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RESEARCH ARTICLE

Novel Engineering of Nickel Oxide and Chromium
Oxide Nanocomposites for Anti-Corrosion Studies

Sahar Ismael Imran

Department of Basic Science, College of Dentistry, Mustansiriyah University, Baghdad, Iraq

ABSTRACT

Mixed nickel oxide/chromium oxide nanocomposites NCs (NiO/Cr,O3 NCs) have been synthesized via two distinct
routes, the first: a green direct calcination-microwave-assisted route (sample B1) of nickel and chromium salts in a
crucible within an enclosed oven chamber, which provides an environmentally friendly approach free of gaseous and
fluid waste. The second is a conventional co-precipitation-microwave-assisted technique (sample B2). Both methods
produced a novel bio-inspired hierarchical micro-lobed architecture pattern. The corrosion resistance effects of both
samples have been studied. NiO/Cr,03 NCs were characterized using a field emission scanning electron microscope,
X-ray diffractometer, EDX-ray spectroscope, and FT-IR Fourier transform infrared. XRD analysis confirmed average crys-
tallite sizes of 22.93 nm (B1) and 23.24 nm (B2), whereas AFM measurements indicated mean particle sizes of 40-45 nm,
suggesting well-defined nanocrystals with minimal agglomeration. Despite significant differences in Ni/Cr composition
(B1:~1.3 vs. B2:~2.3) from EDS, both (NiO/Cr,03; NCs) were found to have comparable corrosion inhibition efficiencies
of ~82% when carbon steel was added to (0.1) M of HCIL. The assessments of electrochemical analysis identified the
primary mechanism as the formation of a protective/shielding layer on the steel surface. These findings indicate that
anti-corrosion performance is largely governed by barrier formation rather than stoichiometry, validating both synthesis
routes as sustainable strategies for designing high-performance NiO/Cr,O3 NCs as anti-corrosion materials, effectively
preventing corrosion.

Keywords: Co-precipitation method, Corrosion resistance, Direct calcination method, Metal oxide nanoparticles, Morpho-
logical properties, Structural properties

tial as a protective barrier and corrosion inhibition
remains underexplored.®

Introduction

Carbon steel corrosion in an acidic environment

represents a persistent and costly challenge for
numerous industrial sectors; thus, the pursuit of ef-
fective, advanced, and environmentally compliant
corrosion inhibitors is a critical research endeavor. 1>
Metal oxide nanocomposites (MONCs) have become
an encouraging addition to this field® with chromium
oxide (Cry03) and nickel oxide (NiO) being partic-
ularly promising due to their high-temperature re-
sistance, stability, and electrochemical properties. *°
The combination of these metal oxides in nanocom-
posite structures has shown superior performance
across various applications, though their full poten-

While the singular properties of NiO and CryOs3
nanoparticles are well established, studies on their
nanocomposites for corrosion protection are under-
developed, with the few reported studies focusing
on their electrical conductivity,” energy storage
devices like supercapacitors,® and more recently
exploring photocatalytic properties.® This leaves a
huge research gap in the systematic study of syn-
thesis methods for NiO/Cr,O3 NCs and a basic
understanding of how such synthesis methods in-
fluence their anti-corrosion mechanism. In order to
achieve this, the present work introduces a new,
green direct calcination method (B1) and compares it
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Scheme 1. (a) Synthesis of of NiO/Cr,O3NCs via direct thermal decomposition method. (b) Synthesis of of NiO/Cr,O3 NCs via

co-precipitation method.

systematically with a co-precipitation route (B2),
with both synthesis pathways featuring a critical
microwave-assisted crystallization step. Microwave
irradiation was essential for developing a unique
nanocomposite morphology, providing the neces-
sary rapid, uniform volumetric heating to allow
immediate nucleation and controlled growth that
facilitated the formation of specialized nanostruc-
tures responsible for improved material proper-
ties.' The morphology obtained by the process
is responsible for the improved barrier properties
as it provides more tortuous paths for corrosive
species. !

The originality of this work is therefore three-
fold: First, it demonstrates the viability of a green
synthesis method for producing high-performance
anti-corrosion NCs tunable in morphology. Second,
characterization (XRD, FESEM, EDS, AFM, FT-IR)
of the synthesized (NCs) establishes that compos-
ites with notably different chemical compositions
(Ni/Cr ratio of ~1.3 for Bl against ~2.3 for B2)
may possess comparable corrosion inhibition effi-
ciency (~82%). Third, we reveal a stoichiometry-
independent barrier mechanism that operates effec-
tively in corrosion inhibition, supported by recent
advances in nanomaterial design principles.'? The
novelty of this work is twofold: first, the develop-
ment of an environmentally friendly synthesis route
that integrates direct calcination of mixed metal-
salt pastes with co-precipitation and subsequent
microwave irradiation—an unconventional combina-
tion not previously reported for producing NiO/Cr;03
nanocomposites; and second, the formation of a dis-
tinctive micro-lobed morphology that significantly
enhances the physical barrier properties for cor-
rosion protection, independent of stoichiometric
variations.

Materials and methods

The forerunner material applied for the produc-
tion of Cry03 NPs was chromium acetate (Merck
Chemicals); meanwhile, for NiO NPs synthesis, nickel
acetate (Merck Chemicals) was used. Multiple tech-
niques were employed for sample characterization:
scanning the morphology and image of the sample
using an electron microscope (FESEM); compound
compositions were examined using energy-dispersive
X-ray spectroscopy (EDS) via a TESCAN MIRA3
microscope operating at 20 kV. To inspect the crys-
tal structure of the prepared compounds, an X-ray
diffraction (XRD) Bruker D8 Advance diffractome-
ter with Cu K« radiation (A = 1.5406 A), scanning
range of 10-80° (20), was used. Bruker Multimode
8 was employed in AFM tapping mode and was
used to examine the topography of all the prepared
samples. Finally, the spectra from FT-IR of the en-
tire designed samples were verified by a Shimadzu
IRTracer-100 spectrometer using KBr pellets (4000-
400 cm™! range).

Synthesis of NiO/Cr,O3NCs via direct thermal
decomposition method

This low-cost/environmentally friendly method
was used to synthesize NiO/Cr,O3NCs via a simple
enhanced route by weighing 1 gm of nickel salt and
dissolving it in deionized water until a paste was
formed followed by adding 1 ml of (1)M of KOH to the
paste, in a different beaker 1 gm of chromium acetate
was dissolved in deionized water until a paste was
formed followed by adding 1 ml of (1)M of KOH to
the paste; then the whole materials were mixed in a
crucible and heated for 1 minute at 80 °C. A black
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Fig. 1. XRD patterns of NiO/Cr203 NCs synthesized by direct calcination method (B1) and Co-PPT method (B2) respectively.

precipitate was formed directly; then the crucible by placing the precipitate in a microwave oven for 2
was transferred to a closed chamber oven and went min at (900 W) '%!! as in Scheme 1a. The sample was
through calcination for 2 hours at 850 °C, followed donated as (B1).
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Synthesis of NiO/Cr.O3 NCs via the co-precipitation
method

This method was used to synthesize NiO/Cr,03
NCs via simple, efficient steps by preparing (0.1) M
nickel salt and (0.1) M chromium acetate in separate
beakers. These salts were mixed in a beaker heated
with stirring for 15 minutes at 80 °C. Drops of 10 ml
of 1 M KOH were added gradually to the mixture,
and a change in the solution color was observed from
bluish green to a darker color; the solution was left
for 2 hours at 80 °C, then transferred into a crucible
and went through calcination for 2 hours at 850 °C.
A black precipitate was formed directly; then the cru-

Table 1. The calculated crystallite size for all samples (B1and B2).

Samples 2-Theta FWHM Size(nm)
B1 43.080 0.404 22.93
B2 42.960 0.384 23.24
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cible was transferred to a microwave oven for 2 min
at (900 W)'%!! as in Scheme 1b. The sample was
donated as (B2).

Results and discussion
X-ray diffraction

XRD patterns in Fig. 1 show all the achieved prod-
ucts in which NiO/Cr,03 NCs were synthesized by the
direct calcination method (B1) and Co-PPT method
(B2) assisted by microwave radiation, respectively.
For each sample, the mean particle size was calcu-
lated according to the formulation of Debye Scherrer,
D = 0.91/(Bcosh). Where D is the average crystalline
size, while A is for Cu-Ka (A = 0.1542 nm), 8 points
to (FWHM), while (9) is the Bragg’s angle.'>!* The
XRD peaks for all samples (B1, B2) were donated
by the occurrence of noticeable peaks at 24.4, 28.4,
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Fig. 2. Surface morphology of (B1) sample; FESEM - EDS images of NiO/Cr,O3 NCs synthesized by direct calcination method.
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33.5, 36.1, 41.4, 43.1, 50.1, 54.8, 63.2, 65, and 72.9°
sideways with following lattice planes (0 1 2), (2 2
0,(104),(010),(113),M400),0024,1a
16), (21 4), (30 0)and (119) respectively® as in
Table 1. The dimensions of the average crystalline
were (40) nm. As well, the presence of peaks of high
intensity signifies the formation of pure crystals of
NiO/Cr;03 NCs. The calculated crystallite size for the
(311) plane for both samples (B1-B2) is included in

BAGHDAD SCIENCE JOURNAL 2026;23(6):2012-2024

Table 1. The average crystalline size was calculated
for (B1-B2) via the Debye-Scherrer formula and was
found to be (22.93 and 23.24) nm. Generally, the size
and usage of the prepared nano NiO and Cr,O3 oxides
can differ depending on the specific application and
desired properties. '>'° In all samples, no other impu-
rities could be observed in the XRD pattern; however,
the literature explains that if broad peaks were wit-
nessed in the XRD pattern, this indicates that the full
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Fig. 3. Surface morphology of (B2) sample; FESEM -EDs image of of NiO/CroO3 NCs synthesized by Co-PPT method.
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width-.half maxim(FWHM) value is high, and there-
fore the average particle size of the designed sample is
smaller. Noticeable peaks in the XRD pattern indicate
the well-crystalline nature of the designed sample and
that the full width half maximum value is smaller;
thus, indicating a larger average crystallite size.'>'©

Surface morphology via FESEM and EDS
techniques

The morphology of the typically synthesized
NiO/Cr,03-NCs was investigated by FE.SEM and
E.DS, as in Figs. 2 and 3, the obtained results for
all samples were in good alignment with previous
literature.®'” For all the prepared samples, FESEM
images showed interesting shapes: aggregated cubical
NiO-Cr,03 NCs for both (B1) and the shape of the (B2)
sample was found to be dotted quasi-cubic NiO-Cr;03
NCs. Manufacturing the samples via calcination and
Co-ppt methods, assisted by microwave discrete radi-

2017

ation, possibly led to obtaining the particular shape
for all engineered samples; moreover, it resulted
in good crystallinity due to unvarying heating and
precise control of processing parameters, which ul-
timately led to phase purity enhancement. Therefore,
sample synthesis with microwave radiation is consid-
ered an attractive approach for fabricating crystalline
NCs with customized properties for various field
applications.” The FESEM images reveal a micro-
lobed, segmented morphology resembling the surface
pattern of a bio-inspired hierarchical micro-lobed ar-
chitecture. This hierarchical structure is believed to
enhance the nanocomposite’s adhesion to the steel
surface and provide a tortuous path for corrosive
species, thereby improving barrier performance. The
EDS spectrum of sample (B1) showed high inten-
sity peaks of nickel ranging from 35.11 wt%, peaks
of chromium ranging from 27.32 wt% and of oxy-
gen ranging from 29.39% of oxygen respectively,
which is a further indication of the presence of NixOy
and Cr,Oy. While the EDS spectrum of sample (B2)

D paw of iha iesfle

s RS

a - e 4 e
] - E" ¥ :1 E-:F
:l : - :{ H |

1] oy 'l :-

bl |

|]”H j[f[ﬁ'hu -l , .LH-H!T'.-:'-. ———
E?*'_

10 worwr o [be narlae

Fig. 4. (a) AFM image of EDs image of NiO/CroO3 NCs synthesized by direct calcination method. (b) AFM image of EDs image NiO/CroO3

NCs synthesized by Co-PPT method.
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showed high intensity peaks of nickel ranging from
48.19 wt % and peaks of chromium ranging from
21.06 wt% and of oxygen ranging from 23.09 wt%,
respectively, which is a further indication of the
presence of NixOy and Cr,Oy, The pronounced pu-
rity of the synthesized nanocomposite was shown by
EDX mapping analysis.®!” Notably, the EDS analy-
sis confirmed the presence of Ni, Cr, and O in the
composites, revealing that the Ni/Cr weight ratio was
very different between the two samples (~1.3 for Bl
vs. ~2.3 for B2), due to their distinct ways of syn-
thesis. This compositional difference did not interfere
with the corrosion inhibition performance. XRD pat-
terns matched the reference phases for NiO (JCPDS
47-1049) and Cr,03 (JCPDS 38-1479), indicating the
formation of a nanocomposite consisting of distinct
NiO and Cr, O3 crystallites. Such a result suggests that
the mechanism of anti-corrosion is dominated by the
physical barrier effect of the nanocomposite layer,
irrespective of the precise stoichiometry within the
studied range.

Atomic force microscopy (AFM)

2D and 3D AFM data for all prepared samples (B1-
B2), respectively, were obtained; in which NiO/Cr,03
—NCs were integrated via calcination assisted by (MW-
I) radiation and Co-ppt method assisted by (MW-I)
radiation, respectively Fig. 4a, b. For each sample, the

BAGHDAD SCIENCE JOURNAL 2026;23(6):2012-2024

mean particle size was found to be (40,45 and 44.08)
nm, respectively.

Thus, the selected characterization methods in
nano-fields are administered by certain data required
to investigate the manufactured nano-composites.
The Analysis of crystal assembly and phase con-
figuration XRD is superior; meanwhile, detailed
morphological data can be provided via the FESEM
method, and elemental analysis particulars are typ-
ically attained from the EDS technique. Collective
usage of these techniques provides inclusive insights
into the arrangement, assembly, and morphology
of nanocomposites, supporting their characterization
and application enhancement. '®!° The fact that the
average crystallite size estimated from XRD (~23 nm)
and the particle size measured by AFM lie in the
range 40-45 nm is a common feature of polycrys-
talline nanomaterials. While XRD measures the size of
discrete diffracting domains, AFM provides images of
the overall particle morphology, which is generally an
agglomerate of several such crystalline domains. Such
agglomeration is also routinely observed from FESEM
images and does not detract from the nanoscale char-
acter of the material.

FT-IR spectra analysis

The vibrational modes of NiO/Cr,O3; NCs were
shown by FT-IR, as in Table 2. using a pellet of KBr in

Table 2. FT-IR spectra with main bands in (cm~") of NiO/Cr,0O3 based nanostructures.

Symb. v Cr+2.0 vCr+3.0 vNit2-0 § O-H v HyOof Hydration
B1 669.03 449.35 422.36 1641.65 3450.41
B2 619.11 565.10 443.60 1645.17 3419.56

* § =bending, *v =stretching.
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Fig. 5. FT-IR Image of NiO/Cr,05 NCs synthesized by direct calcination method.
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Fig. 6. FT-IR Image of NiO/Cr,O3 NCs synthesized by Co-PPT method.
Table 3. Chemical composition of carbon steel C45.
Metal C% Si% Mn% S% P% Cu% Ni% Cr% Fe%
Carbon Steel 45 0.36-0.42 0.15-0.30 1.00-1.40 0.05 0.05 050 0.20 0.20 96.88-97.49

the wavelength range 4000-400 cm™ !. FT-IR data of
NiO/Cr,03 —-NCs prepared via calcination method in
Fig. 5 exhibited peaks fixed at 3450 and 1641 cm™! fit
to the hydration water that has stret. ching-bending
vibration of hydroxyl groups (O-H) correspondingly.
Peaks at 948 and 422 cm~! are credited to C-O /
Ni-02%2! stretching vibrations. Additionally, the bi-
nary broad band at 669 and 499.53 cm~! credited to
Cr*2-0, Cr*3-0 vibrations.

FT-IR image of NiO/Cr;O3 —NCs primed via Co-
ppt method in Fig. 6, shows wide-ranging peaks
fixed at 3432 and 1614 cm™! fit to the hydra-
tion water that has stret. ching-bending vibration
of hydroxyl groups (O-H) correspondingly. Peaks at
948 and 443 cm™! are credited to C-O / Ni-O%°
stretching-vibrations. Additionally, the binary broad
band that appears at 619 and 565 cm™! is credited to
the vibrations of Cr*2-0, Cr*3-0.2! These outcomes
evidently supported the synthesis of the nanocompos-
ite of the prepared samples. The observed shifts in
Cr-O and Ni-O vibrational bands between Bl and
B2, as shown in Table 2, are attributed to differ-
ences in Ni/Cr stoichiometry and crystalline ordering
induced by the two synthesis methods. These varia-
tions confirm the successful formation of nanocom-
posites with distinct local bonding environments,
which nevertheless yield similar corrosion inhibition
efficiencies.

Corrosion measurements

A Host computer was included in the potentiostat
setup, a thermostat, and a magnetic stirrer, along-
side the potentiostat and galvanostat. The pyrex-
cell capacity is 250 ml, consisting of internal and
external plates. Potentiodynamic polarisation mea-
surements were carried out to study the corrosion
performance of the synthesized NiO/Cr,O3 nanocom-
posites. A three-electrode electrochemical cell with a
carbon steel (C45) working-electrode, and a platinum
counter electrode, and a saturated calomel reference
electrode (SCE) was used.

Working electrode preparation

The carbon steel electrode surface was ground se-
quentially with SiC abrasive paper up to 1200 grit,
followed by polishing with 0.5 um alumina slurry
to a mirror finish. Afterwards, the electrode was
cleaned ultrasonically in acetone for 5 minutes, rinsed
with distilled water, and dried.?? All the experiments
were conducted at 298 K, ruled by a cooling-heating-
circulating water bath in 0.1 M HCI solution. The
open-circuit-potential, Eocp, was monitored for 15
minutes in order to attain a steady state. Polarization
curves were acquired by scanning the potential from —
200 mV to + 200 mV versus Eocp with a scan rate of 1
mV/s. All measurements were performed in triplicate
to ensure reproducibility.?*
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Table 4. Corrosion factors in HCI solutions for blank and compound.

Comp. -Ecorr (mV) icorr (/LA/CIIIZ) Icorr./ r (A/cm2) Resis. (2) -Bc (mV/Dec) Ba (mV/Dec) Corr. rate, (mm/y) IE%
Blank -0.385 563.2 0.001 28.96 0.055 0.120 5.529 -
Bl -0.789 99.76 1.995E-4 1352 0.605 0.638 0.979 82
B2 -0.825 98.51 1.970E-4 1420 0.692 0.603 0.967 81
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Fig. 7. Polarization curves for corrosion of blank HCI + (B1 sample) solution.

Polarization curves

The evaluation of resulting data obtained from cor-
rosion parameters can be tracked in Tables 3 and 4
The corrosion current density (icorr) and corrosion
potential (Ecorr) were obtained by the extrapolation
of the cathodic-anodic Tafel with/without inhibitor
molecules in HC1 (0.1 M) solution. The anodic (ba)-
cathodic (bc) Tafel slopes obtained from Figs. 7 and 8.
Table 4 shows the resulting data of the corrosion
potential Ecorr (mV), corrosion current density icorr
(A/cm?), cathodic-anodic Tafel slopes (mV/Dec), and
protection efficiency PE%.2*?> The large negative
shift in the Ecorr value of both samples, B1 (-789
mV) and B2 (-825 mV), as compared to the blank
(-385 mV), implies that NiO/Cr,03 nanocomposites
act primarily as a cathodic inhibitor. This means that
the protective thin film situated on the surface of

carbon steel suppresses the cathodic reaction, such
as the reduction of oxygen. A key piece of evidence
for their inhibition efficiency is an 80% reduction in
corrosion current density, icorr, for both composites,
as in Eq. (1).

O%IE — (icorr? o — (icorr) «100 &)
(icorr) o

Where (icor)o= corrosion current density (with no
inhibitors), (icorr) = corrosion current density (with
inhibitors).?*?> The tested sample was inserted into
a corrosion cell in which the diameter of the exposed
surface to the solution was 16.55 c¢cm2. Scheme 2
shows the complete system set up of polarization
measurement.
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Fig. 8. Polarization curves for corrosion of blank HCI +(B2 sample) solution.
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Conclusion

The current study describes the corrosion
performance of NiO/Cr,Os; nanocomposites with
a unique bio-inspired hierarchical micro-lobed
architecture synthesized via direct -calcination
(green/environmentally friendly method) and
co-precipitation methods. Characterization tech-
niques were performed using five complementary
techniques: XRD for crystal structure, FESEM/EDS for
morphology and composition, AFM for topography,
and FT-IR for functional groups. The most important
finding in this work is that despite the quite different
chemical compositions of both composites, both
showed, remarkably, similar corrosion inhibition
efficiencies of ~82% in 0.1 M HCI. This particular
hierarchical structure enhances adhesion to the steel
surface and allows the easy formation of a dense
protective barrier layer. Although the corrosion
inhibition efficiency remained stable (~82%) across
the Ni/Cr ratios studied (~1.3-2.3), it is anticipated
that extreme stoichiometric deviations could affect
barrier layer integrity. Future studies exploring
a wider compositional range are recommended
to define the optimal stoichiometric window for
corrosion protection. This work illustrates that the
anti-corrosion performance is effectively independent
of the Ni/Cr ratio variations, underlining the
fundamental role of morphological control in barrier
protection mechanisms.
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