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Nickel oxide (NiO) nanoparticles are synthesized via a citric acid—assisted sol-gel method and
calcined at 300, 400, and 500 °C to investigate the influence of thermal treatment on their structural,
chemical, magnetic, and antibacterial properties. X-ray diffraction (XRD) confirmed the formation of
single-phase cubic NiO (space group Fm3m), with crystallite size increasing from 31.28 nm at 300 °C
to 41.70 nm at 500 °C. A corresponding decrease in micro-strain and dislocation density is observed,
indicating enhanced crystallinity and reduced lattice defects at higher calcination temperatures.
Fourier-transform infrared (FTIR) spectroscopy revealed characteristic Ni—O vibrational bands in the
400-600 cm™ region, which became sharper and more intense with increasing temperature, while
hydroxyl, nitrate, and organic-related bands progressively diminished, confirming effective removal of
residual precursors and improved lattice ordering. Magnetic properties of the NiO nanoparticles
calcined at 500 °C are examined using vibrating sample magnetometry (VSM), revealing
predominantly antiferromagnetic behaviour with a weak ferromagnetic contribution. The saturation
magnetization (Ms) is approximately 0.010-0.012 emu g™', the remanent magnetization (Mr) ~0.002—
0.003 emu g, and the coercive field (Hc) ~400-700 Oe, attributed to uncompensated surface spins
and nanoscale effects. Antibacterial activity evaluated against Staphylococcus aureus and Escherichia
coli using agar diffusion and spread plate methods showed superior efficacy for the 500 °C sample,
particularly against E. coli. The study demonstrates that optimized calcination enhances structural
quality, magnetic response, and antibacterial performance of NiO nanoparticles, highlighting their
potential for antimicrobial, biomedical, and environmental applications.
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1. INTRODUCTION

Nickel oxide (NiO) is one of the transition metal oxides with rock salt (NaCl-type) structure and large
band gap, 3.6-4.0 eV, a chemically stable p-type semiconductor [1-3]. Because of its attractive optical,
magnetic, electrical and electrochemical properties7—11, NiO has attracted a lot attentions in the areas
of catalysis [4], gas sensors [5], energy storage [6], photovoltaics and environmental pollution
treatment. NiO at the nanoscale possesses a high surface area, high reactivity and tailor-made
electronic properties owing to low dimensional quantum confinement leading to superior functional
performance as compared with its bulk counterpart N 10O [7, 8]. These are also confirmed by the fact
that NiO nanoparticles exhibit excellent catalytic activity, gas-sensing sensor characteristics and
electrochemical performances [9]. Because of their p-type semiconductor and high-surface-reactivity
characteristics, SnO2 nanostructures can be used for gas environmental monitoring and protection [10,
11]. The energy application of NiO nanoparticles is that it is used in lithium-ion batteries,
supercapacitors and solar cell due to their high theoretical capacity, good electronic conductivity and a
well-situated band structure which could facilitate the transportation and storage of charges [12,14].
Additionally, the electrochromic and [10] antiferromagnetic properties of NiO can be tuned at the
nanoscale for intelligent window displays, memory devicesl) and have possible applications into
spintronics up to [15]. Among the various synthetic methodologies for synthesis of NiO nanoparticles,
sol-gel method is more interesting due to its simplicity, cost effectiveness and A A it allows some
degree in tuning size, shape (morphology), crystallinity and purity of particles. The structure and
morphology of NiO can be easily adjusted by controlling the factors like precursor, pH, solvent
nature, calcined temperature for particular applications [16-18]. More intense calcinations usually
result in amorphous, smaller particles, whereas lower ones provide larger ones with a more disorderly
nature. In this paper, we will investigate the effect of calcination temperature on crystalline phase
composition, chemical and antibacterial properties of sol—gel prepared NiO powders. In this work, we
have successfully prepared NiO nano-powders via an easy route and reported the XRD, FTIR.
Antibacterial activity for systematic relation between structure-property for further development of
advanced NiO nanoparticles in various domains such as catalysis, biology and environment related
applications.

2. MATERIALS AND METHODS
2.1 Materials and preparations

All chemicals employed in this study are of analytical grade and used without further purification to
ensure the uniformity of the synthesis process. High-purity reagents are sourced from reputable
suppliers. The starting materials included nickel(Il) nitrate hexahydrate [Ni(NOs)..6H20], citric acid
monohydrate (CsHsO7.H20), and deionized water. Nickel(Il) nitrate hexahydrate is selected as the
primary nickel source due to its high solubility in water and its ability to readily decompose upon
calcination, releasing Ni*" ions essential for the formation of NiO nanoparticles. Citric acid
monohydrate is utilized both as a chelating agent and as a fuel, facilitating the uniform distribution of
metal ions during gel formation and contributing to auto-combustion during calcination. Deionized
water served as the solvent throughout the synthesis, ensuring complete dissolution of reactants and
providing a homogeneous reaction medium. All reagents are accurately weighed using a digital
analytical balance, and appropriate molar ratios are maintained to achieve reproducibility and
consistency in the synthesis process.
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2.2 Methods
2.2.1 Synthesis of NiO nanoparticles via sol-gel method

Nickel oxide (NiO) nanoparticles are synthesized using a citric acid—assisted sol—gel method involving
olution preparation, chelation, gelation, drying, and calcination. Nickel(II) nitrate hexahydrate is
dissolved in deionized water under continuous stirring to obtain a clear green solution. Citric acid
monohydrate, prepared separately, is slowly added while maintaining a 1:1 molar ratio to ensure
effective chelation. The mixture is stirred at 70-80 °C for one hour to form a homogeneous sol, which
gradually transformed into a viscous gel upon solvent evaporation. The gel is aged at room
temperature, dried at 110 °C for 12 h, ground, and calcined at 300, 400, and 500 °C for 2 h with a
heating rate of 5 °C min'. Higher calcination temperatures enhanced organic decomposition and
crystallinity, yielding phase-pure NiO at 500 °C. Structural characterization is carried out using X-ray
diffraction (XRD) with Cu Ka radiation (A = 1.5406 A) over a 20 range of 20°-80° to determine phase
composition, lattice parameters, and crystallite size. Fourier transform infrared (FTIR) spectroscopy in
the range 4000400 cm™ is used to identify Ni—O vibrational modes and confirm the removal of
organic residues. Antibacterial activity is evaluated against Escherichia coli and Staphylococcus aureus
using agar diffusion and spread plate methods. Zone of inhibition measurements and colony count
reductions are used to assess bactericidal performance, with experiments conducted in triplicate to
evaluate the influence of calcination temperature on antibacterial efficacy.

3 RESULTS AND DISCUSSION
3.1 XRD analysis

Figure 1 presents the X-ray diffraction (XRD) patterns of NiO powders calcined at 300, 400, and 500
°C. All diffraction peaks are sharp and intense, corresponding to the cubic rock-salt NiO phase and
indexed to the crystallographic planes (111), (200), (220), (311), and (222), in agreement with JCPDS
card No. 47-1049 [19, 20]. The absence of additional peaks confirms the phase purity of the samples.
As the calcination temperature increases, the diffraction peaks become narrower, indicating a reduction
in peak broadening and an associated increase in crystallite size. The average interplanar spacing d for

each peak is calculated using Bragg’s law [21-24]:

yl
d= 2sinf (1)
where A is the X-ray wavelength (1.5406 A for Cu Ko radiation) and @ is half of the measured 26 /2
value. The crystallite size D is estimated from the Debye—Scherrer equation [25-27]:

KA

- Bcos6 (2)

where K is the shape factor (0.9), £ is the full width at half maximum (FWHM) of the peak in radians,
and 6 is the Bragg angle [28-30]. The results show that D increases from lower to higher calcination
temperatures, reflecting enhanced grain growth upon thermal treatment. The microstrain (¢) is

obtained from [31-35]:
B

€= 4tanf (3)
and the dislocation density (8) is determined using [35-38]:
§=— 4)

where D is crystallite size in (nm), § is in m 2 [39, 40].
The cubic lattice parameters are refined using [41-45]:

a=dVhZ+KkZ+ 12 (5)

yielding values close to a=b=c~4.176 A°, with @ = B = ¥ = 90°, consistent with the Fm® space group
[46,47]. The structural analysis demonstrates that increasing calcination temperature improves
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crystallinity, enlarges crystallite size, and reduces internal lattice strain, which are crucial for tailoring
the functional properties of NiO in various applications [48,49].
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Figure 1 XRD patterns of NiO powders calcined at 300, 400, and 500 °C.

Table 1 summarizes the XRD-derived structural parameters of NiO samples calcined at different
temperatures. A clear reduction in full width at half maximum (FWHM) with increasing calcination
temperature is observed, indicating sharper diffraction peaks and enhanced crystallinity. The
diffraction patterns correspond well to the cubic rock-salt structure of NiO (JCPDS No. 47-1049), with
prominent reflections indexed to the (111), (200), (220), (311), and (222) planes. The calculated d-
spacings remain nearly unchanged across all temperatures, confirming the stability of the lattice
parameter and the absence of secondary phases [50-52]. The crystallite size, calculated using the
Scherrer equation, increases systematically with calcination temperature, rising from 31.28 nm at 300
°C to 34.73 nm at 400 °C and reaching 41.70 nm at 500 °C. This growth is attributed to enhanced
atomic diffusion at elevated temperatures, which promotes crystallite coalescence and grain boundary
migration [53,54]. Concurrently, the micro-strain decreases from 2.50 x 1073 to 1.84 x 107 as
calcination temperature increases, reflecting the relaxation of lattice distortions and the reduction of
internal stresses during thermal treatment [55]. Similarly, the dislocation density shows a pronounced
decline from 10.43 x 10" m™2 at 300 °C to 5.77 x 10" m2 at 500 °C, indicating a significant reduction
in crystallographic defects [56]. The increasing the calcination temperature from 300 to 500 °C
improves the crystallinity of NiO, increases crystallite size by more than 33%, and minimizes defect
density, which is expected to enhance the material’s electronic, catalytic, and functional performance
[57,58].
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Table 1 Structural parameters of NiO powders calcined at 300, 400, and 500 °C.

Samples 20 (°) (hkl) FWHM (°) | d-Spacing (°A) | D (nm) € 8 (m)?
NiO-300 °C | 37.25 (111 0.298 2411914695 28.13198394 | 0.003858105 | 12.63569919
43.3 (200) 0.302 2.087897161 28.6820678 | 0.003275753 | 12.1556751
62.9 (220) 0.31 1.476365417 31.2493483 | 0.002126011 | 10.24042711
75.4 (311 0.325 1.259633588 33.69299174 | 0.001682353 | 8.808883147
79.4 (222) 0.34 1.205915481 34.64869168 | 0.001566183 | 8.32964167
Average 31.28101669 | 0.002501681 | 10.43406524
NiO-400 °C | 37.25 (111) 0.254 2411914695 33.005241 0.003288452 | 9.179820377
433 (200) 0.258 2.087897161 33.12890002 | 0.002836055 | 9.111417928
62.9 (220) 0.262 1.476365417 35.54315188 | 0.001869177 | 7.915678109
75.4 311 0.276 1.259633588 36.378665 0.001558153 | 7.556252901
79.4 (222) 0.29 1.205915481 35.60451766 | 0.001524138 | 7.888415662
Average 34.73209511 | 0.002215195 | 8.330316995
NiO-500 °C | 37.25 (111 0.21 2411914695 39.92062483 | 0.002718799 | 6.274878769
43.3 (200) 0.214 2.087897161 39.94044956 | 0.002352386 | 6.268651154
62.9 (220) 0.22 1.476365417 42.32866269 | 0.001569538 | 5.58124265
75.4 311 0.23 1.259633588 43.654398 0.001298461 | 5.247397848
79.4 (222) 0.242 1.205915481 42.66657075 | 0.001271867 | 5.493188761
Average 41.70214116 | 0.00184221 | 5.773071836

Figure 2 trends clearly demonstrate the influence of calcination temperature on the microstructural
parameters of NiO. The crystallite size (D) shows a progressive increase from ~31.3 nm at 300 °C to
~41.7 nm at 500 °C, reflecting thermally driven grain coarsening. In contrast, the microstrain (g)
decreases steadily with increasing temperature, indicating that lattice distortions and internal stresses
are relieved as defects are reduced during heat treatment [59-61]. The dislocation density (0) exhibits a
sharp decline from 10.43 x 10" m™2 at 300 °C to 5.77 x 10" m™ at 500 °C, consistent with the
observed crystallite growth and strain relaxation [62, 63]. Collectively, these results confirm that
higher calcination temperatures promote the formation of larger, more structurally ordered NiO
crystallites with fewer lattice defects, which can enhance functional properties such as electrical
conductivity and catalytic performance [64-66].
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Figure 2 Variation of average crystallite size (D), micro-strain (€), and dislocation density (8) of NiO
samples calcined at 300, 400, and 500 °C, as calculated from XRD data using the Debye—Scherrer and
Williamson—Hall methods.

3.2 FTIR analysis

Figure 3 shows the FTIR spectra of NiO nanoparticles calcined at different temperatures, revealing a
clear evolution in chemical bonding with thermal treatment. At 300 °C, broad O—H stretching bands at
~3200-3600 cm™ and an H-O—H bending mode near ~1630 cm™ are evident, indicating the presence
of adsorbed water and surface hydroxyl groups. Weak bands in the 1700—1400 cm™ region, including
a nitrate-related feature near ~1384 cm™, suggest incomplete decomposition of citrate and nitrate
precursors [67]. The Ni—O stretching vibration appears as a broad, low-intensity band in the 400-600
cm! region, reflecting small crystallite size and higher defect density [68]. At 400 °C, organic-related
bands are significantly reduced, with diminished O—H and carboxylate/nitrate features, while the Ni—O
vibration becomes sharper and more intense, indicating improved crystallinity [69]. At 500 °C, the
spectrum is characteristic of phase-pure NiO, showing minimal hydroxyl contributions and the
complete disappearance of organic residues [70]. The Ni—O band is strongest and best resolved,
consistent with increased crystallite size, reduced lattice strain, and enhanced structural order, in
agreement with XRD results [71].
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Figure 3 FTIR spectra of NiO nanoparticles calcined at 300, 400, and 500 °C.

3.3 VSM test

The room-temperature VSM hysteresis loop of NiO nanoparticles calcined at 500 °C (Figure 4)
exhibits a narrow, weakly S-shaped magnetization curve, which is characteristic of predominantly
antiferromagnetic behavior with a small ferromagnetic contribution. As shown in Figure 4, the
magnetization varies almost linearly with the applied magnetic field, confirming that bulk
antiferromagnetism remains dominant in NiO. However, the presence of a finite hysteresis loop in
Figure 4 indicates weak ferromagnetism induced by nanoscale effects. From the hysteresis curve in
Figure 4, the saturation magnetization (Ms) is estimated to be ~0.010-0.012 emu g', while the
remanent magnetization (Mr) is ~0.002—0.003 emu g [72, 73]. The coercive field (Hc), also derived
from Figure 4, lies in the range of approximately 400-700 Oe, indicating soft magnetic behavior. The
low Ms value confirms the intrinsic antiferromagnetic nature of NiO, whereas the non-zero Mr and Hc
arise from uncompensated surface spins, oxygen vacancies, and spin canting at grain boundaries.
Calcination at 500 °C improves crystallinity and reduces lattice defects, yet surface-related magnetic
disorder remains, leading to the weak ferromagnetic response observed in Figure 4.
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Figure 4 Room-temperature VSM hysteresis loop of NiO nanoparticles calcined at 500 °C.

3.4  Antibacterial activity
3.4.1 ADM test

The antibacterial performance of the NiO pellet calcined at 500 °C is evaluated against two bacterial
strains: Staphylococcus aureus (Gram-positive) and Escherichia coli (Gram-negative). The inhibition
zone diameters, as measured by the agar diffusion method, are 10 mm for S. aureus and 12 mm for E.
coli [40]. These values indicate that the NiO pellet exhibits a measurable inhibitory effect on both
bacterial species, with slightly higher activity against the Gram-negative strain. The difference in
inhibition zone size can be attributed to variations in cell wall structure between Gram-positive and
Gram-negative bacteria. Gram-negative bacteria possess an outer membrane rich in
lipopolysaccharides, which can be more susceptible to reactive oxygen species (ROS) generation and
ionic interactions from metal oxide surfaces. In contrast, Gram-positive bacteria have a thicker
peptidoglycan layer, which may act as a stronger physical barrier, reducing the penetration and contact
efficiency of NiO nanoparticles with the cell membrane [39]. At 500 °C, calcination results in NiO
with high crystallinity, reduced defect density, and a relatively larger crystallite size, which can
influence its antibacterial mechanism by affecting surface reactivity [27]. The observed inhibition
zones confirm that NiO maintains antibacterial functionality even in pellet form, and the slightly
greater activity against E. coli suggests that Gram-negative pathogens may be more vulnerable to the
physicochemical interactions and ROS-related effects of calcined NiO surfaces (see Figure 5).



Exp. Theo. NANOTECHNOLOGY 10 (2026) 329-342

S. aureus

Figure 5 Antibacterial activity of NiO pellet calcined at 500 °C against S. aureus and E. coli measured
by the ADM.

3.4.2  Spread plate method (SPM) test

Table 2 presents the antibacterial activity of NiO pellets calcined at 500 °C, assessed using the (SPM)
against Staphylococcus aureus and Escherichia coli. The results reveal a stark contrast in bacterial
survival between the two strains. For S. aureus (Gram-positive), the surviving bacterial count is greater
than 8 colonies, indicating relatively lower inhibition by the NiO pellet under these test conditions. In
contrast, E. coli (Gram-negative) exhibited only 2 colonies, demonstrating a much stronger
antibacterial effect. The enhanced susceptibility of E. coli can be attributed to differences in cell wall
structure and composition [11]. Gram-negative bacteria possess an outer membrane with
lipopolysaccharides that can facilitate oxidative stress damage and allow for greater interaction with
NiO surfaces, leading to more effective bacterial killing [13]. Conversely, the thick peptidoglycan
layer in Gram-positive S. aureus acts as a robust barrier, limiting nanoparticle penetration and reducing
the rate of cell wall disruption [15]. These findings align with the trend observed in the agar diffusion
assay (Figure 6), where E. coli also showed greater inhibition [47]. The consistency across methods
reinforces that the NiO pellet prepared at 500 °C exhibits higher antibacterial efficacy against Gram-
negative bacteria, likely due to a combination of improved crystallinity, reduced defects, and
favourable surface properties that enhance reactive oxygen species (ROS) generation and direct cell
contact [37].
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S. aureus

Figure 6 Antibacterial activity of NiO pellet calcined at 500 °C against Staphylococcus aureus (Gram-
positive) and Escherichia coli (Gram-negative), determined using the SPM

3.4.3  Statistical analysis of ADM and SPM results

To assess the statistical significance of the antibacterial performance of NiO pellets against
Staphylococcus aureus and Escherichia coli, comparative analyses are performed between the
inhibition zones obtained from the Agar Diffusion Method (ADM) and the colony counts from the
Spread Plate Method (SPM). Data from both methods are analyzed using a two-tailed Student’s #-test
to determine whether the observed differences between bacterial strains and between test methods are
statistically significant. A p-value threshold of 0.05 is adopted, meaning that p < 0.05 indicates a
statistically significant difference at the 95% confidence level, while p > 0.05 suggests no significant
difference. The results revealed that for E. coli, the difference between ADM and SPM outcomes is
statistically significant (p < 0.05), reflecting a higher sensitivity of this Gram-negative strain in ADM
testing compared to viable counts in SPM. Conversely, for S. aureus, the p-value exceeded 0.05,
indicating that the two methods yielded statistically comparable antibacterial responses. These findings
suggest that the choice of method can influence the detection and quantification of antibacterial
activity, particularly for bacterial strains with differing cell wall structures and susceptibilities [15, 48].

3.4.4  Statistical comparison for another testing of ADM and SPM results

The antibacterial performance of NiO pellets calcined at 500 °C is evaluated using the Agar Diffusion
Method (ADM) and the Spread Plate Method (SPM) against Escherichia coli (Gram-negative) and
Staphylococcus aureus (Gram-positive). For ADM, inhibition zones are recorded as diameters in
millimeters, while SPM measured the surviving bacterial colonies. Mean inhibition zones for E. coli
are 12.0 £ 1.0 mm in ADM compared to 2.0 + 1.0 colonies in SPM. The difference is statistically
significant (¢ = 12.25, p = 0.00026), indicating that ADM revealed a markedly greater antibacterial
effect than the colony-based SPM method for this Gram-negative strain. For S. aureus, the mean ADM
inhibition zone is 10.0 = 1.0 mm, while the mean SPM colony count is 8.0 + 1.0; this difference is not
statistically significant (z = 2.45, p = 0.0705), suggesting comparable outcomes between the two
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methods for Gram-positive bacteria. These results demonstrate that the choice of antibacterial assay
can substantially influence the detected efficacy, particularly for E. coli, where ADM provided a more
sensitive detection of bactericidal action than SPM [22, 26]. In contrast, S. aureus outcomes are
consistent between methods, possibly due to the thicker peptidoglycan layer in Gram-positive cell
walls reducing sensitivity to diffusion-based inhibition (see Table 2).

Table 2 Statistical comparison between the Agar Diffusion Method (ADM) and Spread Plate Method
(SPM) in evaluating the antibacterial activity of NiO pellets calcined at 500 °C against E. coli and S.
aureus. Values are presented as mean + standard deviation (SD) based on three replicates, with
corresponding #- and p-values from independent two-tailed Student’s #-tests. A p-value < 0.05 indicates
a statistically significant difference between the two methods.

ADM Zoom | ADM Mean A+ | CFU count or| SPM Mean A+
Bacteria | (mm) SD colonies SD t-value | p-value
E.coli |12 [13 |11 12.0 A+ 1.0 2 3 1 20A+1.0 12.25 | 0.00026
S. 10 11 8 9 7
aureus 10.0 A+ 1.0 8.0 A+ 1.0 2.45 0.07048

4 CONCLUSIONS

Nanocrystalline NiO nanoparticles synthesized by the citric acid—assisted sol—gel route exhibits a
strong dependence of their properties on calcination temperature. Progressive thermal treatment from
300 to 500 °C leads to a marked improvement in crystal quality, as evidenced by the systematic
increase in crystallite size and the simultaneous reduction in micro-strain and dislocation density.
These changes confirm that higher calcination temperatures promote grain growth and defect
relaxation, resulting in structurally more stable and well-ordered NiO nanoparticles. FTIR analysis
further supports this conclusion by showing the gradual elimination of organic and nitrate residues and
the strengthening of Ni—O lattice vibrations, demonstrating enhanced phase purity at elevated
temperatures. Magnetic measurements carried out on the optimally calcined sample (500 °C) reveal
that the NiO nanoparticles retain their intrinsic antiferromagnetic nature while exhibiting a weak
ferromagnetic response induced by nanoscale effects. The VSM results show a low saturation
magnetization (Ms = 0.010-0.012 emu g'), small remanent magnetization (Mr = 0.002-0.003 emu
g "), and moderate coercivity (Hc = 400-700 Oe), which are attributed to uncompensated surface spins,
spin canting, and residual defects at grain boundaries. This soft magnetic behaviour, combined with
high structural integrity, broadens the functional applicability of the material. Antibacterial studies
demonstrate that NiO nanoparticles calcined at 500 °C exhibit superior bactericidal performance,
particularly against Escherichia coli, which can be correlated with improved crystallinity, reduced
defect density, and enhanced surface reactivity. The convergence of optimized structural, magnetic,
and antibacterial properties at 500 °C highlights this calcination temperature as the most favourable
condition for developing multifunctional NiO nanoparticles for applications in antimicrobial coatings,
magnetic devices, and environmental technologies.
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