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INTRODUCTION

	 Metal oxides are of great technological relevance 
in photovoltaic applications, clean energy production, 
sensors, biological uses, nanoelectronics devices, solar 
cells, catalysis, corrosion protection and environmental 
remediation due to their unique arrangement of electro-
nic structure, light absorption properties, unique cata-
lytic capability, plasmonic tunability, relatively low 
toxicity and charge transport characteristics [1–3].  
Nanoparticles (NPs) of metal oxides are preferred to 

their bulk counterparts due to their enormous surface 
area to volume ratio [4]. Al2O3, ZrO2, TiO2, Y2O3, NiO, 
ZnO and SnO2 are the most frequently used metal oxide 
nanoparticles [5]. NiO nanoparticles are of spe-cial 
interest due to their unique combination of high hard-
ness [6], excellent thermal stability [7], electronic [8], 
catalytic [9], magnetic[10] and optical properties [11]. 
Diverse methods including precipitation [12], sol-gel 
[13], solvothermal [14], sonochemistry [15], thermal 
decomposition [16], microwaves [17], pulse-laser 
ablation [18], anodic arc plasma [19] and green 
synthesis [20] have been used to synthesize metal oxide 
nanoparticles particularly nickel (II) oxide nanoparticles. 
Rifaya et. al synthesized spherical and rod-shaped 
polycrystalline nickel (II) oxide nanoparticles with 
average particle size of 12 nm, specific surface area of 
74 m2g-1 and energy band gap of 3.83 eV by chemical 
capping method using nickel chloride, alanine, ethanol 
and ammonia. Solution A consisting of 0.1 M solution 
of NiCl3 in ethanol was added drop wise to solution B 
consisting of 0.001 M solution of alanine in ammonia 
with continuous stirring at a temperature of 80 °C for 
20 hrs. The nanoparticles were collected and washed 
several times in high purity water to remove the excess 
ions. The samples were dried at 60 °C in air to remove 
moisture contents. The samples were prepared by hea-
ting this Ni(OH)3 nanoparticles at 350 °C for 90 min 
[21]. Salavati-niasari et al. synthe-sized quasi-spherical 
nickel and nickel (II) oxide nanoparticles with average 
particle size of 24 nm having magnetic coercivity of 
Ni nanoparticles as high as 900 A/m via nontoxic, facile 
and inexpensive heat-treatment of nickel octanoate pre-
cursor in the range of 400-900 °C. The optical absorp-
tion band gap of the synthesized NiO nanoparticles was 
reported to be 3.41 eV [22]. Danial et al. synthesized 
nickel (II)  oxide nanoparticles by sol-gel technique 
by heating a mixture of nickel nitrate precursor (Ni 
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	 A novel approach for synthesizing nickel (II) oxide (NiO) 
nanoparticles was developed by chemically precipitating nic-
kel (II) chloride (NiCl2) derived from dissolving pure solid nic-
kel in concentrated hydrochloric acid. The synthesized nano-
particles were then characterized and evaluated as a corrosion 
inhibitor for mild steel. Structural, morphological, and thermal 
properties were analyzed using XRD, FTIR, TEM, SEM-EDX, 
TGA/DTA, and DSC techniques. The nanoparticles exhibited 
a highly crystalline structure with an average crystallite size 
of 23.03 nm, which was consistent with TEM analysis showing 
individual particle sizes between 10.02 and 28.50 nm. Thermal 
analysis revealed a significant decomposition event at 519.4 °C, 
indicating high thermal stability. The corrosion inhibition po-
tential was assessed on mild steel specimens coated with an epo-
xy resin containing 1 wt. % NiO nanoparticles and immersed 
in a 3.5 wt. % NaCl solution. The results demonstrated a sub- 
stantial decrease in corrosion rate with the addition of NiO. 
The epoxy-1 wt% NiO nanocomposite coating provided the 
highest inhibition efficiency compared to the sample coated 
with only epoxy resin and the uncoated sample reaching 91.0 % 
and required a higher activation energy to initiate corrosion 
compared to both uncoated and neat epoxy-coated samples. 
This study confirms the successful synthesis of stable, crysta-
lline NiO nanoparticles via a novel chemical precipitation me-
thod and establishes their superior performance as an active 
component in epoxy coatings for robust corrosion protection 
of mild steel.
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(NO3)2.6H2O) solution dripped in citric acid (C6H8O7.
H2O) solution to 70 °C with mechanical stirring for 
about 12 h dripping followed by aging and drying of 
the obtained translucent green gel at 110 °C for 24 h and 
subsequent calcination at three different temperatures 
of 200 °C, 400 °C and 600 °C for 4 h. Average particle 
sizes of 10 nm, 20 nm and 42 nm were obtained for 
calcination temperatures of 200 °C, 400 °C and 600 °C 
respectively [23]. Hada et al. synthesized nanoparticles 
of nickel (II) oxide with average particle size of 14 nm 
with pure bunsenite phase and FCC crystal structure 
with spherical morphology through a mixed reverse 
microemulsion route. The microemulsion was prepared 
by Tween-80, Aerosol-OT, n-Propanol, Cyclohexane, 
and Nickel Chloride. Liquid ammonia solution was 
added dropwise to the microemulsion mixture to using 
a magnetic stirrer at room temperature form precipitate 
of nickel (II) hydroxide which was subsequently filtered 
and washed repeatedly to remove organic residues and 
surfactant. This was followed by drying in an air oven 
at 80 °C for 10 h and calcination at 450 C for 3 h in 
muffle furnace [24]. Nathan et al. synthesized crystalline 
nanostructured nickel (II) oxide with particle size within 
7–15 nm range having a single phase for electrochemical 
capacitors via the solvothermal synthesis route using 
nitrate–citrate precursor having Ni(NO3)2 as starting 
material. The thermal decomposition of the as-formed 
gel precursor led to the formation of crystalline NiO 
[25]. Ortega et al. synthesized spherical and hexagonal 
ferromagnetic nickel and nickel (II) oxide nanopartic-
les with particle sizes ranging from 11.2 nm to 87 nm 
by a levitation-jet aerosol synthesis under different gas 
environments and metal precursor feed rates [26]. 
Sheit et al. synthesized cubic cluster-like structure NiO 
nanoparticle powder by adding 0.1 molar nickel nitrate 
hexahydrate (Ni(NO3)2·6H2O) to Acacia Nilotica bark 
extract and the mixture was stirred continuously for 
6 hours at a steady temperature of 80.0 °C to obtain a 
black precipitate which was dried at 120 °C for 6 hours 
and subsequently calcined at 500 °C for 5 h [27]. Firisa 
et al. carried out green synthesis of NiO NPs with 
average particle size of 14.18 nm by adding Phytolacca 
dodecandra L’Herit Leaf extract to nickel(II) nitrate 
hexahydrate (Ni(NO3)2·6H2O) with pH adjustment to 10 
using 5M NaOH. The obtained precipitate was centri-
fuged for 10 min, washed with distilled water and ethanol 
several times to remove impurities, dried at 70 °C for 2 h 
in an oven and calcined in a muffle furnace for 2 h at 
400 °C [28]. In this work, the nickel (II) chloride (NiCl2) 
precursor which was reacted with sodium hydroxide 
(NaOH) to form nickel (II) hydroxide [Ni(OH)2] pre-
cipitate which was further calcined to obtain NiO 
nanoparticles was obtained by dissolving pure solid 
nickel in concentrated Hydrochloric acid. Structural, 
morphological, compositional and thermal analysis of 
the synthesized samples were carried out using a com-

bination of XRD, FTIR, TEM, SEM-EDX, TGA/DTA 
and DSC techniques. The relentless degradation of ma- 
terials due to corrosion presents a critical challenge 
across global industries, incurring significant economic 
costs and compromising the integrity of essential infra- 
structure [29]. With annual damage estimates exceeding 
2.5 trillion U.S dollars, a substantial portion of this 
loss is directly attributed to the corrosion of steel com-
ponents. While traditional strategies such as organic 
coatings and cathodic protection have been employed, 
many conventional organic corrosion inhibitors are 
environmentally hazardous and offer limited long-term 
protection [30–35]. This dual challenge of economic 
impact and environmental unsustainability necessitates 
the urgent development of a new generation of high-per- 
formance, eco-friendly materials for corrosion preven-
tion.
	 Nanotechnology offers a transformative solution 
to this problem, leveraging the unique properties of 
nanoparticles to create highly effective corrosion inhi-
bitors. Nanoparticles, particularly metal oxides, are ideal 
for this application due to their high surface area-to-
volume ratio, which promotes the formation of a den- 
se, passive barrier on metal surfaces [36]. Among these 
materials, nickel (II) oxide (NiO) nanoparticles are par- 
ticularly promising, exhibiting excellent chemical stabi-
lity and low toxicity [37]. While the potential of NiO 
nanoparticles is widely recognized, existing synthesis 
methods often rely on complex, energy-intensive pro-
cesses or expensive precursors. This limitation has im-
peded their large-scale, cost-effective production and 
broader industrial application.
	 The potential of using the synthesized NiO nano-
particles as corrosion inhibitor was evaluated by studying 
the corrosion resistance of mild steel (MS) coated with 
epoxy resin containing 1 wt. % NiO in 3.5 wt. % NaCl 
within the temperature range of 30 to 60 °C using gravi-
metric method.

MATERIALS AND METHODS

Synthesis and characterization of synthesized 
NiO nanoparticles

	 The nickel (II) oxide nanoparticles were synthesi-
zed by the chemical precipitation technique. The syn-
thesis procedure for the nickel (II) oxide nanoparticles 
have been described in details in our previously reported 
work [38].
	 XRD characterization to determine the crystal 
structure, average crystallite size and lattice parameter 
of the synthesized nickel (II) oxide nanoparticles sample 
was done using Thermo Scientific ARL X’TRA X-ray 
Diffractometer with serial number 197492086, a product 
of Thermo fisher Scientific Company Switzerland. The 
equipment has an X-ray tube operating at 60 kV, 2200 Wt 
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(MC 61-04x 12C, Ni-filter) and generator voltage of 
10-60 kV and current strength of 0-50 MA. Cu was used 
as the target, and the corresponding wavelength of the 
X-ray was 0.154056 nm. The FTIR characterization to 
detect the presence of possible functional groups and 
chemical bonds in the synthesized nickel (II) oxide 
nanoparticles sample was done using the PerkinElmer 
Instrument, Spectrum Two FT-IR Spectrometer (LiTaO3 
Detector) with serial number 122344. Four scans 
were performed within the range of 4000 to 450 cm-1. 
A Fourier Transform Infrared Spectrophotometer (FTIR) 
is an analytical instrument used to measure the absorption 
or transmission of infrared radiation by a sample. The 
FTIR technique is based on the principle that different 
chemical bonds in a molecule absorb infrared radiation 
at specific frequencies, and by measuring the absorption 
or transmission of this radiation, it is possible to identify 
the types of chemical bonds present in the sample. 
TGA/DTA characterization of 8.312 mg nickel (II) 
oxide nanoparticles sample within the heating range 
of 30 °C to 950 °C at the scanning rate of 10 °C/min 
was done using the PerkinElmer TGA 4000 equipment 
made in the Netherlands to determine the thermal stabili-
ty of the synthesized sample by recording continuous 
measurements of mass as a function of temperature. 
DSC characterization of 7.5000 mg of Nickel oxide 
nanoparticles sample at a heating rate of 10 °C/min was 
done using the Differential Scanning Calorimeter (DSC) 
Model Mettler Toledo DSC 2. The DSC measures heat 
flow associated with thermal transitions of a material 
such as glass transition, melting point and crystallization 
temperature. AFM characterization of Nickel (II) oxide 
nanoparticles sample to obtain nanoscale imaging of 
topographical morphology and surface roughness of 
the sample was done using the nGauge Atomic Force 
Microscope manufactured by ICSPI, Canada with Maxi- 
mum scan area (XY) of 20 × 20 µm, Z range of 
10 µm, scan speed of 80 seconds (256 × 256 pixel, of 
20 × 20 µm), noise floor <0.5 nm rms and XY scanner 
resolution of <0.5 nm. The morphology of the synthe-
sized nickel oxide nanoparticles was studied using 
the JEOL JSM 7600F Scanning Electron Microscope 
at three different magnifications of 8000×, 9000× and 
10 000× respectively at Hv of 20 KV. The size of indi-
vidual particles of the synthesized nickel (II) oxide 
nanoparticles was recorded using the JEM-ARM200F-G 
model of the Transmission Electron Microscope.

Corrosion testing

	 The coatings were prepared using the method 
adopted by Khodair et al. [39] with slight modification. 
The coatings for the mild steel specimens were produ-
ced by mixing epoxy resin based on diglycidyl ether 
of bisphenol A (DGEBA) with an amine hardener, 
tetraethylenepentamine (TEPA) in the ratio of 2:1 

by weight. 1 wt. % NiO were added to the coating 
mixture and the contents were mechanically stirred for 
about 30 minutes and ultrasonicated for about 15 mi- 
nutes for homogenization. Well cleaned mild steel 
specimens suspended by polymeric threads were fully 
dipped into the coating mixture and subsequently dried 
at room temperature for 48 hours for full curing. The 
corrosion inhibition data for mild steel in the presence 
and absence of epoxy-NiO nanoparticles for 60 days 
of immersion in 3.5 wt. %  NaCl was obtained using 
the gravimetric method. Corrosion rate and percentage 
inhibition efficiency were calculated using the formulae 
in equations 1 and 2 respectively.

(1)

where CR is the Corrosion rate (gm-2 day-1), A is the 
surface Area (m2) and t is the exposure time (days). The 
corrosion inhibition efficiency was calculated using the 
formula:

(2)

where I.E. is percentage inhibition efficiency, CR0 is cor-
rosion rate of uncoated sample, and CRi is corrosion rate 
of coated sample.

Surface studies

	 The surface of the blank sample and samples coated 
with the pristine epoxy resin as well as epoxy resin 
containing 1 wt. % NiO nanoparticles were studied after 
60 days immersion in 3.5 wt. % NaCl using the nGauge 
Atomic Force Microscope with Maximum scan area 
(XY) of 20 × 20 µm, Z range of 10 µm, scan speed of 
80 seconds (256 × 256 pixel, of 20 × 20 µm), noise floor 
<0.5 nm rms and XY scanner resolution of <0.5 nm to 
obtain the surface roughness of the various samples. 

RESULTS AND DISCUSSION

Structural analysis

	 X-ray diffraction (XRD) is a nondestructive tech-
nique for characterizing crystalline materials [40]. 
It gives information regarding the structures, phases, crys-
tal structure, lattice parameters, chemical composition 
and other structural parameters, such as average grain 
size, crystallinity, strain, and crystal defects [41, 42]. 
X-ray diffraction peaks are produced by constructive 
interference of a monochromatic beam of X-rays scatte-
red at specific angles from each set of lattice planes in 
a sample. The peak intensities are determined by the 
distribution of atoms within the lattice [43]. The XRD 
pattern for the synthesized nickel (II) oxide nanopartic-les 
is shown in Figure 1. The X-ray diffraction data (Tab. 1) 

CR = At
W

I.E. =                   · 100 %CR0

CR0 – CRi
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showed distinct diffraction peaks identified at 2θ values 
of 37.25°, 43.27°, 56.62° and 63.05° representing cubic 
crystallites of NiO corresponding to the diffracting 
planes (111), (200), (222) and (220) respectively with 
a lattice constant of 4.1749 (DB Card number 01-076-
6122). The other peaks observed at diffraction angles of 
31.87° and 45.61° have been identified as Ni2O3 and Ni 
and correspond to the (200) and (220) diffracting planes 
[44]. 

	 The broadened peak shows the nanometer-sized 
crystallites. The average crystallite size, D was calculated 
by using the Debye-Scherrer formula [45] which is given 
as  

(3)

	 The crystallite sizes were found to be within the ran-
ge of 9.9 nm and 53.8 nm for various identified diffrac-
tion peaks (Tab. 1) resulting in an average crystallite 
size of 23.03 nm which is consistent with the individual 
particle sizes ranging from 10.02 nm to 28.50 nm for 
NiO nanoparticles revealed by Transmission Electron 
Microscopy results as illustrated by figure 2. The TEM 
image shows that the NiO particles are predominantly 
spherical or near-spherical in shape. Their surfaces appear 

relatively smooth. The image shows several diameters 
of individual particles. The measured sizes range from 
10.02 nm to 28.50 nm. This confirms that the material 
consists of nanoparticles, with a size distribution that is 
relatively narrow, centered around a certain average size 
likely in the mid-to-high tens of nanometers.

	 The Fourier Transform Infrared Spectroscopy 
(FTIR) analysis of the synthesized nickel (II) oxide na- 
noparticles shown in Figure 3 revealed that some cha- 
racteristic infrared absorption peaks including nickel-
oxygen tetrahedral bonding, metal-oxygen stretching 
and oxygen-hydrogen bonding were present in the 
synthesized sample. Metal-oxygen stretching was con-
firmed at wavenumber of 579 cm-1 which is typically 
observed for NiO with a strong peak around 500-600 cm-1 

[19]. Nickel-oxygen tetrahedral bonding was noticed at 
944 cm-1 which is another peak associated with Ni–O 
bonding, but typically at slightly higher wavenumbers 
for NiO, around 684-964 cm-1 and represents the dis-
tinctive mode of the NiO phase [20]. The presence of 
oxygen-hydrogen bonding was strongly confirmed by 
two prominent peaks at 1624 and 3350 cm-1 due to the 
hydroxyl groups present at the surface of the sample. 
Metal oxides can interact with moisture and atmospheric 

Tab. 1  XRD data of synthesized NiO nanoparticles

Diffraction angle 
(2θ)

d-value
(Å)

FWHM 
(°)

Height 
(cps) Diffracting plane Crystallite size 

(nm)
31.871(8) 2.8056(7) 0.164(6) 5525(251) (200) 52.7(20)
37.25(5) 2.412(3) 0.88(15) 209(27) (111) 9.9(16)
43.27(11) 2.089(5) 0.68(12) 367(42) (200) 13.2(24)

45.606(10) 1.9876(4) 0.183(10) 3010(193) (220) 49.1(26)
56.62(2) 1.6242(6) 0.18(3) 727(66) (222) 53.8(80)
63.05(4) 1.4733(8) 0.64(16) 209(25) (220) 15.2(38)

Fig. 1.	 XRD pattern of synthesized NiO nanoparticles

Fig. 2.	 TEM analysis of synthesized nickel (II) oxide nano-
particles

D =
Full width at half maximum, FWMH × cos Ɵ

Shape factor × x-ray wavelength
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gases leading to the formation of hydroxyl groups on the 
surface. Peaks associated with hydroxyl stretching and 
bending vibrations are typically observed in the range 
3000-3700 cm-1 and 1600-1800 cm-1 respectively [46, 47].

Morphological and compositional analyses of 
the synthesized nickel (II) oxide nanoparticles

	 The morphology of the synthesized nickel (II) oxide 
nanoparticles investigated using the JEOL JSM 7600F 
Scanning Electron Microscope captured at three different 
magnifications of 8000×, 9000× and 10 000× is shown in 
Figures 4, 5 and 6 respectively.
	 The SEM micrographs reveal a microscopic struc-
ture characterized by irregular, tightly packed particles 
and agglomeration of several nanoparticles of nickel (II) 
oxide to form clusters, resulting in a porous and non-
uniform surface morphology. This type of structure can 
have significant implications for the material‘s pro- 
perties, particularly its high surface area, which is a de-
sirable trait for applications like catalysis, gas sensing 
and corrosion inhibition. The irregular shapes and va-
ried sizes of the NiO particles create a tortuous path 
for corrosive agents (like chloride ions and water) to 
penetrate the coating. This tortuosity effect increases the 
diffusion length, slowing down the attack on the steel 
substrate. 
	 The EDX results for the compositional analysis for 
the synthesized nickel (II) oxide nanoparticles is shown 
in Figure 7.
	 It can be seen clearly from the EDX pattern above 
that the composition of the synthesized nickel (II) oxide 
nanoparticles has a major composition of 67.9 % Ni. 
A small portion of other trace elements such as Cu, 
Zr, Fe, S and K were also present with composition of 
4.7 % Cu, 4.1 % Zr, 3.7 % Fe, 2.6 % S and 3.2 % K 
respectively. The Quantitative information about the 

morphology and surface roughness of the synthesized 
Nickel (II) oxide nanoparticles were studied using 
Atomic Force Microscopy (AFM) and the micrograph 
obtained is illustrated in Figure 8.

Fig. 4.	 SEM micrograph showing clusters of nickel (II) oxi- 
de nanoparticles (8000x)

Fig. 5.	 SEM micrograph indicating clusters of nickel (II) oxi- 
de nanoparticles (9000x)

Fig. 6.	 SEM micrograph depicting clusters of nickel (II) oxi- 
de nanoparticles (10 000x)

Fig. 3.	 FTIR spectrum for the synthesized Nickel (II) oxide 
nanoparticles
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	 AFM data revealed that the micrograph contains 
611 grains with a density of 64575.4 µm² and a total pro- 
jected area (abs.) of 8828.80 nm² while the total projec- 
ted area (rel.) was 93.31 %. The mean grain area re-
corded was 14.45 nm² while the Mean grain size was 
1.91149 nm. An average roughness value of 0.728 nm 
was obtained while the values of 78.847 nm and 
41.737 nm were recorded for RMS roughness (Sq) and 
Mean roughness (Sa) respectively. The Maximum peak 
height (Sp), Maximum pit depth (Sv) and Maximum 
height (Sz) obtained were 0.290 nm, 0.998 nm and 
1.288 nm respectively. The AFM image confirms that 
the NiO sample has a non-uniform, granular surface at 
the nanoscale, with small height variations. This surface 
roughness is an important property that can influence the 
material‘s performance in applications where surface 
area and interaction with other materials are critical. The 
AFM results are consistent with the findings from SEM 
and TEM, which also showed a particulate and granular 
morphology.

Thermal analysis of the synthesized nickel (II) 
oxide nanoparticles

	 Thermal analysis techniques are essential for a wide 
range of materials such as polymers, composites, pharma- 
ceutical products, food packaging, fuels, energy, chemi-
cals, and many more [48–50]. These techniques, such 
as thermogravimetric analysis (TGA) and differential 
scanning calorimetry (DSC), usually measure heat trans- 
fer, weight loss, difference in size, or mechanical proper-
ties, as a function of change in temperature [51, 52]. The 
thermogravimetric analysis (TGA) or derivative ther-
mogravimetry (DTG) is an important laboratory tool 
used for the characterization of composite material. It 
measures the mass of material as temperature changes 
over time [53]. The TGA/DTA technique was performed 
within the temperature range of 0 to 880 °C to provide 
insight into mass changes of synthesized nickel (II) 
oxide nanoparticles. The TGA, DTA and combined 
TGA/DTA and DSC analyses for the synthesized Nickel 
(II) oxide nanoparticles are shown in Figures 9-11 
respectively. The TGA curve shows three distinct weight 
loss regions with the first region occurring between 
0 to 300.9 °C and indicating a minimal weight loss of 
about 9.6 % suggesting that the sample is stable and no 
significant decomposition or phase transitions occur in 
this temperature range. This minimal weight loss can be 
attributed to the loss of moisture, volatile components 
and hydroxyl groups that attached to the surface of 
the metal oxide during synthesis. The second region 
occurring between 300.9 °C and 552.1 °C suggests sig-
nificant thermal decomposition and possibly the loss of 
volatile components. A very significant weight loss of 
about 82.5 % took place within this phase due to thermal 
decomposition events. For nickel (II) oxide, it indicates 
the reduction of NiO to Ni and the removal of any 
residual solvent or moisture from synthesis. 
	 The third region of the TGA graph occurring 
between 552.1 °C and 880 °C indicates thermal stability 
with no significant thermal events occurring in this range 
due to the completion of primary thermal decomposition 
processes within the second region of the curve. This 
means that the sample has reached a stable state with no 
further significant weight loss.
	 The portion of the DTA curve within the range of 
0 °C to 240.2 °C indicates thermal stability similar to 
the portion of the TGA curve between 0 °C to 300.9 °C 
with no significant thermal events occurring in this 
range except evaporation of moisture, some volatile 
components and surface hydroxyl groups. The sharp 
endothermic peak observed at 480.8 °C indicates a very 
specific thermal event such as phase transition or a de-
composition reaction occurring at this temperature, likely 
related to the structural changes of nickel (II) oxide or its 
stability.

Fig. 8.	 AFM micrograph for the synthesized Nickel (II) oxi- 
de nanoparticles

Fig. 7.	 EDX pattern of synthesized nickel (II) oxide nano-
particles
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	 The positive slope of the DTA curve observed 
between at 480.8 °C and at 637.6 °C after the endo-
thermic peak indicates that the sample was still under-
going further decomposition or additional reactions 
that consume energy potentially indicating further loss 
of mass or structural transformation. The portion of 
the DTA curve noticed between 637.6 °C and 880.0 °C 
indicates stability at higher temperatures suggesting 
completion of thermal reactions or decomposition con-
sistent with the TGA result in the same temperature 
range. The point of intersection of the TGA and DTA 
for the synthesized nickel (II) oxide nanoparticles 
occurring at a temperature of 519.4 °C corresponding 
to a weight loss of about 90 % represents the critical 
point where significant thermal changes (decomposition 
or phase transitions) occur. It serves as a benchmark of 
thermal stability for the sample [54]thereby obtaining 
multiaspect thermal information of the material such 
as dehydration, structural decomposition, phase change 
and thermal stability. This study proposes and develops 
a MEMS chip-based TG/DTA microsystem that integra-
tes both programmed heating and detecting elements 
into a TG chip and a DTA chip to enable the microinstru-
ment performing TG/DTA joint characterization under 
microscope observation. The TG chip contains a self-
heating resonant microcantilever to measure heating-
induced mass change of a sample and the DTA chip is with 
a microheater and a temperature-detecting thermopile 
integrated on a suspended thermal-insulating diaphragm. 
Only nanogram and microgram-level samples are 
needed for the TG and DTA chips, thereby achieving 
safe measurement to energetic materials such as strong 
oxidants. The chip-based microinstrument surpasses the 
state-of-the-art commercial TG/DTA instruments that 
have, in the long term, suffered from large sample-
amount (milligram level. This point of intersection is 
very significant for several reasons including thermal 
stability indicator, characterization of phases such as 
indication of the transformation between phases such 
as transition between forms of NiO or related reactions 
that can affect chemical properties and prediction of 
the material’s response or behaviour under operating 
conditions which is crucial for applications in catalysis, 
electronics and other high-temperature applications.
	 The DSC analysis (Fig. 12) confirms that the NiO 
sample undergoes two main thermal events within the 
tested temperature range: the evaporation of water at 
around 160 °C and the crystallization/grain growth of 
the nanoparticles starting around 200 °C and peaking 
around 250 °C. This result is consistent with the findings 
from the TGA analysis, which also showed a weight loss 
due to the removal of volatile components at a similar 
temperature range.
	 The endothermic peak observed for the synthesized 
nickel (II) oxide nanoparticles at 162 °C and –30 mW 
in the DSC curve typically indicates a well-defined phase 

Fig. 11.	TGA/DTA Analysis for the synthesized Nickel (II) oxi- 
de nanoparticles

Fig. 9.	 TGA analysis for synthesized Nickel (II) oxide nano-
particles

Fig. 10.	DTA analysis for the synthesized Nickel (II) oxide na- 
noparticles
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transition or a specific thermal event such as melting or 
decomposition of a crystalline structure. In this case, the 
characteristic temperature of 162 °C suggests a signifi-
cant change in the material’s state or structure which 
could involve the melting of a phase or the rearrangement 
of the crystal lattice. The negative value indicated by 
–30mW signifies that the material is absorbing heat at 
this temperature implying an endothermic process.
	 This can be related to the breakdown of a stable 
form of nickel (II) oxide or the onset of a structural 
transformation. The strong endothermal peak at 162 °C 
suggests a critical point for the nickel (II) oxide nano-
particles possibly marking the start of instability or 
transformation in the material [55]. The exothermic peak 
at 250 °C reflects subsequent reactions or transformations 
that may be occurring as the temperature increases. The 
broad nature of the peak suggests that these processes 
involve a range of components or interactions such as 
particle coalescence, oxidation, or thermal rearrangements 
indicating changes in material properties. Together, these 
peaks provide valuable insights into the thermal stability 
and reactivity of nickel (II) oxide nanoparticles which 
is crucial for their applications in catalysis, electronics, 
energy storage and other applications.

Corrosion rate and inhibition efficiency

	 Figures 13 to 15 give a summary of the weight loss, 
corrosion rate and inhibition efficiency of uncoated and 
coated mild steel samples immersed in 3.5 wt. % NaCl 
for 60 days at room temperature. 
	 The effects of the variation in the inhibitor con-
centration and exposure time had very significant in-
fluence on the metal weight loss. In general, Figure 
13 reveals that increase in the inhibitor concentration 
resulted in a decrease in metal weight loss at room 
temperature which is an indication that the inhibitor 

Fig. 12.	DSC Analysis for the synthesized Nickel (II) oxide nanoparticles

Fig. 13.	Weight loss of uncoated and coated mild steel in 
3.5 wt. % NaCl

Fig. 14.	Corrosion rate of uncoated and coated mild steel in 
3.5 wt % NaCl
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retards the corrosion reaction process. The increase in 
weight loss of the metal with increase in the exposure 
time implies that corrosion is a continuous and time 
dependent process. The resistance to corrosion process 
exhibited by the epoxy-NiO nanocomposite can be ex-
plained in terms of the ability of the inhibitor to get 
adsorbed at the reaction sites (cathode and anode) on the 
metal surface by blocking the metal pores and forming 
a thin layer thereby preventing the free flow of electrons 
for corrosion reactions [56]. The corrosion resistance is 
also enhanced by the excellent barrier property of epoxy 
resin as well as the polar functional groups present in 
epoxy resin which serve as adsorption sites to the metal 
substrate [6]. The uncoated mild steel exhibited the 
highest corrosion rate of 96.47 g/m2/day in 3.5 wt. % 
NaCl within the first five days of immersion due to sur- 
face exposure, immediate electrolyte contact leading 
a series of electrochemical reactions which initiate corro-
sion, formation of corrosion products, surface roughness, 
disruption of protective films and oxygen availability. 
The electrochemical reactions involve the anodic reac-
tion i.e. oxidation of mild steel which is primarily com-
posed of iron which leads to release of Fe2+ ions into the 
solution and cathodic reaction i.e. reduction reactions 
typically involving water and oxygen. The ions and 
hydroxides formed often lead to the creation of corrosion 
products which can accelerate further corrosion if they 
do not effectively passivate the surface. Upon immersion, 
any pre-existing surface oxide layer can be disrupted 
thereby exposing fresh metal to the electrolyte which 
increases the corrosion rate. The high concentration of 
ions in NaCl enhances conductivity, allowing for rapid 
electrochemical reactions [39]. Freshly exposed mild 
steel may have microstructural irregularities that can act 
as localized corrosion sites (anodic sites) heightening 

localized attack. The progressive reduction of corrosion 
rate from 96.47 g/m2/day in 3.5 wt. % NaCl within the 
first five days to 10.15 g/m2/day in 3.5 wt. % NaCl after 
60 days of immersion can be attributed to passivation, 
depletion of reactive species, stabilization of corrosion 
products and inhibition by passive films. Over time, 
corrosion products may form a layer that can partially 
protect the mild steel surface, slowing corrosion rates. 
As the corrosion process continues, the concentration 
of reactive species may decrease, reducing the driving 
force for the electrochemical reaction. The formation of 
stable corrosion products can reduce the diffusion of ions 
to the metal surface. If less soluble corrosion products 
form, they can adhere to the steel surface, leading to the 
establishment of passive film behaviour. The relatively 
low corrosion rate of 12.54 g/m2/day observed for the 
mild steel sample coated with only epoxy resin within 
the first five days of immersion in 3.5 wt. % NaCl can 
be attributed to the barrier properties of epoxy resin. The 
epoxy coating acts as a physical barrier, limiting direct 
contact of the salt solution with the underlying metal, 
drastically reducing initial corrosion rate. The mild 
steel sample coated with epoxy-1 wt. % NiO exhibited 
corrosion rate of 8.69 g/m2/day within the same period 
of exposure which was lower than the corrosion rate 
observed for mild steel sample coated with only neat 
epoxy resin as well as the uncoated mild steel sample. 
This shows that nickel (II) oxide nanoparticles have 
imparted some electrochemical properties that can 
enhance the overall resistance to corrosion. Nanoparticles 
can also alter the charge distribution and surface cha-
racteristics, potentially inhibiting localized corrosion 
rates. It can be seen from figure 14 that the inhibition 
efficiency generally increases with an increase in the 
wt. % of NiO in the epoxy-nickel oxide nanocomposite 
coatings but decreases with prolonged exposure ti-me. 
This can be attributed to prolonged exposure to saline 
conditions, stress, moisture, mechanical wear, leaching 
of nanoparticles into the solution, loss of contact of 
nanoparticles with the substrate and possible delamination 
which can compromise the protective properties of the 
coatings. Maximum efficiency values of 87 % and 91 % 
were recorded for the neat epoxy coated sample and the 
MS sample coated with 1 wt. % NiO respectively.

Effect of temperature

	 The effect of temperature on the corrosion rate and 
corrosion inhibition efficiency of mild steel in 3.5 wt. % 
NaCl using epoxy-NiO nanocomposites is illustrated in 
Figures 16 and 17 respectively.
	 It is evident from figure 16 that the increase in 
temperature significantly increased the corrosion rates 
of the coated and uncoated samples. The effect of tem-
perature on corrosion rate is governed by an Arrhenius 
type relationship [57] shown in equation 4:

Fig. 15.	Inhibition efficiency of uncoated and coated mild 
steel in 3.5 wt. % NaCl
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(4)

where CR is the corrosion rate, R is the universal gas 
constant, T is the absolute temperature and A is a pre-
exponential factor.

	 Computed values of activation energy, Ea from 
Arrhenius plots for the various samples were derived 
from the Arrhenius plots (Fig. 18) using the linear form 
of equation 7 and summarized in Table 2. The calcula-
ted values for activation energies were 10.62, 11.04 and 
11.10 kJ/mol for the blank MS sample, neat epoxy coated 
MS sample and epoxy-1.0 wt. % coated MS samples 
respectively.
	 This trend indicates that less energy barrier is to be 
overcome in the blank sample for corrosion to take place 
compared to the neat epoxy resin coated sample and 
higher activation energy is required to initiate corrosion 

in samples protected by epoxy-NiO nanocomposite 
coatings. The decrease in inhibition efficiency of epoxy-
NiO coatings at elevated temperatures can be attributed 
to a combination of factors and mechanisms including 
accelerated corrosion processes due to increased elec- 
trochemical activity; degradation of the coating struc-
ture, leading to microcracking, delamination, or loss of 
coating adhesion; increased permeability of the coating at 
higher temperatures, allowing chloride ions to penetrate 
and reach the mild steel substrate; alteration of the NiO 
particles‘ dispersion or surface interactions, which 
weakens their corrosion-inhibiting properties; thermal 
softening of the epoxy resin, increasing its susceptibility 
to ion penetration and decreasing the barrier properties 
[6], [39].
	 The epoxy coated mild steel samples immersed in 
3.5 wt. % NaCl exhibited the least percentage inhibition 
efficiencies of 24.3 %, 26 % and 23.6 % at temperatures 
of 30 °C, 40 °C and 60 °C respectively while mild steel 
samples coated with epoxy- 1 wt. % NiO had the highest 
percentage inhibition efficiency values of 40.5 %, 45.3 % 
and 40.5 % at temperatures of 30 °C, 40 °C and 60 °C 
respectively and highest activation energy of 11.10 kJ/
mol due to the enhanced corrosion resistance induced by 
the presence of nickel (II) oxide nanoparticles in epoxy 
resin. 

CR = A exp (–       )RT
Ea

Tab. 2  Computed activation energy values for the various sam-
ples

Sample description Slope of graph 
(K)

Ea 
(kJ/mol)

Blank MS –1 277.90 10.62
Epoxy coated MS –1 327. 90 11.04
Epoxy-1% wt. % NiO coated MS –1 336. 40 11.10

Fig. 16.	Effect of temperature on corrosion rate

Fig. 17.	Effect of temperature on inhibition efficiency

Fig. 18.	Arrhenius plot for the various samples at 30-60 °C
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Surface roughness analysis

	 The surface roughness values obtained from AFM 
characterization of the various samples after 60 days of 
immersion in 3.5 wt. % NaCl are presented in Table 3 
while the AFM micrographs are illustrated in Figures 19 
to 21. 
	 The progressive reduction of surface roughness 
values from the blank with average value of 0.185 to 
the pure epoxy coated mild steel with average value of 
0.121 and subsequently to the epoxy-NiO nanocomposi-
te coatings containing 1.0 wt. % NiO with average 
values of 0.105 confirm that the corrosion rate is reduced 
as the concentration of NiO is increased in the epoxy 
resin. Lower surface roughness values generally indicate 
better protection against corrosion, as a smoother surface 
is less prone to localized corrosion or degradation 
which implies that lower surface roughness values 
generally enhance percentage inhibition efficiency. 
As NiO con-centration increases in the epoxy resin, 
the surface roughness decreases significantly which 
suggests that the NiO nanocomposites are contributing 
to a more uniform, smooth surface during immersion in 
3.5 wt. % NaCl, indicative of better corrosion protection. 
The inhibition efficiency of 82.5 % after 60 days of 
immersion in 3.5 wt. % NaCl for pure epoxy resin coated 
MS sample increases when 1.0 wt. % NiO is added to 
the epoxy resin, reaching a peak of 88.1 % after 60 days 
of immersion in 3.5 wt. % NaCl. This is likely because 
the 1.0 wt. % NiO concentration provides a balance 
between optimal coating thickness, barrier properties, 
and smoothness (as seen in the relatively low surface 
roughness of 0.105 nm). 

CONCLUSION

	 The present study successfully demonstrates a no- 
vel, efficient, and scalable chemical precipitation route 
for synthesizing high-purity nickel (II) oxide (NiO) 
nanoparticles directly from dissolved nickel. Compre-
hensive characterization using XRD, FTIR, TEM, 
SEM-EDX, AFM, TGA/DTA, and DSC unequivocally 
confirmed the formation of thermally stable, crystalline 
NiO nanoparticles with a desirable average crystallite 
size of 23.03 nm with a narrow particle size distribution 

Tab. 3  Surface roughness values of selected samples

Sample Average value 
(nm)

RMS 
roughness 
(Sq) (nm)

RMS
(grainwise)

(nm)

Mean 
roughness
(Sa) (nm)

Maximum
peak height 
(Sp) (nm)

Maximum
peak depth 
(Sv)  (nm)

Blank 0.185 0.079 0.079 0.043 0.815 0.185
Epoxy coated MS 0.121 0.053 0.053 0.027 0.879 0.121
Epoxy-1wt% NiO coated MS 0.105 0.143 0.143 0.092 0.895 0.105

Fig. 19.	3-D AFM micrograph of blank sample in 3.5 wt.% 
NaCl

Fig. 20.	3-D AFM micrograph of epoxy resin coated sample 
in 3.5 wt.% NaCl

Fig. 21.	3-D AFM micrograph of epoxy-1.0 wt. % NiO coated 
Mild steel sample in 3.5 wt.% NaCl
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ranging from 10.02 to 28.50 nm. Furthermore, thermal 
analysis demonstrated the exceptional thermal stability 
of the material, a crucial property for its integration into 
high-performance polymer composites.
	 Beyond fundamental material insights, this research 
provides compelling evidence of the exceptional efficacy 
of these synthesized NiO nanoparticles as a corrosion 
inhibitor when incorporated into epoxy coatings for mild 
steel. The epoxy-NiO nanocomposite coating contai-
ning 1 wt. % NiO, exhibited a remarkable reduction 
in corrosion rate and significantly enhanced inhibition 
efficiency (up to 91.0 %) compared to pristine epoxy 
and uncoated mild steel, even under challenging saline 
conditions and elevated temperatures. This enhanced 
protection is attributed to the synergistic effect of the 
epoxy‘s barrier properties and the active inhibition 
mechanism facilitated by the well-dispersed NiO nano-
particles, which likely form a stable protective layer and 
hinder electrochemical reactions at the steel surface.
	 These findings establish a cost-effective and robust 
strategy for advanced metallic corrosion protection, 
offering a vital step towards prolonging the service 
life of steel structures in aggressive environments. 
The developed synthesis method and the demonstrated 
superior performance of the NiO nanocomposites hold 
immense promise for industrial applications in infra-
structure, marine, and automotive sectors, where material 
degradation due to corrosion represents a significant 
economic and safety challenge. Future work will focus 
on further optimizing the nanoparticle morphology and 
concentration, investigating the long-term durability 
and self-healing capabilities of these coatings in diverse 
corrosive media, and exploring large-scale industrial 
implementation.
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