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Chromium(III) oxide nanoparticles (CroO3 NPs) were synthesized via a sol-gel method and calcined at
300, 400, and 500 °C to examine the influence of thermal treatment on structural, magnetic, and
antibacterial properties. XRD confirmed the formation of phase-pure a- Cr>Os3 at all temperatures, with
enhanced crystallinity and reduced microstrain observed at 400 °C. Williamson—Hall analysis showed
crystallite sizes of ~15.7 nm (300 °C), ~19.2 nm (400 °C), and ~14.9 nm (500 °C). FTIR spectra
indicated progressive removal of residual hydroxyl and nitrate groups with increasing temperature,
while TEM revealed improved particle uniformity at 400 °C. VSM analysis of Cr,O3 NPs calcined at
500 °C exhibited weak ferromagnetic behavior with a maximum magnetization of ~0.09 emu g,
remanent magnetization of ~0.025 emu g, and low coercivity (~120), attributed to surface spin
canting in the nanoparticles. Antibacterial studies against Strepfococcus pneumoniae showed
maximum inhibition at 400 °C, highlighting its optimal physicochemical and biological performance
for biomedical applications.
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1. INTRODUCTION

Metal oxide nanoparticleare considered attractive muitinctional materials (physicochemical
properties can be modified by changes in size and/ or shape among others) with a comparatively very
high surface/mass ratio mainly for industrial, environmental as well as biomedical applicat#jns [1
Among these materials, chromium(lll) oxid@r{Os) nanoparticles have an upper hand due to its best
thermal stability and mechanical hardness in addition to chemical inertness, corrosion resistance
besides possibility antimicrobial activity [5, 6]. Novel antibacterial material is urgently needed because
antibiotic resistant microbes are widely spread; nhanomaterials based on oxides have drawn significan
attention since they can deactivate bacterial membrane plus initiate contact reaction at the surface
[7,8]. The metal oxide nanoparticles exhibit size dependent properties largely controlled by their
structural parameters for example crystallite size lattice strain phase purity together with surface
chemistry [9, 10]. The temperature of calcination controls these properties mainly through its influence
of nucleation and grain growth, organics decomposition, defect annealing and particle sintering
behavior thus necessitating a strict control over temperature in the process to be able to properly tune
nanoparticles and increase their biological efficiency. Aside from thekweln CpO3z nanoparticles
catalyst, magnetic materials, and antibacteugalities [14,15] few have reported temperature-driven

structure and morphology changes of CrO; nanoparticles. Also, no reliable relationship between
crystallinity, microstrain, particle shape, and antibacterial activity exists. The best condition or heat
treatment that favors the highest biological activities has not been discussed or explored yet [16,17].

More jointly comprehensive that breaks these relationships will also have to be considered [18,19].
Cr.03 nanoparticles were synthesized by the solgel method then calcined at different temperatures.
Thus, a systematic study of the influence of heat treatment on physicochemical properties and
antibacterial activity for GOs nanostructures is enabled. Structural and morphological transformations
have been interpreted in terms ofray diffractions, WilliamsonHall plot, FTIR, and TEM.
Antibacterial screening against Streptococcus pneumoniae will use Agar diffusion and spread plate
methods.Therefore this research work tries to once again assert what has been already advanced by
two-step sintering materials that grain size for lowefGzmanoparticle: based on consolidating the
medicantnesas compared to that found in biological performance.

2. MATERIALS AND METHODS

Chromium(III) oxide nanoparticles were synthesized by a sol-gel method using chromium(IIl) nitrate
nonahydrate Cr(NO3)3-9H2O (M = 400.15 g/mol) as the chromium precursor. To prepare a 0.10 M
solution, 4.00 g of Cr(NO3)3-9H,O was dissolved in 100 mL of distilled water under vigorous
magnetic stirring until a clear green solution was obtained. To prevent the formation of Cr(OH)3
precipitates and to stabilize the Cr** aquo complex [Cr(H20)s]*", the pH of the solution was carefully
adjusted to pH = 1.5 + 0.1 by adding 2—3 drops of concentrated HNOs (M = 63.01 g/mol). Under these
acidic conditions, the chromium ions remain solvated and undergo controlled hydrolysis.

The primary hydrolysis step is represented by [20, 21]:

[Cr(H;0)6]3t = [Cr(H,0)s(OH)]** + H? (1)
Continued stirring for 2 h promotes partial condensation of hydrolyzed species to form Cr—O—Cr
linkages, initiating gel network formation [22, 23]:

2 [Cr(H,0)s(0H)]?>* - (H,0)sCr — 0 — Cr(H,0)st + H*

(2)
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The resulting green sol was aged at room temperature to form a stable wet gel. The gel was dried at
100 °C for 12 h, removing adsorbed and coordinated water and forming a xerogel. The dehydration
reaction may be written as [24, 25]:

Cr—0OH + HO—Cr - Cr—0 —-Cr+ H,0

3)

The dried xerogel was ground into fine powder and divided into three equal portions. Each portion was
calcined at 300, 400, or 500 °C for 3 h in a muffle furnace using a heating rate of 5 °C/min. During
calcination, the chromium nitrate decomposes completely to a- Cr2O3, releasing gaseous byproducts.
The main reaction is [26]:

A
2Cr(N03)3.9H,0 = Cr203 + 6 NO» +2 0, + 18 H,0 (4)

The resulting nanopowders were labeled Cr.03—300, Cr.03—400, and Cr203-500. At 300 °C, the
xerogel undergoes extensive dehydration and partial nitrate decomposition [27,28]:

300
Cr(NOs)s — Cr(OH)s + NOx (5)
2Cr(OH)3; — Cr,03 + 3H,0 (6)

The product is mostly amorphous, exhibiting very broad and weak XRD peaks due to incomplete
crystallization and very small nanocrystal nuclei.
At 400 °C, nitrate removal is nearly complete, and the a- Cr.O3 phase develops [29, 30]:

2 CrO(OH) =225 Cry05 + Hy0 )
Crystallinity increases significantly, although the particles remain nanometric and partially
agglomerated. XRD reflections sharpen while retaining moderate peak broadening. At 500 °C, full
conversion to highly crystalline a-Cr203 is achieved. Atomic mobility allows grain growth, reducing
structural defects. XRD peaks become sharp and well defined, indicating high phase purity and
nanocrystalline domain sizes [31,32].

Cr,03 (nanocrystalline) m Cr,03 (highly crystalline) (8)
The phase composition, lattice parameters, and crystallite size of the Bi2O3 nanopowders were
analyzed using a Bruker D8 Advance X-ray diffractometer with Cu Ka radiation (A = 1.5406 A),
operated at 40 kV and 40 mA. Diffraction data were collected over a 26 range of 20°-80° with a step
size of 0.02°, and crystallite size, microstrain, and dislocation density were evaluated using Scherrer
and Williamson—Hall methods. FTIR measurements were carried out using a Bruker Tensor 27
spectrometer in the 4000—400 cm™ range to identify Bi—O vibrations and confirm the removal of
residual organics. Magnetic properties were investigated at room temperature using a vibrating sample
magnetometer (VSM) by recording hysteresis loops over an applied magnetic field range of +10 kOe
to determine saturation magnetization, remanent magnetization, and coercivity. Antibacterial activity
was evaluated against Escherichia coli and Staphylococcus aureus using agar diffusion and spread
plate methods. All experiments were performed in triplicate, and the results are reported as mean +
standard deviation, enabling correlation between structural, magnetic, and antibacterial properties [33-
35].

3. RESULTS AND DISCUSSION
3.1.  XRD

Figure 1 and Table 1 confirm that Cr.O3; nano-powders calcined at 300, 400, and 500 °C crystallize in
a single-phase a-Cr203 structure with rhombohedral (trigonal) symmetry (space group R-3c, PDF 00-
038-1479). All diffraction patterns exhibit characteristic peaks at 20 =~ 24.5°, 33.6°, 36.2°, 41.5°, 50.2°,
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54.9°, 63.5-65.2°, and 72.8°, corresponding to the (012), (104), (110), (113), (024), (116), (214)/(300),
and (10 10) planes of eskolaite-type Cr2O3. The absence of secondary phases confirms phase purity,
while increased peak intensity at higher temperatures indicates improved crystallinity with minimal
change in average crystallite size. Using Bragg’s law [36-40]
nA = 2dsinf 9)
and the hexagonal interplanar spacing relation
1 4(h®+hk+k?) | 12
% =3z + = (10)
The lattice parameters calculated from the most intense (104), (110), and (116) reflections are found to
be a = 4.954.97 A and ¢ = 13.55-13.60 A for all three samples. These values closely match the
standard parameters of a-Cr203 (a = 4.958-4.959 A, ¢ = 13.59 A) reported in the literature and the
PDF reference, confirming the formation of a stable corundum-type structure. The absence of
noticeable peak shifts with increasing calcination temperature indicates that the crystal structure, lattice
symmetry, and unit-cell dimensions remain essentially unchanged between 300 and 500 °C, while
crystallinity is significantly enhanced. With increasing calcination temperature, diffraction peaks
become sharper and more intense with reduced background noise, reflecting improved crystallinity and
decreased structural disorder; the 300 °C sample shows broader reflections characteristic of smaller
coherent domains and higher microstrain, whereas the 500 °C sample exhibits well-defined peaks
indicative of improved lattice ordering. The crystallite size D was estimated from the full width at half
maximum (FWHM) of the diffraction peaks using the Scherrer equation, D = KA/(fcos8), where K
is the shape factor (0.9), A is the CuKa wavelength (0.15406 nm), B is the FWHM (in radians)
corrected for instrumental broadening, and 0 is the Bragg angle. As summarized in Table 1, the
average crystallite sizes are ~22.0 nm (300 °C), ~20.3 nm (400 °C), and ~20.2 nm (500 °C). These
small variations lie within the uncertainty of the Scherrer method, indicating that increased calcination
temperature mainly reduces microstrain rather than causing significant grain growth. The combined
XRD pattern for the CroO3 samples calcined at 300, 400 and 500 °C shows a series of well-defined
diffraction peaks located at 20 = 24.5°, 33.6°, 36.2°, 41.5°, 50.2°, 54.9°, 63—65°, and 72—73°. These
peaks have been indexed to the (012), (104), (110), (113), (024), (116), (214), (300) and (220) planes
of a- Cr20; (eskolaite). The coincidence between the experimental peak positions and the reference
lines confirms that all three powders are single-phase a- Cr.0Os;, with no additional peaks due to
secondary phases or unreacted precursor [41-45].
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Figure 1 XRD pattern for the Cr,O3 NPs calcined at 300, 400 and 500 °C.
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Table 1 XRD parameters for Cr2O3 NPs calcined at 300, 400 and 500 °C.

Sample 2Theata FWHM hkl d-SFz§mg Cryst(anl Llltf s1ze D (nm) (Average)
245346 | 043460 | (012) | 3.62541 18.8545073
336162 031250 | (104) | 2.66386 2568765573
362363 029040 | (110)| 247703 2744440615
. [415390 053750 | (113)| 2.17225 14.58733793
CrO;at300°C 1505108 1041390 | (024) | 1.81546 1834591715 | 2107080511
548405 035370 | (116) | 1.67270 21.04476793
651348 | 030430 | (214) | 143101 2322400442
747824 025000 | (220) | 1.26850 2664982374
245088 | 035910 | (012) | 3.62916 228197439
336123 | 046630 | (104) | 2.66416 17.21525829
362029 035360 | (110) | 247924 2254133283
o [415203 032500 | (113)] 217319 2412670552
Cr0;atd00°C 1567864 (041670 | (024)|  1.81635 1820460012 | 2034387737
548783 052920 | (116) | 1.67164 14.06322782
651954 | 024550 | (214)| 142983 28.77671091
727955 | 045000 | (220) | 129814 14.99943055
245244 039500 | (012) | 3.62689 20.7451333
33.6496 | 055420 | (104) | 2.66129 14.48337298
362441 | 031470 | (110) | 247651 253246839
415344 | 042540 | (113) | 2.17248 1843162553
Cr03at500°C | 502306 | 0.34500 | (024) | _ 1.81486 22.00818067 | 20.23069736
548762 058580 | (116)| 1.67169 12.70455953
635023 | 049170 | (300) | 146381 14.50204943
651695 | 025080 | (214)| 143033 28.1726612
728517 026250 | (220)| 1.29728 2570400972

3.2, FTIR

Figure 2 shows the FTIR transmittance spectra of sol—-gel-derived Cr,O3 nanoparticles calcined at 300,
400, and 500 °C over the range 4004000 cm™'. All samples exhibit the characteristic absorption band
between 400 and 600 cm™!, attributed to Cr—O stretching vibrations of CrOs octahedra in rhombohedral
a-Cr203. This band becomes progressively sharper and more intense with increasing calcination
temperature, indicating improved Cr—O—Cr network ordering and enhanced crystallinity. The 300 °C
sample displays a broader and weaker Cr—O band, reflecting incomplete crystallization and higher
structural disorder. Broad absorption features near ~3400 cm™ and ~1630 cm™!, corresponding to O-H
stretching and H-O—-H bending vibrations, are observed in all samples but decrease markedly with
temperature, confirming the gradual removal of adsorbed moisture and hydroxyl species. Weak bands
in the 1000-1500 cm™ region, associated with residual nitrate species, are evident at 300 °C but
diminish at higher temperatures. Overall, the FTIR results corroborate XRD findings, confirming
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enhanced structural order and reduced residual impurities with increasing calcination temperature [46-
50].
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Figure 2 FTIR spectra of Cr2O3 NPs calcined at 300, 400, and 500 °C.

33  TEM

Figure 3 presents TEM micrographs of Cr.Os; nanoparticles calcined at 300, 400, and 500 °C,
illustrating the influence of thermal treatment on particle morphology and crystallization. At 300 °C,
the nanoparticles form heavily agglomerated clusters with poorly defined boundaries and irregular
shapes, indicating incomplete crystallization and the presence of amorphous residues; particle sizes are
mainly below 10-15 nm. At 400 °C, the particles exhibit clearer outlines, enhanced contrast, and
improved dispersion, reflecting significantly higher crystallinity. The average particle size increases to
~15-20 nm, consistent with the maximum crystallite size obtained from Williamson—Hall analysis,
while aggregation is noticeably reduced. At 500 °C, although high crystallinity is maintained, the
particles form more compact aggregates due to the onset of thermal sintering, and the effective particle
size decreases to ~10—15 nm. Particle-size distribution histograms (Figure 3 al—c1) further confirm
these trends, showing a shift toward larger, more uniform particles at 400 °C. Overall, TEM analysis
confirms that 400 °C is the optimal calcination temperature for producing well-defined and uniformly
sized Cr,03 nanoparticles [51].
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Figure 3 (a-c) the TEM micrographs of the Cr.O3 nanoparticles calcined at 300, 400, and 500 °C, and
(al—cl) histogram of the particle-size distributions.

3.4.  Vibrating sample magnetometer (VSM)

The room-temperature VSM hysteresis loop of Cr2O3 nanoparticles annealed at 500 °C (Figure 4)
exhibits a weak but distinct magnetic hysteresis, indicating the presence of a ferromagnetic-like
component superimposed on an antiferromagnetic/paramagnetic background [52]. The maximum
magnetization reaches approximately 0.09 emu g, while the magnetization at the highest applied field
remains unsaturated (~0.045 emu g'), confirming that the dominant magnetic nature of Cr2O3 is
antiferromagnetic [53]. A small remanent magnetization of about 0.025 emu g and a low coercive
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field of ~120 (field units as applied) are observed, reflecting soft-magnetic behavior with easy
magnetization reversal. The existence of finite coercivity and remanence in an otherwise
antiferromagnetic oxide is commonly attributed to uncompensated surface spins, spin canting, and
defects such as oxygen vacancies that become significant at the nanoscale. Annealing at 500 °C
improves crystallinity and reduces magnetic disorder, yet retains surface-induced weak
ferromagnetism, leading to the observed narrow hysteresis loop and non-saturating magnetization
response [54, 55] (Figure 4).
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Figure 4 Room-temperature VSM hysteresis loop of Cr,O3 nanoparticles annealed at 500 °C.

3.5.  Antibacterial activity
3.5.1. ADM

Figure 5 illustrates the antibacterial activity of Cr.0s nanoparticles calcined at 300, 400, and 500 °C
against Streptococcus pneumoniae as evaluated by the agar diffusion method. Clear inhibition zones
are observed around all nanoparticle-loaded wells, confirming the antibacterial nature of Cr20s. The
nanoparticles calcined at 300 °C exhibit modest activity, producing an inhibition zone of 18 mm,
which is attributed to incomplete crystallization, lower surface reactivity, and the presence of residual
hydroxyl and nitrate groups. In contrast, the 400 °C sample shows the highest antibacterial efficiency,
yielding a well-defined inhibition zone of 21 mm. This enhanced performance correlates with its
optimal crystallite size, lowest microstrain, and uniform particle morphology, which promote stronger
interactions with bacterial cell membranes. When the calcination temperature is increased to 500 °C,
the inhibition zone decreases to 19 mm, indicating reduced antibacterial effectiveness [49, 50]. This
decline is associated with thermally induced particle sintering and a reduction in available active
surface sites [S51]. Overall, these results clearly demonstrate that calcination at 400 °C produces Cr20s
nanoparticles with superior antibacterial activity compared to those treated at lower or higher
temperatures [56,57].
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S. pneumoniae

Figure 5 The antibacterial activity of Cr,O3 nanoparticles calcined at 300, 400, and 500 °C against
Streptococcus pneumoniae, where the diameter of the inhibition zones demonstrates a strong
dependence on calcination temperature, with the 400 °C sample producing the largest inhibitory effect.

Table 2 summarizes the antibacterial activity of Cr.O3 nanoparticles calcined at 300, 400, and 500 °C
against Streptococcus pneumoniae using the agar diffusion method. A strong dependence of
antibacterial performance on calcination temperature is evident. Nanoparticles calcined at 300 °C
exhibit moderate activity, with a mean inhibition zone of 18.0 + 1.0 mm, attributed to incomplete
crystallization, smaller particle size, and residual surface hydroxyl and nitrate groups. In contrast, the
400 °C sample shows the highest antibacterial efficacy, producing a mean inhibition zone of 21.0 + 1.0
mm. Statistical analysis confirms that this improvement is highly significant compared with 300 °C (p
= 0.003) [52-55]. The enhanced activity at 400 °C correlates with optimal structural characteristics,
including maximum crystallite size, lowest microstrain, and uniform particle morphology. The 500 °C
sample yields an inhibition zone of 19.7 + 0.6 mm, which remains statistically higher than the 300 °C
sample (p = 0.036) but lower than that of the 400 °C sample. The slight reduction is attributed to
thermal sintering and reduced surface reactivity. The optimal calcination temperature for antibacterial
Cr20s nanoparticles is 400 °C [58,59].






