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Abstract 

 Transition metal oxides have gathered momentum among the scientific community on 
account of their peculiar procession in physico-chemical, opto-electronic, magnetic, 
electrochemical, and biological attributes resulting from anisotropic charge distribution of 
partly filled d-orbitals, non-stoichiometric behaviour, and diverse oxidation states of the 
cations. The current work emphasize on the systematic synthesis and characterization of pure 
and zinc (Zn) incorporated nickel oxide (NiO) nanoparticles in varying concentrations ZnxNi1-

xO (x=0, 0.1, 0.2, and 0.3) via a scalable sol-gel approach assisting citric acid (C6H8O7) as a 
congealing factor. A series of extensive analyses were executed to investigate the structural, 
opto-electrical, and magnetic characteristics of prepared nanoparticles. X-Ray Diffraction 
(XRD) studies confirmed the face-centered cubic structure of as-synthesized samples and the 
corresponding crystallite size is found to decrease with an increasing dopant concentration as 
estimated from the Scherrer method. Scanning electron microscopy studies portrayed the 
spherical structure and porous nature of NiO nanoparticles. Particle size calculated from SEM 
shows the decreasing trend with dopant discrepancy which is in accordance with crystallite 
size measured from XRD results. Energy Dispersive X-ray (EDX) spectra revealed the 
presence of estimated molecular assembly in synthesized samples. The cubic configuration 
and the presence of functional groups existing in synthesized nanoparticles were endorsed 
from Fourier Transform Infra-Red (FTIR) spectra. The optical absorption spectrum examined 
from UltraViolet-visible (UV-vis) spectroscopy evaluates the energy bandgap and it is noticed 
to increase from 2.48 to 2.87 eV affirming the Burstein Moss shift. The energy dispersion of 
optical parameters plays a crucial contribution in optical materials pursuant to its prominence 
in optical communications and in fabricating novel devices for spectral dispersion. Optical 
and energy dispersion parameters evaluated from Wemple-DiDomenico (WDD) model and 
non-linear optical parameters were deliberated from optical studies. Urbach energy and 
another pivotal optical criterion highly correlated with the bandgap energy anchored in the 
fabrication of optoelectronic devices were assessed. The electrical characteristics such as 
dielectric constant, loss, and conductivity exhibited by pure and Zn doped nickel oxide 
nanoparticles were reported. Molecular electronic polarizability assessed through elementary 
solid-state parameters is in better concurrence with diverse relations like Clausius-Mossotti, 
Lorentz-Lorent, bulk modulus, optical electronegativity, energy band gap. The pore size 
distribution of substance matrix and the associated surface area were elucidated from 
Brunauer-Emmett-Teller (BET) analysis. Dispersive magnetic properties and two pivotal 
parameters were derived from the Law of Approach to Saturation (LAS) operandi. Further, 
microbial cell mechanism was illustrated through nano-architecture design, and the 
antibacterial and antifungal activity encountered by undoped and zinc doped NiO 
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nanoparticles against different microbial strains were deeply discussed for pilot production of 
antimicrobial agents. 
 
Keywords: NiO nanoparticles, Wemple-DiDomenico model, Urbach energy, BET, magnetic 
property, antibacterial, and antifungal activity 
 

1. Introduction 

 In the recent decade, worldwide agricultural sectors are frequently facing extreme 
challenges due to abrupt climate variants and harmful microbes. Fungi affect around 70% of 
crop plant diseases in pulses, fibers, fruits, etc. Traditional crop preservation or plant disease 
control schemes commonly involve overdosing of fungicides in plants [1-2]. Soil 
contamination is another secondary detrimental issue arising due to insecticides 
administration. In addition, infectious diseases mediated by pathogenic microorganisms 
frequently threaten and pose a serious hazard to human health. The inappropriate utilization 
of antibiotics, lack of competencies, and scientific tools to generate such drugs had resulted in 
the emergence of mutations and generations of micro-organisms that are immune to such 
medications. Recently, antibiotic resistance has been experiencing exponential growth, 
necessitating the development of novel antibacterial systems as a core therapeutic 
requirement for treating wounds. The mass development of antimicrobial agents that can 
either inhibit or annihilate the growth and reproduction of deleterious microbes such as 
bacteria and fungi is one of the inquest domain that coerces a continuous research effort 
among the research commune [3-4]. Modern nanotechnology has aided in the progress of 
crop preservation policies and ensuring integrality in agriculture to achieve food security by 
creating a revolution in the field of agricultural systems viz., improving farming procedures, 
and minimizing the excessive use of non-degradable pesticides by synthesizing bio-
compatible and eco-friendly nanoparticles. Aside from the environmental concern, 
nanotechnology might bring benefits for agriculture particularly for seed priming [5].A 
confluence between nano-engineering and bio-science can potentially resolve a slew of 
biomedical complications by optimal synthesis of nanomaterials [6-7]. Various 
nanomaterials, notably metal oxide nanoparticles (NPs), carbon nanostructures, and other 
non-metallic nanoscale structures, have demonstrated phenomenal antibacterial, antifungal 
and anticancer activities by virtue of their dimensions in nanometers, distinctive chemico-
physical, magneto-electrical, and high specific surface area [8]. Particularly, semiconductor 
metal-oxides have earned excessive emphasis in environmental remediation attributable to 
their electronic structure, superior potential to absorb light and unique charge transport 
capabilities. A critical assessment of the current condition of metal and metal-oxide 
nanomaterial research upgrades our understanding to strife antibiotic resistance and proposes 
alternatives to antibiotics in the fight against bacterial illnesses [9]. Nickel oxide (NiO) being 
the chemically stable material among the transition metal oxide family exhibiting p-type 
semiconducting behaviour with a widespread energy band gap of 3.5-4 eV [10] with 
intriguing applications in the field of opto-electronics, spintronics, optical fibers, lithium (Li)-
ion batteries, assembly of proficient solar and fuel cells, super-capacitors, flat displays, gas 
sensors, photodiodes, photo-catalyst in the deterioration of synthetic and organic dyes, 
designing antiferromagnetic layers, and in biomedical disciplines by adeptly manipulating the 
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functional dynamics of synthesized nanomaterials [11-15]. Scientists confront several 
constraints in modifying the synthesis technique and circumstances to execute the peak 
performance in nanomaterials for varied applications. Doping is the prime procedure for 
competently controlling the facial characteristics of nanoscale-structured semiconductors and 
in acquiring technologically important material by creating an island of charge carriers, 
resulting in significant variations in their existing opto-electrical, magnetic and biological 
traits [16-21]. 

In this work, nickel atoms were doped with varying amounts of zinc atoms, and the 
related change in existing opto-electrical, magnetic, antimicrobial activity of NiO 
nanoparticles was investigated. Bulk NiO is naturally antiferromagnetic with a Neel 
temperature (523 K) and doping a non-magnetic semiconductor (Zn) with nickel oxide 
nanoparticles results in the production of Dilute Magnetic Semiconductors (DMS), which 
exhibit ferromagnetic activity at room temperature. The distinguishing characteristics of 
DMS is the strong spin-spin swap interaction between the electrons in the empty band of 
minimum and/or maximum energy and the localized magnetic moments of the ions. These 
form of interactions have a significant impact on the electromagnetic characteristics of the 
nanomaterial and in turn, the spin-based multifunctional devices have assorted applications in 
the scope of spin-polarized light emitting diodes (LEDs), sensors, spintronics, photovoltaic, 
magneto-optoelectronics, high-density information storage, quantum computing, field-effect 
transistors, etc. credited to its faster data processing speed, non-volatility and greater 
integration densities, etc [22-24]. ZnO being the n-type semiconductor with bandgap energy 
of ~3.32 eV and exciton binding energy 60 MeV, is reported as a biocompatible compound 
viz., extreme resistant towards microbes, heat resistant, reduced toxicity material with a wide 
range of applications including transparent electronics, piezoelectric, chemical and biological 
sensors, as an antimicrobial agent and in catalytic processes. Zn2+ has a 3d10 and Ni2+ 
possesses 3d8 electronic configuration at the outermost shells, substituting Zn2+ for Ni2+ is 
expected to impact the electrical and magnetic characteristics of NiO [25]. Several 
researchers worked on ZnO material doped with other metals majorly focussing on bio-
medical applications due to their exceptional properties such as antibacterial, antifungal, 
antioxidant, and anticancer activities. Bhosale et al synthesized zinc oxide nanoparticles via 
co-precipitation technique assisting sodium dodecyl sulphate as a capping agent and deeply 
discussed the photo-degradation of methyl orange and its antibacterial activity [26]. Perveen 
et al compared the antimicrobial response of ZnO nanoparticles prepared through both green 
and sol-gel methods of approach [27]. ZnO synthesized in the nanocomposite network, 
NiO.CeO2.ZnO via co-precipitation method fetches its application in the antibacterial assay 
as reported by Abdus et al [28]. Ferin et al synthesized pure and iron (Fe) doped ZnO 
nanoparticles in the absence of reducing agents chemically and investigated the antifungal 
response [29].  

The predominant generation of hydroxyl (∙ 𝑂𝐻)and superoxide free radicals(𝑂2∙−) as 
a result of roping the interaction with hydrogen peroxide(𝐻2𝑂2∙ ) via the Fenton reaction has 
always been the primary mechanism for igniting nano-noxiousness in Zn doped NiO 
nanoparticles. The interface of nanoparticles with bacterial and fungi cells is based on the 
generation of Reactive Oxygen Species (ROS), which react with the microbial cell wall and 
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rupture the cell membrane, preventing the cell from further growth. Henceforth, bacterial 
death is thus inevitable resulting in the seepage of intra-cellular components. These 
nanoparticles feature bactericidal characteristics through the generation of ROS that damage 
the DNA synthesis, mechanical and metabolic functionalities of a microbial cell, ultimately 
leading to apoptosis. The bacterial DNA, cell wall, and plasma membrane are critical 
components of bacterial cells indispensable for survival and growth. The negatively charged 
nature of DNA, the bacterial cell wall (consisting of negatively charged lipopolysaccharides 
or teichoic acid), and the plasma membrane (incorporating negatively charged phospholipids) 
reveal that they are viable targets for positively charged metal oxides [30-31]. Besides, the 
biological implications of the synthesized NiO nanoparticles are swayed by the crystallinity, 
i.e., smaller crystallite size nanomaterial perform better antibacterial and antifungal activities. 
In addition to, the temperature of the precursor solution, the rate of addition and the 
concentration of gelling agent to the precursor, the solution pH maintained during the growth 
of the nanoparticles, the concentration of reactants, the nature of the solvents, compositional 
variability, calcination temperature, and other fundamental decisive factors influence the 
physical characteristics of NiO nanoparticles and plays a tuning role during the synthesis 
process. Since the principal physicochemical properties of NiO are governed by its particle 
morphology and crystallite size, it is vital to synthesize NiO nanomaterials with distinctive 
aspects, enabling their potency for biomedical and environmental applications [32]. 
Henceforth, in this work nickel oxide nanoparticles incorporated with varied concentrations 
of zinc (Zn) were particularly prepared via scalable and economically viable citrate assisted 
sol-gel strategy buffered through gelling agents at optimum pH promotes tunable energy band 
gap, and tailored nanoparticle system. The unsurpassed antimicrobial responses of 
synthesized nanoparticles were systematically studied and it throws a scientific spotlight on 
environmental remediation applications. 

2. Experimental Procedure 

2.1. Synthesis 

 Analytical grade nickel nitrate hexahydrate (Ni (NO3)2.6H2O), zinc nitrate 
hexahydrate (Zn (NO3)2.6H2O), citric acid anhydrous (C6H8O7), and anhydrous ammonia 
solution (NH3) were purchased from Merck, used without further purification. Pure and Zn 
doped nickel oxide nanoparticles with varying zinc contents (0.1, 0.2, and 0.3 M) were 
synthesized via an eco-friendly sol-gel citrate method utilizing precipitating agent (C6H8O7) 
for the gelling process. Nickel & zinc nitrate powders taken in the stoichiometric ratios were 
completely dissolved in double distilled water through a magnetic stirrer and simultaneously 
citric acid solution was prudently added to arrive at a homogeneous precursor solution. The 
pH of the above solution was continuously maintained at 7 by slowly introducing NH3 and 
the ultimately resulting solution was vigorously stirred at 100 °C for 6 h to acquire a gel, 
which was then dried in an electrically heated hearth (oven) for 18 h to expel the moisture 
and intermediately formed ions of Ni(OH)2.Furthermore, dried samples were annealed at  
500 °C for 4 h in the muffle furnace to extract excess hydrate, nitrate ions, and the 
acquired powders were ground into uniform scaled nickel oxide particles in a nano-meter 
realm assisted by pestle and mortar. Higher concentrations varied Zn (10, 20, 30%) doped 
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NiO nanoparticles were successfully synthesized following the analogous approach and the 
schematic illustration of the synthesis methodology is displayed in Fig 1. 

                     

 

Fig 1. The schematic synthesis procedure of ZnxNi1-xO (x=0, 0.1, 0.2, 0.3) nanoparticles 

 

2.2. Characterization 

 The as-synthesized Zn doped NiO nanoparticles were attempted to a series of 
characterizations to investigate its morphology assests, structure, surface chemistry, crystallite 
size, optical, and magnetic characteristics. The diffraction pattern and the structural features 
of the nano samples were examined via a high-definition PANalytical X-Ray Diffractometer 
that uses Bragg-Brentano geometry at an irradiation wavelength of 1.5406 Å (Cu-Kα) with a 
scan step size of 0.084 in the angular range 5–140° in which the working voltage and current 
were set as 30 kV and 10 mA respectively. SHIMADZU, UV 3600 PLUS was employed to 
study absorption spectra and bandgap energy of the samples over the wavelength range of 200 
to 800 nm using water as the dispersion phase. The vibrational attributes and functional group 
confirmation of ZnxNi1-xO nanoparticles were assessed through Perkin Elmer Spectrometer in 
the mid-infrared region of 400-4000 cm-1. Surface morphology, elemental inspection, and 
sample purity along with Zn impact on size and shape of the samples were analyzed by EVO 
MA15 ZEISS microscope coupled with EDX (Energy Dispersive X-ray) analyzer. Pore size 
distributions of synthesized nanoparticles were examined through Quantachrome Nova 2200e. 
Magnetic and dielectric characteristics were inspected through Lakeshore VSM 7407 and 
N4L Impedance analyzer PSM 1735 LCR meter for a constant bias voltage performedat room 
temperature.  
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2.3. Antibacterial assay 

 Antibacterial competence of pristine and different concentrations of zinc incorporated 
NiO nanoparticles were analyzed using well diffusion approach against various pathogenic 
bacterial strains which commonly occur in wastewater streams such as gram-positive 
(Staphylococcus aureus, Enterococcus faecalis) and gram-negative bacteria (Escherichia coli, 
Klebsiella pneumoniae) using the Muller-Hinton Agar (MHA). The bacterial strains such as 
S. aureus (MTCC 96), E. faecalis (MTCC 439), E. coli (MTCC 443), and K. pneumoniae 
(MTCC 109) were purchased from IMTECH, Chandigarh for the in-vitro antibacterial 
activity. The precursory action for the study involved 25 ml of MHA coating on the 
completely sterile glass petri plates and pursuing the overnight agar solidification, the 
bacterial culture of the given strains was scrubbed on the agar surface. The antibacterial 
response was estimated at a specific concentration with the required amount of prepared 
nanoparticles diluting in dimethyl sulphoxide (DMSO) and they were loaded into the wells 
made using a sterile cork borer with a diameter of 6 mm. Blank disc infused with 
corresponding solvent was utilized as negative control and azithromycin (30 μg/well) was 
employed as a positive control to assess the antibacterial efficacy of the synthesized 
nanoparticles. The plates were incubated in a bacteriological incubator for 24 hat 37 °C after 
which Zone Of Inhibition (ZOI) was measured for all the samples using antibiotic zone scale. 
 
2.4. Antifungal characterization 

 The antifungal activity performed by the as-synthesized nanoparticles was tested 
against two fungal strains such as Candida albicans (MTCC 227) and Aspergillus niger 
(MTCC 404) purchased from IMTECH, Chandigarh using the well diffusion method. The 
completely sterile petri plates (Himedia, Mumbai) were filled with 25 ml of Potato Dextrose 
(PD) agar. The plates were allowed to solidify after which fungal suspensions grown for three 
days were made 105 cfu/ml of which 100 μl of suspension was swabbed using a sterile swab 
and the wells were made using a sterile cork borer with a diameter 6 of mm. The test samples 
dissolved in DMSO were loaded onto the corresponding wells along with DMSO and 
clotrimazole (30 μg/well) as negative and standard controls respectively. The antifungal 
capability was estimated by measuring the ZOI using the antibiotic scale zone after 
incubating the plates for 48-72 h maintained at 37 °C. 
 
3. Results and Discussion 

3.1. Structural Analysis 

 X-Ray Diffraction pattern provides data on the structural specifications, 
crystallographic facet, defect states and, the impact of doping zinc on the nickel oxide crystal 
structure. All of the diffraction peaks were precisely indexed to the (111), (200), (220), (311) 
and (222) planes at the reflected angles (2𝜃) = 37.36°, 44.54°, 62.90°, 76.35°, and 79.40° 
respectively.The principal peaks of pristine and zinc doped (x=0.1, 0.2, 0.3) nickel oxide 
nanoparticles correspond to the face-centered cubic structure of NiO with space group (Fm-
3m) and fit well with JCPDS card no. 78-0429 with lattice parameter a =4.06 Å (=b=c) 
[33].Furthermore, there are no impurity-related peaks, confirming that the zinc ions are 
effectively incorporated into the NiO host lattice without causing a change in crystal structure 
or the creation of the ZnO phase. The quality of synthesized nanoparticles and the dispersion 
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of corresponding compositional phases could be studied by investigating the Full Width at 
Half Maximum𝛽ℎ𝑘𝑙 (FWHM) from the XRD spectra as the crystalline peaks encounter 
substantial broadening by the consequence of doping as shown in Fig 2 (a). The average 
crystallite size (𝐷) and the lattice parameter (𝑎) is estimated employing the highly intense 
preferential plane (200) based on the Scherrer equation,  𝐷 = 𝑘𝜆𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃ℎ𝑘𝑙          (1)  𝑎 = 𝑑 (ℎ2 + 𝑘2 + 𝑙2)1 2⁄          (2) 

Where 𝑘 denotes the shape factor (~0.9), 𝜆 is the X-ray wavelength (1.5406 Å), 𝜃 corresponds 
to the Bragg angle denoting the most dominating peak, and 𝑑 refers to the interplanar spacing 

(𝑑 = 𝜆2 𝑠𝑖𝑛𝜃).  

 
 

Fig 2. (a) XRD pattern of Zn d(b) Variation of 𝑫, 𝜹, and 𝝉 as a function of Zn 

content  

3.1.1.Measurement of different microstructural parameters 

 The deviations developed in the nanomaterial as expressed by Williamson and 
Smallman [34] is the dislocation density (𝛿) and the irregularities created in the stacking of 
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atomic planes of substituting zinc into the nickel lattice is termed as stacking fault (𝜏) and are 
calculated as, 𝛿 =  1𝐷2           (3) 

𝜏 =  [ 2𝜋245 (3 𝑡𝑎𝑛𝜃)12]  𝛽          (4) 

The X-Ray density (𝜌𝑋) of the synthesized particles in the nano regime are evaluated as, 𝜌𝑋 = 4𝑀𝑁𝑎3           (5) 

Where 𝑁 refers to the Avogadro number (6.023 × 1023𝑚𝑜𝑙−1) and 𝑀 is the molecular 
weight of the sample. 

The preferred orientation of the nanoparticles represents the texture of a particular (hkl) 
planes analyzed through the Harris model termed as texture coefficient (𝑃ℎ𝑘𝑙) [35] and it is 
given as  𝑃ℎ𝑘𝑙 = 𝐼 (ℎ𝑘𝑙)𝐼0 (ℎ𝑘𝑙) 1𝑛 ∑ 𝐼 (ℎ𝑘𝑙)𝐼0 (ℎ𝑘𝑙)𝑛𝑖=1⁄          (6) 𝐼0 (ℎ𝑘𝑙) and 𝐼 (ℎ𝑘𝑙) denotes the standard intensity from the reference NiO and experimentally 
observed intensity of synthesized nanoparticles respectively, n refers to the reflection number 
of the measured planes. A specimen has zero texture (𝑃ℎ𝑘𝑙 = 0) if all of its orientations are 
random and moderate or strong texture coefficient (𝑃ℎ𝑘𝑙 > 1) if the particles have a particular 
preferred orientation. Fig 2 (b) shows the variation of microstructural parameters with the zinc 
content and Fig 2 (c) depicts the texture coefficient with different dopant concentrations of 
zinc and it is evident that crystal planes (311) and (222) exhibits 𝑃ℎ𝑘𝑙 greater than unity. The 
number of crystallite size reveals a reduction of crystallinity with increasing Zn concentration 
from 0 to 30 % and the lattice parameter shows an increasing trend with doping. The 
incorporation of dopant atoms strain the host lattice, leading to a shift in lattice parameter 
readings and a minor shift in the associated peaks to higher or lower angles. The substitution 
of Ni2+ atoms with lower ionic radii (0.69 Å) for Zn atoms with larger ionic radii (0.74 Å) 
may potentially explain the decline in crystallite size and rise in the related lattice parameter 
[36]. In addition, the crystallite size of synthesized samples is influenced by changes in Zn2+ 
concentration, the prevalence of defects caused by synthesis temperature. Lesser the 
crystallite size, higher the lattice strain and higher is the effect of surface atoms [37]. The 
atoms in grain boundaries create a stress field that promotes lattice strain, as a result stress 
field-induced lattice deformities existing in the grain boundaries could cause a considerable 
increase in lattice strain in zinc doped nickel oxide nanoparticles in comparison with the 
higher crystallite size of pure nanoparticles. Dislocation density, stacking fault, surface area, 
and other microstructural parameters calculated are tabulated in Table 1.  
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Table 1. Microstructural parameters of Zn doped NiO nanoparticles 

 

3.3. Spectroscopic Analysis 

 Fourier-transform infrared spectroscopy is used to analyze the chemical composition 
and vibrational frequencies of diverse functional groups extant in the synthesized samples by 
monitoring the molecular vibrations emitted by the atoms of the specimen. Fig 2 (d) displays 
the full sweep transmittance spectra of pure and Zn (0.1-0.3 M) doped nanoparticles having 
several significant peaks which have been recorded in the realm of 4000 to 400 cm-1 at room 
temperature. In the lower wavenumber domain of the spectra (500–700 cm-1), the narrow 
summits are correlated to the typical characteristics peaks of metal-oxygen (M-O) and metal-
hydroxide (M-OH) bonds. As a result, the Ni-O stretching vibrational mode is recorded at 
437 cm-1 corresponding to the transverse mode of vibration (T-O) and the peak at 566 cm-1 
represents the longitudinal vibrational mode (L-O) of NiO. The band at 1374 cm-1 confirms 
the existence of CO2 molecules adsorbed from the environment and the weak absorption band 
in the vicinity of 1644 cm-1 was consigned to bending vibrational mode of water molecules 
present on the nanoparticle surface as a result of H-O-H adsorption in the air atmosphere 
during the calcination process [38].Broadband at 3426 cm-1is attributable to O-H stretching 
vibrations of H2O and OH groups which is relative to the proportion of H2O molecules 
trapped by nickel oxide particles signifying that the nanoparticles retain higher surface area. 
The force constant and bond length of Ni and O atoms in the synthesized samples were 
effectively estimated through the T-O mode as [39], 𝜔2 =  ( 12𝜋𝑐)2 (𝑘𝜇)                                                                                                                     (7)                                                                                                              

Where 𝜔 and 𝑘 refers to the wavenumber of transverse mode of vibration and force constant. 𝜇 can be calculated from atomic weights of NiO as, 𝜇 =  ( 𝑀𝑁𝑖𝑀𝑂𝑀𝑁𝑖+ 𝑀𝑂)                                                                                                                         (8) 

Bond length 𝑟 can be estimated from the force constant from the expression, 𝑘 = 17𝑟3 (9)    

The elastic parameters computed from the spectroscopy analysis are given in Table 2 and it is 
noted that the bond length reduces as the transverse mode wavenumber increases due to a 

ZnxNi1-xO 𝑫 (𝒏𝒎) 

𝒂 (Å) 

𝒅 (Å) 

𝜹(𝟏𝟎𝟏𝟓) (𝒍𝒊𝒏𝒆𝒔 𝒎𝟐⁄ ) 

Stacking 

fault(𝝉) (𝟏𝟎−𝟑) 

X-ray density (𝝆𝑿) 

 (𝒈 𝒄𝒎𝟑⁄ ) 

x=0 28.94 4.06 2.03 1.19 1.88 7.37 
x=0.1 14.10 4.17 2.08 5.02 3.85 6.86 
x=0.2 7.19 4.18 2.09 19.34 7.71 6.89 
x=0.3 7.15 4.22 2.11 19.56 7.80 6.76 
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surge of Zn ions in the NiO molecules. This spike in transverse mode wavenumber clearly 
confirms blue shift which is in accordance with optical results.  

Zn/Ni ratio T-O peak (𝒄𝒎−𝟏) 𝝁 (𝟏𝟎−𝟐𝟔 𝒌𝒈) 𝒌 (𝑵 𝒄𝒎⁄ ) 𝒓 (Å) 

0 437 2.0874 1.3619 2.3197 
0.1 441 2.0924 1.3900 2.3039 
0.2 433 2.0974 1.3802 2.3094 
0.3 457 2.1023 1.4729 2.2599 

 
Table 2. Force constants and bond lengths estimated from FTIR spectra 

 

3.2. Morphological analysis 

Surface morphological properties of ZnxNi1-xO (x = 0, 10, 20, and 30 wt. %) 
nanoparticles were examined by scanning electron microscopy technique and the images are 
displayed in Fig 3.  

 

 
 

Fig 3. SEM images of ZnxNi1-xO, x = (a) 0.00 (b) 0.10 (c) 0.20 (d) 0.30 M (inset: 

Histogram images) 
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The SEM images show that nanoparticles form a spherical configuration, and the 
agglomeration observed in samples occurs as the zinc concentration in NiO hikes, which is 
caused by to the reduced particle size of Zn doped nickel oxide nanoparticles. The 
nanoparticles develop an affinity to clump together to lower the elevated surface energy 
created by the higher surface to volume proportion. The particle size of the nanoparticles was 
estimated and the histogram images are shown in the inset of Fig 3. It is notified that the 
dopant introduced in NiO nanoparticles significantly influences the growth process and hence 
the particle size and shape of the synthesized nanoparticles would be impacted by zinc 
inclusion [40]. Particle size decreases from 73 to 41 nm as doping the NiO lattice with zinc 
atoms. Fig 4 presents the EDX spectra and complete elemental composition (inset) of NiO 
nanoparticles doped with various amounts of zinc. The spectra verified the existence of just 
Ni, Zn, and O as fundamental constituent particles in products, with no other metals present, 
proving that no additional secondary particles or contaminants are formed during the 
synthesis process [41]. 

 

 

 
 

Fig 4. EDX spectra of ZnxNi1-xO, x = (a) 0.00 (b) 0.10 (c) 0.20 (d) 0.30 

 

3.4. Optical Analysis 

3.4.1. Determination of energy bandgap  

 The optical aspects of Zn incorporated NiO nanoparticles are investigated to determine 
the effect of zinc doping on absorbance (A %) over the wide wavelength spectral span of 
200–800 nm as shown in Fig 5 (a). A broad absorption band is spotted in the wavelength 
continuum of 300 – 400 nm explicable to a transition of nickel oxide from valance to 
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conduction band. The optical bandgap (𝐸𝑔) can be credibly calculated applying Tauc's 

equation [42] which relates the absorption coefficient to bandgap energy as,  𝛼ℎ𝜈 = 𝐴(ℎ𝜈 −  𝐸𝑔)𝑛                                                                                                                            (10) 

 

Fig 5. (a) UV-vis absorption spectra (b) Bandgap energy (c) 𝒏 Vs energy (b) 𝒌 Vs 

wavelength of Zn doped NiO nanoparticles 

Where 𝛼, ℎ𝜈, and 𝐸𝑔 refer to absorption coefficient, frequency of photon energy, incident 

energy of incoming photons, and optical band gap energy respectively. 𝐴 denotes transition 
probability and 𝑛refers to an empirical number where 𝑛 =  1 2 ⁄ and 2 for direct and indirect 
allowed mode of transitions respectively [43]. Fig 5 (b) delineates optical band gap energy  
estimated from equation (10) where it is examined that 𝐸𝑔increases from 2.48 to 2.87 eV as 

the dopant discrepancy intensifies. It is clearly demonstrated that as Zn concentration (0-30 
wt. %) in nickel oxide lattice elevates, band gap energy increases accounting to the 
progression of blue shift. This expansion in band gap as a factor of Zn concentration is 
possibly impelled by the substitution of the Zn2+ ion at the Ni position, which releases more 
number of electrons and promotes defects to be constrained, as explained by the Burstein 
Moss shift (∆E) [44].When Ni2+ ions are replaced by Zn2+ ions, then free electrons are 
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generated in the NiO lattice network causing an increase in the carrier concentration which in 
turn leads the electrons to drive from the Fermi energy level towards the conduction band 
which promotes the conductivity by supplying electron energy levels. Thus the additional 
charge carriers provided by the donor Zn2+ ions cause the Fermi energy level to move 
towards the conduction band, ultimately resulting in a wider optical band gap. The tailoring 
of the optical band gap is connected with structural characteristics such as crystallite size and 
micro-strain effect, which is known as the quantum size confinement. The inverse 
relationship between crystallite size and optical band gap as expressed by Marotti's is given 
as [45],  𝐸(𝑅) = 𝐸𝑔(𝛼) + 𝐸𝑏(𝜋𝑎𝐵𝑅 )2                                                                                                    (11) 𝐸𝑔(𝛼) is the energy bandgap of bulk material, 𝐸𝑏 refers to exciton binding energy, 𝑎𝐵 is the 

exciton Bohr radius in the range of 6.6-28.7 nm. A blue shift is observed when the crystallite 
size is less than Bohr's excitonic radius. The quantum size and blue shift effect can be 
detected since the (200) preferred orientation peak crystallite size is less than Bohr's radius 
and so the optical band gap varies with the corresponding orientation. 

3.4.2. Optical dispersion parameters 

 The analysis of optical dispersion parameters is considered as a crucial component in 
the design of numerous electronic devices which can be utilized in a variety of application 
fields including telecommunications, electricity, filtration, electrical buttons, opto-electronics, 
photonics, and cable applications [46]. The extinction coefficient (𝑘) is imperative in optical 
evaluations of electromagnetic waves that have been absorbed in the medium and lost as a 
result of scattering. It is given as, 𝑘 = 𝛼𝜆4𝜋                                                                                                                                    (12) 

Where  𝛼 = (1−𝑅)22𝑅  is the absorption coefficient, a parameter which measures total optical 

losses produced by absorption and scattering inside the material. The refractive index (𝑛) 
dispersion plays a pivotal role in optical materials research since it is a decisive determinant 
in the field of optical communication and engineering equipment for spectral dispersion. It is 
related with the reflection (𝑅) factor and extinction coefficient as [47], 𝑛 = 1+𝑅1−𝑅 + √ 4𝑅(1−𝑅)2 − 𝑘2                                                                                                        (13) 

Here 𝑅 = 1 − (𝑇 ∗ 𝑒𝐴)0.5, 𝑇 is the transmission factor of the material.  

Fig 5 (c) and (d) illustrates the wavelength (energy)-dependent refractive index and extinction 
coefficient of pure and Zn doped NiO with varied doping concentration. It is distinct that the 
real refractive index (𝑛) reaches its maximum value at the lower wavelength region or at 
higher energy (ℎ𝜈) and drops monotonically as the wavelength increases, exhibiting normal 
dispersion behaviour. Similarly, a higher magnitude of extinction coefficient (𝑘) in higher 
wavelength region (𝜆 > 450 𝑛𝑚) can be justified by the metallic nature of nanomaterial and 
the decrease in  𝑘 with wavelength (300-450 nm) can be correlated to light absorption in this 
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range readily. The complex dielectric constant (𝜀 = 𝜀𝑟 + 𝜀𝑖) is associated with the electronic 
structure and excitation of primary electrons in as-synthesized nanoparticles and it is a 
fundamental quantity that defines the relationship between the fabrication of potent opto-
electronic peripherals. It examines a permittivity and polarizability of a material in relation to 
the density of states within the forbidden energy gap. The real part (𝜀𝑟) of the dielectric 
constant indicates the speed of light that may be slowed down in the material and the 
imaginary part (𝜀𝑖) specifies the energy absorbed by an electric field on account of dipole 
mobility and interaction [48]. They are computed as follows, 𝜀𝑟 = 𝑛2 − 𝑘2                                                                                                                         (14) 𝜀𝑖 = 2𝑛𝑘                                                                                                                                (15) 

 

Fig 6. (a) 𝜺𝒓 (b) 𝜺𝒊 (c) 𝐭𝐚𝐧 𝜹 (d) 𝝈𝒐𝒑𝒕 Vs energy of pure and Zn doped NiO nanoparticles 

It is certain that the spectral distribution of 𝜀𝑟 possess a similar trend as the real part of the 
refractive index (𝑛), while the spectral pattern of 𝜀𝑖follows the same behaviour of extinction 
coefficient as shown in Fig 6 (a) and (b). The data of 𝜀𝑟 and 𝜀𝑖of dielectric constant taken into 
consideration to analyze the statistics of dielectric loss (tan 𝛿) which is estimated from the 
ratio of 𝜀𝑖 and 𝜀𝑟 via the following formulation,  
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tan 𝛿 = 𝜀𝑖𝜀𝑟                                                                                                                               (16) 

The optical response of a material generated by the movement of charge carriers 
upon incoming electromagnetic waves exposure is termed optical conductivity (𝜎𝑜𝑝𝑡) and it is 

dependent on several significant factors such as absorption coefficient, refractive index, the 
velocity of light, and photon energy [49]. Fig 6 (c) and (d) depicts the variation of dielectric 
loss and optical conductivity of undoped and concentration varied Zn incorporated nickel 
oxide nanoparticles and it is given as, 𝜎𝑜𝑝𝑡 = 𝛼𝑛𝑐4𝜋                                                                                                                               (17) 

It is observed that optical conductivity elevated exponentially up to ∼2 eV for all synthesized 
samples. This rise could be linked to a substantial rise in the absorption coefficient in this 
region or photon energy absorbed by nanoparticles excite the charge carriers from valance to 
conduction band. The SELF (Surface Energy Loss Function) and VELF (Volume Energy 
Loss Function) are related to the energy loss of incident electromagnetic waves 
experienced by electrons existing in a material or on a surface. The real and imaginary parts 
of dielectric constants are closely connected with the energy loss functions (SELF and VELF) 
[50] as follows,  𝑆𝐸𝐿𝐹 = 𝜀𝑟(𝜀𝑟+1)2+𝜀𝑖2                                                                                                                 (18) 𝑉𝐸𝐿𝐹 = 𝜀𝑖𝜀𝑟2+𝜀𝑖2                                                                                                                        (19) 

 

Fig 7. (a) SELF (b) VELF Vs energy of synthesized nanoparticles 

 The intrinsic energy loss of the fast-moving electrons which transport the surface and bulk of 
the material is proportional to SELF and VELF respectively.  Thus the SELF and VELF of 
any optical dielectric medium are vital parameters for the device in an optical communication 
system. Both SELF and VELF measurements decrease as photon energy increases for all 
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resultant nanoparticles as depicted in Fig 7 (a) and (b) and it is noted that SELF is less than 
VELF as the electron mobility within a material is controlled by the agglomerate of clusters.  

3.4.3. Dispersion of energy parameters 

 The principal parameters of dispersion energy factors that influence lattice absorption 
include single effective oscillator energy (𝐸0) and effective dispersion energy (𝐸𝑑) of pure 
and zinc doped nickel oxide nanoparticles are discussed to encounter its suitability for 
fabricating optical materials in spectral dispersion and optical communications. Wemple and 
DiDomenico (WDD) proposed a single oscillatory model to extract various energy dispersion 
parameters from the refractive index expressed as a function of energy as [51-52], 1𝑛2−1 = 𝐸0𝐸𝑑 − 1𝐸0𝐸𝑑 (ℎ𝜈)2                                                                                                          (20) 𝐸0 is the energy separation between the centers of both the conduction and valance bands of 
nanomaterials while 𝐸𝑑is connected to the structural traits of the materials, such as iconicity, 
anion valency, and coordination number of the atoms, which quantifies the average strength 
of interband optical transitions. The single oscillator energy and dispersion energy are 
obtained by plotting (ℎ𝜈)2 along the X-axis and (𝑛2 − 1)−1 along Y-axis as shown in Fig 8. 
The slope and intercept of the curves determine the parameters of equation (20) by 
performing a linear fit. The ratio of 𝐸0decrease with the increase of Zn content which could 
be ascribed to the decline in the number of scattering centres and enhancement in the band 
gap energy. In addition, 𝐸𝑑 decreases from 46 to 17 eV with respect to zinc concentration and 
it is attributed to the structural disorder and poor crystallinity of synthesized nanoparticles. 
The relationship of the energy components 𝐸0 and𝐸𝑑 is engaged to account for the lattice 
energy (𝐸𝐿), which confers information about the strength of bonding in an ionic compound 
is formulated as, 𝑛2 − 1 = 𝐸𝑑𝐸0 − 𝐸𝐿2𝐸2                                                                                                                   (21) 

A graph is plotted between 𝑛2 − 1 and 𝐸−2 where 𝐸𝐿 is extracted from the linear part of the 
slope as shown in Fig 9 (a). The recorded 𝐸𝐿 parameter has been noticed to raise as Zn 
content increases denoting the development in the strength of the bonds. Fig 9 (b) depicts the 
variation of oscillator and dispersion energy with Zn content in NiO nanoparticles and it is 
observed that both the energies decreases as zinc concentration increases. The oscillator 
strength (𝑓), linear static refractive index (𝑛0) and static dielectric constant (𝜀𝑠) of pure and 
concentration varied zinc incorporated NiO nanoparticles were evaluated as [53] 𝑓 = 𝐸0𝐸𝑑                                                                                                                               (22) 𝑛0 = √1 + 𝐸𝑑𝐸0                                                                                                                        (23) 𝜀𝑠 = 𝑛02                                                                                                                                   (24) 
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Fig 8. Variation of (𝒏𝟐 − 𝟏)−𝟏 as a function of (𝒉𝝂)𝟐 

The optical spectrum moments reflect the dielectric constant and density of valance electrons 
of the optical materials. The moments of the optical spectrum 𝑀−1 and 𝑀−3 are modified and 
related to dispersion parameters as [54], 𝑀−1 = 𝐸𝑑𝐸0                                                                                                                                (25) 𝑀−3 = 𝐸𝑑𝐸03                                                                                                                                (26) 

Polarizability measures the degree to which a bound electron responds to an external electric 
field. The Lorentz-Lorenz equation which connects molar refraction 𝑅𝑚to refractive index 𝑛0 
and molar volume 𝑉𝑚 is given as, 𝑅𝑚 = (𝑛02−1𝑛02+2) 𝑉𝑚                                                                                                                     (27) 

Where 𝑉𝑚 = 𝑀𝑑 , 𝑀 and 𝑑 represents the molecular weight and density of synthesized 

nanoparticles. Molar polarizability 𝛼𝑚 is directly proportional to molar refraction 𝑅𝑚 as, 
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𝛼𝑚 = 𝑅𝑚2.52                                                                                                                               (28) 

 

Fig 9. (a) Variation of 𝒏𝟐 − 𝟏 as a function of (𝒉𝝂)−𝟐(b) Energy dispersion parameters 

Vs Zn content 

3.4.4. Non-linear optical parameters 

 The non-linear properties of nanomaterials are estimated to examine the material 
performance in industries, such as sensors and communications and in the field of 
optoelectronics that deals with frequency doubling and tripling, data storage, conversion, and 
transformation. The first (𝜒(1)) and third order susceptibility of pure and zinc doped nickel 
oxide nanoparticles are evaluated as [55-56], 𝜒(1) = 𝐸𝑑4𝜋𝐸0                                                                                                                             (29) 𝜒(3) = 𝐴(𝜒(1))4                                                                                                                     (30) 

Where 𝐴 refers to the frequency-independent constant which is equal to 1.7 × 10−10𝑒𝑠𝑢.  

 

Table 3. Variation of energy dispersion, linear and non-linear parameters with Zn 

content 

 

 

Zn/Ni 

ratio 

𝑬𝟎 (𝒆𝑽) 

𝑬𝒅 (𝒆𝑽) 

𝑬𝑳 (𝒆𝑽) 

𝒇 (𝒆𝑽)𝟐 
𝒏𝟎 𝜺𝑺 𝝌(𝟏) 𝝌(𝟑) (𝟏𝟎−𝟏𝟐) (𝒆𝒔𝒖) 

𝒏𝟐 (𝟏𝟎−𝟏𝟎) (𝒆𝒔𝒖) 

𝑴−𝟏 
𝑴−𝟑 (𝒆𝑽)−𝟐 

𝑹𝒎 (𝒄𝒎𝟑 𝒎𝒐𝒍)⁄  

𝜶𝒎 (Å𝟑) 

0 8.28 46.42 1.383 384 2.59 6.60 0.44 6.72 0.98 5.62 0.081 6.59 2.61 
0.1 8.71 45.18 1.388 393 2.48 6.18 0.41 4.94 0.75 5.18 0.068 6.94 2.75 
0.2 4.40 10.65 2.238 46 1.84 3.42 0.19 0.23 0.04 2.42 0.124 4.92 1.95 
0.3 5.15 17.15 1.964 88 2.07 4.32 0.26 0.83 0.15 3.32 0.125 5.95 2.36 



19 

 

The non-linear refractive index (𝑛2) is related to linear refractive index and third order 
susceptibility as, 𝑛2 = 12𝜋𝜒(3)𝑛0                                                                                                                            (31) 

Table 3 summarises the estimated energy dispersion, linear and non-linear parameters of 
synthesized samples and it is imperative to analyze these quantities for devise fabrication and 
in opto-electronic applications. 
 

3.4.4. Determination of Urbach energy and electronegativity 

The absorption coefficient (𝛼) fluctuated by corresponding incident photon energy to 
absorption edge has one of the exponential zone known as the Urbach region which is used to 
identify the nature of localized band tailing width states and is associated with the structural 
disorderliness of the synthesized nanoparticles. The band structure of the Burstein shift is 
depicted in Fig 10 (a). The generation of disorderliness is witnessed during the transition 
from valance to conduction band based on the absorption of photon energy that could be 
directly attributable to localized tail states produced by defects in as-synthesized 
nanoparticles, allowing the density of states to tail into the band gap, known as Urbach tail, 
and the corresponding localized tail energy as Urbach energy shown in Fig 10 (b).  

 

Fig 10. Band structure with (a) Burstein Moss shift (b) Urbach tail (c) Variation of 𝑬𝒈, 𝑬𝑼 

with Zn content 

Urbach rule is given by the relation, 
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𝛼 =  𝛼0 𝑒𝑥𝑝 (ℎ𝜈𝐸𝑈)                                                                                                                   (32) 

Where𝐸𝑈,𝛼 and 𝛼0 denotes the Urbach energy, absorption coefficient and constant 
respectively. Urbach energy is calculated by taking the inverse slope of the linear portion of 
alpha versus photon energy. Urbach energy increases with an increase in the dopant 
concentration which manifests that the defects of density and structural disorders in the 
synthesized samples elevates with the Zn content [57-58]. It is distant that the Urbach energy 
of 0.3 % Zn doped NiO nanoparticles showcase higher quantity in comparison with other 
less dopant concentrations, inferring that it has generated a significantly higher number of 
defects.  
 
3.5. Dielectric studies 

Dielectric characterization is a significant study that is conducted to fetch information 
about structural modifications, transport mechanism, and defect nature of pristine and zinc-
doped NiO nanoparticles focussed on the electrical response of materials as a function of 
frequency ranging from 1 μHz to 5 MHz. The dielectric constant is determined by the vector's 
distinctive degree of polarisation and the orientation of the molecules. The measure of the 
intensity of electrostatic binding between the ions in any direction of the medium accounts 
for the dielectric constant. The higher the dielectric constant, the higher will be the 
electrostatic binding intensity and hence elevated lattice energy. The sample is positioned 
between two copper electrodes with silver coating on both sides to mimic the operation of a 
parallel plate capacitor. Dielectric constant versus linearly fluctuating frequency is plotted in 
Fig 11 (a) and it is estimated via the relation, 𝜀𝑟 =  𝐶𝑑𝐴𝜀0                                                                                                                                 (33) 

Where 𝐶, 𝑑, 𝐴 and 𝜀0 denote capacitance, pellet thickness, area, and vacuum dielectric 
constant respectively. All the samples exhibit a high dielectric constant at a lower frequency 
and rapidly decrease when frequency intensifies. At lower frequencies, dipoles smoothly 
enforce changes in the electric field, but at higher frequencies, dipoles struggle to follow the 
external electric field, as predicted by the Maxwell-Wagner and Koops phenomenological 
theory [59].Atoms dwell in grains and grain boundaries, and the high dielectric constant 
function in small nanoparticles is attributable to nanograins that act as nano dipoles in the 
presence of an applied field. According to the theory, the dielectric medium is supposed to 
be composed of effectively conducting grains separated by poorly conducting or resistive 
grain boundaries. When an external electric field is applied, charge carriers can freely shift 
within the grains but accumulate at the grain thresholds acting as a potential obstacle for 
them, resulting in interfacial polarization. This process could generate large polarisation and 
thus a lot of dielectric constants are existing at lower frequencies. The observed decrease in 
dielectric constant with accruing frequency is linked to any species contributing to the 
polarizability lagging behind the applied field at higher frequencies. Dipoles are unable to 
pursue the alternating field beyond a certain frequency, resulting in frequency-independent 
dielectric action. In the present study, the particle size of ZnxNi1-xO decreases with an 
increase in x content (x=0.1-0.3) increasing the grain boundary. This may denote that 
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interface polarization of synthesized nanoparticles dominates over the grain boundary effect 
at lower frequencies. This is indeed correlated with the gradual reduction in conductivity as 
discussed below. The dielectric loss, otherwise referred to as tangent loss is a statistical 
measure of how much field is dissipated as heat in the process of polarization of a material by 
an applied field. The dielectric loss certainly decreases with frequency, and at higher 
frequencies, the loss angle is approximately the same because at higher frequency range 
nanoparticles expose a dispersive nature generated by multiple polarization effects [60]. In 
polar dielectrics, the orientations of molecules along the path of the applied electric field 
necessitate the utilization of sufficient electric energy to counteract the forces of internal 
friction. A portion of the electric energy is reserved for dipolar molecule rotations and other 
sorts of molecular transfer from one region to another, all of which entail energy losses. In 
nanophase materials, defects and space charge formation in the interphase layers activate an 
absorption current, culminating in a dielectric loss. Fig 11 (b) shows the dielectric loss of 
synthesized pure and zinc doped nickel oxide nanoparticles and it is evident that loss 
significantly decreases with an increase in dopant ratio. This tangent loss with doping proves 
the better electrical performance of doped nanoparticles in comparison with pure NiO 
nanoparticles. AC conductivity of nanoparticles with frequency-dependent function is plotted 
as shown in Fig 11 (c). The conductivity of a material is featured by the hopping mechanism 
and it relies on numbered parameters such as frequency of source signal, vacancy, and dopant 
concentration. It is related to dielectric loss as, 𝜎𝑎𝑐 = 2𝜋𝑓 𝜀0 𝜀𝑟 𝑡𝑎𝑛𝛿                                                                                                           (34) 

Due to the extreme potential barrier created by grain boundaries, charge carriers cannot 
relocate between grains, except for a very few charge carriers tunneling via this barrier and 
creating a slight but noticeable conductivity at low frequencies. Conductivity enhances as 
more charge carriers tunnel with accelerating frequency. Charge carriers gain adequate 
energy to overcome the potential barrier (resistive interfacial) over a certain frequency, 
resulting in a drastic increase in conductivity at higher frequencies. Dopant ions were 
observed to create defects in the NiO host system which seeks to isolate at grain boundaries 
[61]. Doping-induced defect ions contribute to the conception of a defect barrier across the 
grain boundary, obstructing the movement of charge carriers and lowering conductivity. 
Electronic properties Zn2+doped NiO nanoparticles were estimated effectively which are 
directly dependent on the dielectric constant. The dielectric constant and its related properties 
of wide bandgap semiconductors are the objectives of Penn gap analysis which is determined 
by fitting the high-frequency dielectric constant with plasma energy [62]. The valence 
electron plasma energy is given by ħ𝜔𝑝 = 28.8 (𝑍𝜌𝑀 )1 2⁄

                                                                                                             (35) 

Where𝑍, 𝜌 and 𝑀 correspond to the total number of valence electrons, density, and molecular 
weight of as-synthesized nanoparticles. Penn gap and Fermi energy gap dependent on plasma 
energy are evaluated using the following expressions as,  𝐸𝑃 =  ħ𝜔𝑝(𝜀∞ − 1)−1 2⁄                                                                                                         (36) 
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𝐸𝐹 = 0.2948 (ħ𝜔𝑝)4 3⁄
                   (37)  

 

Fig 11. (a) Dielectric constant (b) tangent loss (c) AC conductivity Vs frequency 

dependent function (d) Polarizability Vs dopant variant 

The relative affinity of a charge distribution, analogous to the electron cloud of an atom or 
molecule, and accordingly of any material body, to have its charges displaced by an applied 
electric field is referred to as electronic polarizability [63-64]. Different models were utilized 
to estimate the electronic polarizability (𝛼) of nanoparticles and the quantities are tabulated 
in Table 4. According to the Penn model, 𝛼1 was given as  𝛼1 =  [ (ħ𝜔𝑝)2𝑆0(ħ𝜔𝑝)2𝑆0+3𝐸𝑃2] 𝑀𝜌  𝑥 0.396 𝑥 10−24                                                                               (38)   

Here 𝑆0 is a constant and is given by 𝑆0 = 1 − [ 𝐸𝑃4𝐸𝐹] +  13 [ 𝐸𝑃4𝐸𝐹]2
                                                                                                     (39)   

Electronic polarizability (𝛼2)  from Clausius-Mossotti relation is expressed as 
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𝛼2 =  3𝑀4𝜋𝑁𝑎𝜌 [𝜀∞−1𝜀∞+2]                                                                                                                (40) 

Lorentz-Lorenz equation proposes that for visible light 𝜀′ =  𝑛2, and so polarizability is 
related to refractive index as  𝛼3 = 3𝑀4𝜋𝑁𝑎𝜌 [𝑛2−1𝑛2+2]                                                                                                                  (41) 

As polarizability is correlated with refractive index, it is also dependent on bandgap energy as 𝛼4 = [1 − (𝐸𝑔)1 2⁄4.06 ] 𝑀𝜌  𝑥 0.396 𝑥 10−24                                                                                  (42) 

A systematic relationship existing between polarizability(𝛼) and optical electronegativity (∆𝜒∗) is calculated from the below expression as 𝛼5 =  [4.207+𝐾7.207+𝐾] 𝑀𝜌  𝑥 0.396 𝑥 10−24                                                                                       (43)   

Here 𝐾 = ln ∆𝜒∗(ln ∆𝜒∗ − 4.564) and ∆𝜒∗ = 0.2688 𝐸𝑔 for cubic systems. 

Reddy et al. designed a relationship between polarizability (𝛼) and bulk modulus (𝐵) of 
synthesized nanoparticles as 𝛼6 =  [(5.563−0.033𝐵)2−1(5.563−0.033𝐵)2+2] 𝑀𝜌  𝑥 0.396 𝑥 10−24                                                                         (44)   

Where 𝐵 = 13.69 𝐸𝑔 + 46.90. 

Electronic polarizabilities estimated from six different relations are plotted versus the dopant 
concentration with nickel oxide nanoparticles in Fig 11 (d) and the quantities are relatively 
similar for all models. 

 
Table 4. Electrical parameters of ZnxNi1-xO nanoparticles  

 

3.6. BET Analysis 

Porous framework and surface area characteristics of the synthesized pristine and Zn 
incorporated nickel oxide nanoparticles were inspected using BET analysis and the 
corresponding A-D isotherm curves were displayed in Fig 12 (a). It is evident that the surface 
area drastically increases from 15 to 54 𝑚2 𝑔⁄  as the dopant concentration in NiO lattice also 
increases accordingly. The antibacterial and antifungal activity of doped samples are 

Sn/Ni 

ratio 
ħ𝝎𝒑 (𝒆𝑽) 𝑬𝑭 (𝒆𝑽) 𝑬𝑷 (𝒆𝑽) 

Polarizability(𝟏𝟎−𝟐𝟒𝒄𝒎𝟑) 𝜶𝟏 𝜶𝟐 𝜶𝟑 𝜶𝟒 𝜶𝟓 𝜶𝟔 

0 25.60 22.24 10.40 2.57 2.67 2.53 2.45 2.70 2.84 
0.1 24.58 21.06 10.65 2.64 2.78 2.69 2.59 2.86 3.02 
0.2 24.52 21.00 11.05 2.57 2.71 2.68 2.56 2.83 2.99 
0.3 24.19 20.63 11.73 2.47 2.63 2.74 2.61 2.89 3.05 
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discernibly affected by the porous structure of ZnxNi1-xO nanoparticles. In addition, the high 
surface area generated is critical in technological applications such as energy retention and 
conversion circuits [65].The A-D isotherm curve reflects type IV isotherm, which indicates 
the mesoporous structure as mentioned in the IUPAC classification as the absorbent pores are 
categorized into three groups: micropore (diameter < 2 nm), macropore (diameter > 50 nm), 
and mesopore (diameter 2–50 nm). Table 5 shows the estimated textural parameters and it is 
distinct that the synthesized nanoparticles are mesoporous in nature with relatively narrow 
pore distributions. Consequently, the small pore dimension, low pore volume, would endow 
the nanoparticles with good antimicrobial and robust mechanical attributes. The pore size 
distribution curve from the desorption branch of the isotherms was obtained using the Barrett-
Joyner-Halenda (BJH) method, as illustrated in Fig 12 (b) and changes in the concentration of 
Zn content with surface area is shown in Fig 12 (c). The BET adsorption isotherm equation is 
given as [66], 𝑃 𝑃0⁄𝑉(1−𝑃 𝑃0⁄ ) = 𝐶−1𝑛𝑚𝐶 (𝑃 𝑃0⁄ ) + 1𝑛𝑚𝐶                                                                                               (45) 

Where𝑃 and 𝑃0 represents the partial and saturation vapor pressure of N2 gas maintained at 
equilibrium given in pascal respectively; 𝑉 is the nitrogen gas volume in mL adsorbed at 
Standard Temperature Pressure (STP); 𝐶and 𝑛𝑚denotes BET dimensionless constant and 
monolayer capacity related with the enthalpy of nitrogen gas adsorbed on porous materials. 

This 
𝑃 𝑃0⁄𝑉(1−𝑃 𝑃0⁄ ) Vs. (𝑃 𝑃0⁄ ) linear plots form a straight line within the relative pressure ranging 

from 0.05 to 0.3 as displayed in Fig 12 (d). 𝑛𝑚 is calculated from 
1𝑠𝑙𝑜𝑝𝑒+𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 and 𝑠𝑙𝑜𝑝𝑒𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 + 1 gives 𝐶from the linear plots. The specific surface area (𝑎𝑆) is measured from the 

obtained parameters as, 𝑎𝑆 = 𝑛𝑚𝐿𝜎𝑚𝑚 𝑥 22400                                                                                                                         (46) 

Where 𝐿 denotes Avogadro constant (6.023 𝑥 1023𝑚𝑜𝑙−1), 𝜎𝑚 equals to 16.2 Å2 and𝑚 is the 
molecular weight. 
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Fig 12. (a) N2 Adsorption-Desorption isotherm curves (b) Pore size distribution from 

BJH plot (c) Plot of Sn/Ni ratio Vs. surface area (d) linear plot of A-D isotherms 

 

 

ZnxNi1-xO 
Surface area (𝒂) (𝒎𝟐 𝒈⁄ ) 

Pore diameter 

(nm) 

Pore volume (𝒄𝒎𝟑 𝒈⁄ ) 

Specific surface area (𝒂𝒔) (𝒎𝟐 𝒈⁄ ) 

0 15.34 2.18 0.036 13.99 
0.1 35.77 2.20 0.083 33.62 
0.2 45.65 3.96 0.095 39.21 
0.3 54.54 3.99 0.160 45.86 

 

Table 5. Surface parameters calculated from BET analysis 

 

3.6. Magnetic Properties 

The magnetic response of undoped and Zn doped nanoparticles examined at room 
temperature was depicted in Fig 13 with different applied magnetic fields ranging from 0-20 
kOe. Bulk nickel oxide in nature exhibits anti-ferromagnetism with Neel temperature (TN) of 
~523 K, controversially NiO at nano-scale realm reveals remarkable magnetic characteristics 
by showing ferromagnetism. The origination of ferromagnetic behaviour of synthesized 
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nanoparticles at room temperature is intricate to interpret and in addition, the prime reason 
for the samples to exhibit ferromagnetism is defects, which are most probably encountered at 
the surface and ultimately generated by the doping atoms where they are witnessed that 
oxygen-rich Zn2+ doped NiO nanoparticles are super paramagnetic but oxygen vacancies 
derivatives are ferromagnetic. Zinc doped nickel oxide ferromagnetism is intended to rise 
from the exchange interaction between dopant ions triggered by defects such as oxygen 
vacancy. Moreover, the interactions of localized electrons developed by oxygen vacancies 
cause the electrons to couple either in the spin-up or spin-down state. The Ni vacancies were 
found to induce the ferromagnetism in nickel sites with a spin orientation by polarizing the 
neighbouring ligand atoms of the vacancy potentially resulting in a collective localized 
magnetic moment explained by Bound Magnetic Polaron (BMP) theory [22, 67]. In a BMP 
mechanism for transition metal oxides, the defect originates from the oxygen vacancy which 
can capture one migrating electron and form a finite radius hydrogen-like orbit. The orbits 
overlap when the defects reach critical levels, forming a narrow impurity band. Thus the 
doped magnetic nickel ions within the radius coverage interact through the impurity band 
electrons and achieve ferromagnetism. The high surface-to-volume ratio formed by Zn 
doping results in the reduction in crystallite size which give rise to the distortion of surface 
atom and in turn to deformed surface atoms. These deformed surface atoms are responsible 
for the creation of oxygen vacancy defects, and the number of deformed atoms increases as 
crystallite size decreases, resulting in a reduction in saturation magnetization and an increase 
in coercivity. The magnetic properties and antimicrobial activity of synthesized nanoparticles 
are closely associated with each other. Smaller crystallite size accounts for the reduction in 
saturation magnetization which affects the microbial inhibition effect. Zinc doped NiO 
nanoparticles generate lesser 𝑀𝑠 and so better antibacterial and antifungal response in 
comparison with pure nickel oxide nanoparticles [68]. The magnetic parametrics calculated 
from hysteresis loop are essential and also encounter various application in the domain of 
magnetic memory devices and spintronics which are summarized in Table 6. The 
diamagnetic nature of zinc doped with nickel atoms generate ferromagnetism and when Zn 
content increases from 10 to 30 %, the coercive nature of pure nanoparticles increases from 
140-222 Oe. Fig 13 (b) shows the maximized image of the hysteresis loop. In addition, the 
magnetic structure may also transfer from multi-domain to single domain conformation as 
evidenced by the squareness ratio(𝑀𝑟 𝑀𝑠⁄ ) inferred from the M-H loop (<1). Consequently, 
the magnetization cycle shifts from domain wall motion to magnetization rotation, prompting 
an enhancement in 𝐻𝑐. This pattern of response is witnessed in nanoparticles for the spinning 
moments in terms of energy barrier which is reliant on the surface area as ∆𝐸 =  𝐾𝑠 𝑆 
where𝑆and 𝐾𝑠refers to the surface area of nanoparticles and surface anisotropy constant 

respectively. This phenomenon is accountable for an increase in coercivity as𝐻𝑐 ~ 1𝐷 [69]. 

Fig 13 (c) presents the variation of saturation magnetization and coercivity with the zinc 
concentration in nickel oxide lattice.  
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Fig 13. (a) M-H loop of ZnxNi1-xO nanoparticles (b) Maximized image of M-H 

loop (c) Variation of 𝑴𝒔 and 𝑯𝒄 with Zn content 

 

"Law of Approach to Saturation (LAS)" model describes the dependence of 
magnetization 𝑀on the applied magnetic field for𝐻 ≫  𝐻𝑐  as [70], 𝑀 =  𝑀𝑠 (1 − 𝐴𝐻 − 𝐵𝐻2) 𝜒𝐻                                                                                                     (47) 

Here, 𝐴 and 𝜒 are parameters linked with the magnetic anisotropies dominant in nano-
samples and paramagnetic susceptibility respectively. 𝜒𝐻 refers to the high field derivative of 

susceptibility functional only in high-temperature studies. Since the term 
𝐴𝐻 does not addup to 

the computation, 𝐴 becomes zero,  𝑀 =  𝑀𝑠 (1 − 𝐵𝐻2)                                                                                                                 (48) 

A linear fit may be used to derive the saturation magnetization from the intercept and 
magneto-crystalline anisotropy field from the slope, as illustrated in Fig 13 (d).The 
squareness ratio is smaller than 0.5, showing that nanoparticles interact via magnetostatic 
exchange and that the anisotropy constant decreases with doping. The parameters can be 
evaluated from the following expressions, 
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𝐵 =  𝐻𝑎15                                                                                                                                   (49) 

 𝐾1 =  𝑀𝑠𝐻𝑎2                                                                                                                               (50) 

 𝜇𝐵 =  𝑀 𝑥 𝑀𝑠5585                                                                                                                             (51) 

 

 
Fig 13 (d). LAS plot of pure and Zn incorporated nickel oxide nanoparticles 

 

Zn/Ni 

ratio 

𝑯𝒄 (𝑶𝒆) 

𝑴𝒓 (𝒆𝒎𝒖 𝒈)⁄  

𝑴𝒔 (𝒆𝒎𝒖 𝒈)⁄  

𝑴𝒓𝑴𝒔 
𝑩 (𝟏𝟎𝟕𝑶𝒆𝟐) 

𝑯𝒂 (𝟏𝟎𝟒𝑶𝒆) 

𝑲𝟏 (𝟏𝟎𝟓𝒆𝒓𝒈 𝒄𝒎𝟑⁄ ) 
𝝁𝑩 

0 140 1.14 39.96 0.02 2.68 2.00 4.013 0.534 

0.1 169 0.96 3.71 0.25 0.37 0.74 0.138 0.050 

0.2 198 0.58 2.03 0.28 0.17 0.50 0.051 0.027 

0.3 222 0.02 0.24 0.08 0.15 0.47 0.005 0.003 

 

Table 6. Magnetic parameters of ZnxNi1-xO (x=0, 0.1, 0.2, 0.3) nanoparticles 
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3.7. Antibacterial and Antifungal activity 

Antibacterial and antifungal activity of pristine and Zn doped NiO nanoparticles 
synthesized via the chemical method was tested against different gram positive, gram 
negative bacterial pathogens, and fungal strains as displayed in Fig  14 (a-f) and it is apparent 
from the graph (Fig 14 (g)) that the activity is comparatively higher in gram-negative bacteria 
(E. coli, K. pneumonia) than in gram-positive bacteria (E. faecalis, S. aureus) as gram-
negative bacteria possess a thin cell wall with a single layer of peptidoglycan which is more 
susceptible to damage, whereas Gram-positive bacteria have thick multiple layers 
of peptidoglycan. Furthermore, a notable effect was spotted against Aspergillus niger (17mm) 
and Escherichia coli (17 mm). Conventionally, the sample has increased antimicrobial 
activity if the Zone Of Inhibition (ZOI) is wider than 6 mm.  The inhibition zones (mm) when 
bacteria and fungi were treated with 100 μg/ml of NiO and nickel oxide doped with different 
concentrations of zinc samples are presented in Fig 14 (a-f) and it is certain that the 
synthesized nanoparticles exhibit potent activity against the microbes. The robust activity can 
be detected in the highly doped samples where N1, N2, N3, N4, e, and f correspond to x=0, 
0.1, 0.2, 0.3, negative control (DMSO), and positive control (Azithromycin for bacteria and 
Clotrimazole for fungi) respectively. Zn1-xNixO (x=0.3) exhibited better antimicrobial activity 
than other concentrations signifying that it allows for a higher active surface and greater 
oxygen vacancies. The improved antibacterial action is attributed to the smaller crystallite 
size of doped NiO nanoparticles, which boosts dispersibility and allows for the inference of 
extracellular Ni2+ with intracellular Ca2+ metabolism, resulting in cell injury. Bactericidal 
activity of such nanoparticles is also impacted by the crystallite size, concentration of 
nanoparticles dispersed, and stability of particles in the growth medium [71-72]. The 
antimicrobial mechanism exhibited by zinc doped NiO nanoparticles also depends on the 
degree of susceptibility of microbes. When the nanoparticles come into contact with the 
microbe, they form an electrical bond with the microbial surface. Their much reduced size 
aids entrance into the bacterial cell via trans membrane proteins and proton motive force 
effect. It has a greater affinity towards sulfur groups existing in proteins to produce thiols and 
phosphates creating complexes that cause DNA damage. The interaction of NPs with cysteine 
residues causes the production of ROS by blocking electrons at terminal oxidase, resulting in 
microbial cell death. 

The dissociation of excess carboxylic groups at the surface of the microbial cell is 
responsible for the global charge of the bacterial cell to be negative at physiological pH and 
NiO particles carrying a positive surface charge get electrostatically bonded to the negative 
cell surface, inhibiting cell activity. Some studies report that the reduced size of nanoparticles 
is a major factor in penetrating the microbial cell membrane.  The outer cell membranes of 
synthesized nanoparticles have pores in the nanometer range, and that nanoparticles with 
diameters smaller than the pores can permeate the cell membrane eventually resulting in 
uncontrolled mass transmission across the membranes. The mechanism for 
the antimicrobial activity of pure and zinc doped nickel oxide nanoparticles can be associated 
with a number of aspects, including: (1) the accumulation of nanoparticles on the surface of 
the microbe, which provokes the cell envelope to be destroyed and intracellular components 
to be released (2) the formation of Ni ions and their electrostatic interaction with the bacterial 
cell wall. This contact increases nanoparticle penetration through the cell membrane, causing 
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damage to bacterial cellular constituents (3) the formation of Reactive Oxygen Species 
(ROS), which have the potential to impair DNA and proteins, ultimately leading to 
microbial death [73-74]. Superoxide and hydroxyl radicals, which are formed by metal-oxide 
nanoparticles are two ROS that damage cells. ROS oxidize double bonds in phospholipids, 
increasing membrane fluidity that make cells highly susceptible to osmotic stress. Iron-
sulphur complexes which serve as cofactors in enzymes can also be destroyed by ROS. 

 

 
Fig 14. ZOI of (a) E. coli (b) K. pneumonia (c) E. faecalis (d) S. aureus (e) C. albicans 

and (f) A. niger (g) Variation of antimicrobial activity with Zn content 

The schematic representation for the formation of ROS by synthesized nanoparticles 
and damage caused to the microbial cell by ROS is depicted in Fig 15. When light strikes 
NiO nanomaterial with a photon energy greater than the band gap energy 𝐸𝑔, photoexcitation 

causes holes (ℎ+) to develop in the valence band and electrons (𝑒−) to generate in the 
conduction band.These photo-excited carriers, which have intense oxidizing and reducing 
characteristics, combined with the donor (𝐻2𝑂 and 𝑂𝐻 ions) and acceptor (𝑂2) further 
resulting in the proliferation of different reactive oxygen species. The excited electron 
attaches to the molecular oxygen to create the superoxide anion (𝑂2∙−) which subsequently 
reacts with free water molecules to render rigorous hydrogen peroxide(𝐻2𝑂2∙ ). The holes grab 
electrons from water and hydroxyl ions, yielding hydroxyl radicals (∙ 𝑂𝐻) that damage the 
cell membrane, DNA, and proteins. Since the toxicity activity and stability of zinc doped 
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nanoparticles are effective, they could be credibly engage in antimicrobial coatings that are 
extremely beneficial in environmental and biomedical applications. E. coli bacteria can cause 
severe anaemia, diarrhoea, abdominal pain, and sometimes renal failure, while gram-positive 
E. faecalis bacterium has a negative impact on the digestive tract. S. aureus and K. 
pneumonia bacteria produce severe infections in humans, such as pneumonia and 
bloodstream infection in the respiratory (breathing) tract. In addition, C. albicans is a human 
pathogen that causes skin infections in the tongue and nails, which are more chronic in those 
with weakened immune systems. A. niger usually affects the respiratory system in humans 
and as a result, pure andZn2+doped NiO nanoparticles that have been expertly prepared by a 
sol-gel process can be used to treat bloodstream infection, kidney failure, digestive problems, 
skin epidemics, pneumonia, respiratory dilemmas, and urinary tract infections.Nanomaterials 
are of immense importance in food technology by virtue of their high reactivity, optimized 
bioavailability and bioactivity, and unique surface features [75]. The antimicrobial 
capabilities of NiO nanoparticles against foodborne pathogens have elevated their usage in 
food packaging, and they might potentially be implemented in food nanotechnology. 

 

Fig 15. Schematic representation of the light irradiated Zn doped NiO 

nanoparticles and the production of ROS stimulating bacterial death 

4. Conclusion 

 Pure and zinc doped nickel oxide nanoparticles (ZnxNi1-xO) with a sequence of dopant 
concentrations at x=0, 0.1, 0.2 and 0.3 M were successfully synthesized via a simple sol-gel 
approach availing citric acid as a congealing agent. The Zn substitution on NiO lattice 
resulted in a substantial discrepancy in structural, optical, magneto-electrical, and 
antimicrobial properties to a significant extent. The face-centered cubic configuration of as-
synthesized nanoparticles was confirmed from XRD analysis and the respective crystallite 
size estimated from the Scherrer model decreases from 28.94 to 7.15 nm with a significant 
augmentation in the dopant content. The structural morphology of prepared NiO nanoparticles 
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from SEM contours the porous spherical conformation and the particle size (73-41 nm) 
enumerated with the histogram images is in congruence with crystallite size calculated from 
XRD data. The presence of zinc in nickel oxide lattice with the compositional percentage of 
respective elements was further confirmed from EDX spectra. FTIR spectra affirm the 
corresponding vibrational frequencies of nanoparticles and the bond length measured from 
force constant decreases with zinc content which is in accordance with the blue shift observed 
from the optical absorption. The optical studies revealed the advancement in band gap energy 
(blue shift) corresponding to the Burstein Moss shift phenomenon and other fundamental 
optical parameters such as refractive index calculated from five different models and 
electronegativity of pure and doped samples were evaluated. Dispersion parametric associated 
with the optical and energy criterion which is derived from the WDD approach play a pivotal 
part in the design of opto-electronic and non-linear optical devices. Urbach energy of the 
synthesized nanoparticles manifests the prominent disorders existing in the zinc doped 
samples and it showcases an increasing trend from 0.67 to 8.74 eV, proving that density of 
defect states rises with dopant ratio. Electrical properties like dielectric constant, loss and AC 
conductivity of synthesized nanoparticles were explored conducive to compute plasma 
energy, Penn and Fermi gap in compliance with Maxwell-Wagner and Koop's theory. The 
surface area was found to be increasing from 15 to 54 m2/g with zinc concentration as 
estimated from BET analysis. The pore size distribution such as pore diameter and volume of 
as-synthesized samples were evaluated from the BJH model and also affirms the mesoporous 
nature of the NiO nanoparticles. The significant increase in active surface area and the 
reduction in particle size drastically influence the antibacterial and antifungal activity. The 
insertion of zinc atoms in nickel oxide lattice generates the ferromagnetic behavior and the 
highest coercivity (222 Oe) is observed with the declination in saturation magnetization (0.24 
emu/g) from the highest dopant ratio x=0.3. In addition, the effective antibacterial and 
antifungal response exhibited by undoped and Zn incorporated nickel oxide nanoparticles 
were discussed for the mass production of antimicrobial agents and its inevitable usage in 
agricultural sectors. 
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