and synthesis conditions, these techniques
enable the efficient production of the nanocomposite with optimal yield. These methods were used to
synthesize the NiCr,0,/NiO, but the resulting nanocomposite did not have uniform size or good
chemical and physical properties. The technique has attracted the attention of various other methods
and advantages of a microplasma [55], this technique in comparison to other synthesis routes, avoids
the production of nanocomposite’s containment issues. This method is the most ideal for the
production of materials since it is a very simple, faster, worldwide friendly method with a low cost of
production, simple procedure use, nontoxic, high electrochemical properties, nontoxic elements are
used in this method, and time-consuming procedure when compared to other synthetic techniques.
Atmospheric microplasma has a wide range of applications, including high-pressure fluorescent
lamps, plasma flashlights, activation flashes, radiation sources, microchemical analysis systems, gas
analyzers, and environmental technologies [56-57]. This study successfully produced a NiCr,0,/NiO
nanocomposite (NC) using an electrochemical method, with nickel and chromium nitrates as the sole
precursors. The characteristics of the developed nanocomposite were investigated utilizing a variety
of spectroscopic and microscopic techniques. The objective of this assessment is to develop the
synthesis of NiCr,0,/NiO NC for use in antibacterial applications.NiCr,0,/NiO NC also reveals
antimicrobial activity against a gram-negative pathogen and gram-positive pathogen [58]. To the
highest standard of our knowledge, synthesized NC utilizing the electrochemical technique,
characterized by different techniques and antibacterial properties of nanocomposite has not yet been
described.

EXPERIMENTAL PROCEDURE
Materials

The NiCr,0,/NiO nanocomposite was synthesized using the precursors Cr(NO;);°9H,0 and
Ni(NO3),*6H,0 without the need for further purification.

Synthesis of NiCr,0,/NiO nanocomposite

Figure 1 illustrates that the experimental setup used facile electrochemical synthesis. The NiCr;0,/
NiO nanocomposite was prepared using a custom-developed microplasma electrochemical technique.
In this process, the stainless steel anode was immersed in the electrolyte solution, while argon gas was
delivered to the cathode through a stainless steel capillary tube, with a 2 ¢cm gap between the
electrodes. The anode, measuring length in 2 cm and width in 1 cm, was employed in themicroplasma
setup. Ni(NO3),*6H,0 and Cr(NO3)3;*9H,0 were dissolved in deionized water in a 1:1 molar ratio to
form the electrolyte solution, leading to the dissociation of Ni*2ions and Cr*3ions. A DC power
supply (IT6726V, 1200V/5A) was connected to the setup, with a ballast resistor (R = 50 kQ)
maintaining stability. To initiate the discharge at the surface of the electrolyte solution, a high voltage
of 1.2 kV and a discharge current of 0.01 A were applied simultaneously. Electrons from the argon
plasma interacted with the water molecules, inducing redox reactions in which hydroxide ions (OH™)
reacted with ions to form the bimetallic hydroxide complex [NiCr,(OH)¢], where hydroxide ions
(OH™) reacted with Nit2? and Cr*2 ions to form a bimetallic hydroxide complex, which subsequently
transformed into the NiCr,0,/NiO nanocomposite. Within the first 10 minutes of the reaction, a
green color appeared at the surface of the solution, indicating the fabrication of the nickel-chromium
oxide nanocomposite. As the reaction progressed, the nanoparticles dispersed throughout the solution,
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turning it a dark green color. The reaction was completed after 40 minutes, and the solution was
permitted to cool to room temperature. After collecting the precipitate, it was double-washed with
ethanol and deionized water before being dehydrated for 24 hours at 110°C in an electric oven. The
material was calcined at 600°C for 4 hours to remove any remaining byproducts [59].

Mass Flow Meter §/ Flow Controller

Ballast Resistor

Stainless Steel

DC Pow J Capillary Ar
5 S“Ppb Gas
= *) Microplasma
1.2KV/54 oo g
o Electrolyte Solution | ]
w M

Figure 1.The synthesis geometry of atmospheric pressure
microplasma (AMP) for NiCr,0,/NiO NC.

Characterization Technique

Various advanced techniques were employed to characterize the NiCr,0,/NiO nanocomposite
during its formation. X-ray diffraction (XRD) analysis was employed to investigate the structural
characteristics of the NiCr,0,/NiO nanomaterial, focusing on the identification of crystallite size, the
cubic spinel phase, and other structural properties of the synthesized nanocomposite. The XRD
measurements were conducted using a diffractometer and an X’Pert PRO 3040/60. Scanning electron
microscopy (SEM) was conducted using a Jeol JSM-6510LV to examine the morphology of the
nanocomposite. Fourier transform infrared (FTIR) spectroscopy was performed with a Perkin Elmer
model 1650, acquiring IR spectra in the 400- 4000 cm™* range to elucidate the vibration modes and
functional groups. The bandgap of the NiCr,0,/NiO nanocomposite was determined, and the optical
absorbance spectra were analyzed using UV-visible spectroscopy (PerkinElmer Lambda 950),
evaluating absorbances in both the visible (400- 800 nm) and UV (200- 400 nm) regions.

Antibacterial Activity

The antimicrobial activity of the synthesized NiCr,0,/NiO hanocomposite was assessed using the
disc diffusion method. The test organisms were prepared by cultivating a bacterial suspension in a
nutrient broth medium (CM1 oxide). A large volume of bacterial culture was inoculated into 25 mL of
nutrient broth and incubated on a rotary shaker at 37°C for 24 hours. Next, the recently prepared
Muller Hinton agar medium (CMO 337 oxide) was mixed with the overnight culture and poured into
sterilized Petri dishes, maintaining the medium at 45°C. The plates were allowed to solidify at room
temperature under a laminar stream. Each solidified agar plate was drilled with six wells, each 5 mm
in diameter. Approximately 30 pL of a solution containing 1 mg of NiCr,0,/NiO nanocomposite
powder dissolved. A sample was treated with dimethyl sulfoxide (DMSO, Sigma-Aldrich, 99.5%
concentration). The antibacterial activity was determined by measuring the zones of inhibition
following an incubation period of 24 hours at 37°C. The inhibition zone diameters were recorded, and
the standard error was calculated to ensure accuracy [3, 19].

RESULTS AND DISCUSSION
Structural Analysis

Figure 2 represents the XRD structure of NiCr,0,/NiO NC prepared with the 1:1 ratio
of Cr(NO3)3*9H,0 and Ni(NO3),*6H,0. Upon calcination at 600°C for 4 hours, the phases of
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NiCr,0, and NiOwere successfully synthesized. XRD was employed to explore the crystal
constructions and identify the phases of the produced nanocomposite. The observed diffraction peaks
at 26 values of 18.08°,30.28°,35.75° 54.87°, and 57.7° correspond to Miller indices assigned to the
(111), (220), (311), (422), and (511) planes of the face-centered cubic spinel NiCr?0* phase, which
has a space group of Fd-3m (space group number 227, JCPDS Card No. 00-023-1271). The
diffraction peaks at 43.2° and 63.2° can be assigned. To the (400) and (440) crystal planes of the
cubic phase NiO, which has a space group of Fm3m (JCPDS Card No. 00-047-1049). The structure of
peaks resembles the FCC cubic phase of the NiCr,0,, with calculated the lattice parameters of a =
b = ¢ = 8.3160 A and a volume of 575.10 A%. The most intense peak, centered at 26 = 35.75°,
corresponds to the (311) crystal plane, indicating good crystallinity and confirming the presence
of NiCr,0,4. The crystallite size of synthesized NiCr,0,/NiO nanocomposite was approximately 24.2
nm, as using the Debye-Scherrer formula determined d-spacing and lattice parameters [60].
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300 - #NiO (JCPDS No.00-047-1049)
250 4 (311)
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= 200 ~
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2
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Figure 2. Structural patterns of prepared NiCr,0,/NiO hanocomposite.

Morphological Analysis of NiCr,0,/NiO NC

Scanning Electron Microscopy (SEM) was employed to analyze the shapes, sizes, and surface
morphologies of the obtained sample nickel chromite (NiCr,0,/NiO) NC, which illustrates the
surface morphology of nanocomposite. Figure 3 shows that the SEM images of NiCr,0,/NiO NC
were obtained by SEM with two different magnifications in the nanometer and micrometer range.
SEM images show that the sample as-grown has a well-distributed spherical-like morphology. Highly
agglomerated images of NiCr,0,/NiO NC calcined at 600°C were obtained. NiCr,0,/NiO NC images
show well-uniform agglomerated morphologies with a well-dispersed structure. SEM images revealed
that the average particle size of the nanocomposite ranged from 33 to 61.6 nm. The morphology of the
nanocomposite was significantly influenced by its inherent crystal structure and the processing
conditions utilized during synthesis [61].
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Figure 3. NiCr,0,/NiO NC SEM images at different magnifications and calcined at 600
for 4 hours.

FTIR Analysis of NiCr;0,/NiO NC

Figure 4 shows that the FTIR spectra of the prepared NiCr,0,/NiO NC performed in the
wavenumber range of 400-4000 cm™1. This spectroscopy was employed to analyze the functional
groups and vibrational stretching modes present in the synthesized NiCr,0,/NiO sample. The peak at
3407 cm™ is attributed to O — H vibrational stretching, while the bending vibrational modes of
interlayer water molecules correspond to the peak at 1649 cm™*. Two distinct bands at 538 cm™ and
617 cm™?, associated with the Fd-3m space group (No. 227), indicate the stretching vibrations related
to metal-oxygen bonds (Ni-O and Cr-0) in the cubic spinel phase of the NiCr,0,/NiO
nanostructures. Furthermore, the peak at 2026 cm™ is attributed to the C-C stretching vibrations.
Various peaks corresponding to dissimilar bond stretching vibrations were observed. The stretching
and bending vibrations of O-H,C-C,C = C,C-N,C-H,Cr-0,and Ni- 0O were recorded at wave
numbers of 3407 cm™% 2026 cm™,1649 cm™,1021 cm™%,882 cm™,617 cm™, and 538 cm™,
respectively. The dispersal of Ni*2ions in the octahedral sites and Cr*3 ions in the tetrahedral sites of
the AB20Os4 lattice contributes to the observed bands in the spinel structure [62, 63]. The interpretation
of the infrared absorption spectrum provides insights into the chemical bonds within the molecule.
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10 -
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2
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Figure 4. FTIR spectra of prepared NiCr,0, nanocomposite.
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UV-visible Analysis of NiCr,04/NiO NC

Figure 5(a) shows the UV-visible absorption ensembles of NiCr,0,/NiO NC and represents the plot
of absorbance versus wavelength of the prepared sample. In spectra, we have seen that the maximum
absorption peaks lie at the 377 nm range. The UV-visible spectrum of the sample was acquired over a
wavelength range of 200-800 nm.

Tauc’s relation, which provides a connection between the absorbance coefficient (o) and photon
energy(hv), was used to calculate the bandgap of the synthesized nanocomposite.

(ahv) = C(hv- Eg)"

In this equation, hv represents the energy of the incident photon, C is a proportionality constant, Eg
is the bandgap energy, and n denotes the type of electronic transition. Specifically, while n = 1/2 is
applicable for endorsed direct transitions, n = 2 corresponds to indirect band transitions. Figure 5b
illustrates the plots of (ahv)? versus hv, with n set to 1/2 for the acceptable direct transitions in the
NiCr,0,/NiO. The optical absorption spectrum of the as-prepared NC was obtained, and Tauc’s
equation was applied to calculate the energy bandgap, Eg, yielding a value of 2.4 eV. The bandgap
energy (Eg) was determined by extrapolating the linear region of the plotted graphs along the hv-axis.
The calculated bandgap energy of the NC exceeds previously reported values [64].
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Figure 5. (2) UV-Visible absorption spectra of prepared NiCr,0,/NiO NC sample, and
(b) plots of (ahv)? versus Energy(hv).

Antibacterial Activity

The antibacterial properties of the synthesized NiCr,0,/NiO nanocomposite were evaluated
utilizing the disc diffusion test. The results show that the concentrations of the nanocomposite
demonstrate a higher zone of inhibition. The measured values of different inhibition zones are 29 mm
to 40 mm for Staphylococcus aureus and 16 mm to 37 mm for Escherichia coli. The antimicrobial
activity mechanism of nickel chromite (NiCr,0,) NCs is not completely known [65]. According to a
literature review, chromium oxide (Cr:03) plays an energetic role in antibacterial activity. The
electrostatic interaction between the positive chromium ion and the negative cell membrane of
bacteria causes the inactivation of DNA and protein. In another article, author investigated that the
antimicrobial process of Cr,O; NPs shows more activity which depends upon the nanoparticle’s
concentrations [66]. The nanoparticle’s growth on the cell membrane of the microorganisms S. aureus
and E. coli causes permeability, which leads the cell death. The bactericidal phenomenon of positively
charged chromium and negative nickel nanomaterial is very problematic to explain, therefore we
expect some other conceivable mechanisms [59]. The development of the asymmetrically shaped pits
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in the outside membrane and variation in membrane permeability by Cr.0; NPs was investigated.
This phenomenon is attributed to the abrupt release of membrane proteins and lipopolysaccharide
molecules. Similar mechanisms have been explored in previous studies, which reported that
Cr,05 nanoparticles reasonharm to the cell membrane of E. coli. The exact mechanism of protein and
cell membrane damage by Cr.05; NPs was still a big challenge [67]. These free radicals attack the
bacterial cell wall and damage it. They investigated the effect of free radical generation under the
treatment of Cr,0; NPs on damaging the cell wall of gram-negative bacterial membranes.
Interestingly, the NiONPs inhibit both bacterial strains, but they are most effective against gram-
negative bacteria. Earlier studies have also shown that NiONPs have better antiseptic activity against
gram-negative bacteria and gram-positive bacteria Table 1. We used prepared NC to evaluate their
antibacterial activity in contradiction of both bacteria (Figure 6) [65, 67].

Table 1. Against E. coli and S. aureus antimicrobial
activity of NiCr,0,/NiO.

Pathogens | NC in mg/ml | Zones of Inhibitions (mm)

E.coli 35| 45|55 (16.0+0.04 |35.0+£0.01 | 37.0+0.06

S.aureus | 35 | 45| 55 |29.00 £0.05|38.01 +0.01 | 40.0 £0.02

gt

S. Aureus

55 — 55 ¥
Figure 6. Antibacterial activity of NiCr.04/NiO nanocomposite.

CONCLUSION

In this study, NiCr,0,/NiO nanocomposite was successfully synthesized using the electrochemical
method, employing nickel and chromium nitrates as precursors. The properties of the produced
nanocomposite were thoroughly analyzed through various characterization techniques. Upon
calcination at 600°C, the formation of NiCr,0,/NiO and NiO phases was confirmed, indicating that
this temperature is optimal for obtaining normal cubic spinel structures of nickel chromite. XRD
analysis, performed using the X’Pert PRO 3040/60, validated the existence of the cubic phase and
normal spinel phase of NiO and NiCr,0,4. The crystallite size of the NiCr,0,/NiO nanocomposite was
found to be 24.2 nm, calculated using Debye-Scherrer’s formula. Analysis through SEM indicated
that the synthesized NiCr,0,/NiO nanocomposite had a spherical morphology. FTIR spectroscopy
further supported these findings, with significant stretching vibrations in the NiCr,0, spinel
nanostructures observed at 538 cm™ and 617 cm™, corresponding to the Fd-3m space group. The
bandgap energy of the NiCr,0,/NiO nanocomposite was determined to be 2.4 eV. Antibacterial
activity studies demonstrated that the assisted microplasma-synthesized nanocomposite exhibited
significant antibacterial properties against both bacteria.
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