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Abstract 

This review paper examines the potential of using NPNi/NPNiO and NC as CI for MS and 

other ferrous alloys in a variety of aggressive corrosive media. A survey of previous literature 

revealed that higher Ct of NPNi has significantly reduced CR and has increased corrosion 

IE(%) for different ferrous alloys in various corrosive media. These CI effectively protect the 

substrate, even at low Ct, by forming a dense passive film which adheres to the metal surface 

and inhibits anodic or cathodic reactions that cause metal corrosion. Their enhanced corrosion 

protection ability is due to the presence of more available active sites for adsorption of 

destructive ions, caused by their high surface area to volume ratio. NPNi are very stable, even 

at higher T and in aggressive salt environments, due to their large surface area, high hardness 

and excellent thermal stability. These CI have a unique advantage over other traditional 

organic and green inhibitors, because they are not easily washed away by corrosive fluids 

during industrial operations, and are chemically stable under harsh conditions and elevated T. 

Different methods for synthesis and characterization of NPNi, as well as environmental and 

safety considerations associated with the use of these CI, are also herein discussed. 
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Introduction 

Corrosion is the deterioration or gradual removal of the metallic surface of a material, 

caused by chemical and/or electrochemical interaction with its environment, which 

leads to the metal conversion into a chemically stable oxide [1]. Corrosion has 

become a huge problem of global concern, due to the economic losses and 

environmental degradation it causes. It has been estimated that each country loses 

about 2 to 4% of its GDP each year, due to corrosion, and approximately one-third of 

the generated metal scrap in the world every year is a direct consequence of metal 
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corrosion [2]. The cost incurred in the fight against corrosion in third world countries 

is 10 times more than the above estimation [3]. In a 2013 survey, it was estimated that 

an outrageous sum of 2.5 trillion U.S. dollars, roughly about 3.4% of the global GDP, 

was lost due to corrosion alone, excluding costs associated with human safety and 

environmental protection [1]. Corrosion causes severe damage to metallic components 

such as automobile and machine parts, pipelines, and others, when exposed to moisture 

(rain water) and air [4]. In fact, the failure of several metallic structures or systems 

which has become rampant in recent years, with attendant consequences such as plane 

crash, shipwreck, equipment deformation, storage tanks failure, explosions, collapse of 

civil structures and release of toxic products leading to pollution of food and water 

ingested by men, plants and animals, can be directly attributed to metal corrosion. 

Corrosion poses a serious economic and environmental challenge to several industrial 

applications, such as water treatment, acid pickling, chemical cleaning and other 

operations in the oil and gas industry,  due to exposure of materials and equipment to 

acidic, neutral and alkaline corrosive media [5]. Combined economic losses attributed 

to metal corrosion on a global scale are six times higher than total damages caused by 

natural disasters such as earthquakes, floods and typhoons [6].  

Thus, metal corrosion prevention, mitigation and protection strategies are of great 

significance to ensure reliability and integrity of engineering facilities and infrastructure. 

Several techniques such as the use of protective coatings and linings, cathodic/anodic 

protection, alloying and CI have been adopted successfully for the prevention, control and 

mitigation of corrosion [3, 7, 8]. The use of CI is the most viable alternative to reduce 

corrosion damage, and also the preferred technique among researchers, owing to its low cost, 

availability from a variety of sources, easy application and very high degree of effectiveness 

[9]. A unique advantage of CI is that they can be easily implemented in situ, often without 

disrupting metallic applications, and can be used to control a wide range of corrosion 

processes in oil, gas, chemical, petrochemical, heavy industrial manufacturing steel, coatings 

and product additive industries, as well as in water treatment facilities and mining [10].  

Some traditional chemical and organic inhibitors usually dissolve in water and are 

carried away by corrosive fluids during use in industrial applications, while others 

are not thermally stable at high T. Therefore, the need for chemically and thermally 

stable CI that can withstand harsh operating conditions, such as elevated T, has 

exponentially increased the demand for metal oxides and their NP/NC, since they 

possess the aforementioned characteristics.  

NPNiO and NC not only are resistant to corrosive chemicals, but they also possess 

the advantages of high hardness, excellent thermal stability, good electrical 

conductivity, low solubility, enhanced catalytic activity, self-healing properties, 

effectiveness, adjustable particle size and surface composition, longevity, versatility, 

cost effectiveness and synergistic effects with other existing inhibitors.  

In metallic NC coating studies, Ni has acquired a great deal of attention, because of 

its ability to treat the host matrix for electroless NPNiO coating. Ni coating has 
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excellent corrosion and wear resistance in a number of commercial applications [11], 

since it acts as a barrier for special metals, to prevent unfavorable elements from 

migrating and diffusing among alloys, which may hinder the development of galvanic 

corrosion. Because of its prominent adhesive power and ductility, Ni layers are also 

used as a protecting coating and ferrite cloth in airframes [12].  

However, challenges of dispersion and agglomeration are associated with the use of 

NPNiO. To address this challenge, NPNiO are usually embedded within epoxy resin 

coatings. Epoxy resins are renowned for their excellent adhesion, mechanical 

properties and chemical resistance, making them ideal matrices for hosting CI [13-

16]. Epoxy resins serve as very good CI due to their electro-donors and electro-

attractors sites, providing better surface coverage than simple organic CI [14]. In a 

study by [17], a novel epoxy resin, pentaglycidyl ether pentaphenoxy of phosphorus, 

has exhibited excellent CI of CS in 0.5 M H2SO4, with maximum IE(%) of 94.23 and 

94.96%, at 10-3 M, for PDP and PEIS, respectively.  

Evaluation of ERH and ERO, as potential CI for CS in 1 M HCl medium, has revealed 

that both of them were mixed type inhibitors. Their IE(%) in a 1 M HCl solution was 

due to heteroatoms (O, N), ring compounds and oxiran groups, which donated 

electrons to the metallic surface. Findings from the study showed that corrosion 

IE(%) of ERO (94.1%) was higher than that of ERH (89.7%) in a HCl medium at 

room T.[18].  

Two epoxy resins, diglycidyl ether ethylene and diglycidyl ether benzene have proven 

to be effective CI for C38 steel in 1 M HCl. Findings from the study have showed 

that these CI act as mixed-type inhibitors, delaying the rate of anodic and cathodic 

reactions. Their adsorption isotherms are Langmuir’s type, and primary mechanisms 

involve physical adsorption [19].  

By incorporating metal oxide NP into epoxy resin, synergy may be achieved, 

resulting in enhanced corrosion resistance, barrier properties and longevity in harsh 

operating environments, since they block microcracks usually present in epoxy resin 

[20]. 

Most published works on NPNiO have focused on the synthesis and characterization 

of NPNi and NC, studying their photocatalytic, optical and antimicrobial activity, for 

applications in catalysis, sensors, biomedical remediation of polluted wastewater and 

biomedicine. This review has focused on exploring the potentials of NPNiO as 

effective CI for ferrous metals and alloys in different aggressive corrosive media. The 

methods of synthesis and characterization of NPNi are herein also discussed. 

Furthermore, the CI mechanism for NPNiO is presented, and recent progress in their 

use is discussed in detail. Environmental impacts of NPNiO, their disposal and safety 

concerns associated with their use are also herein highlighted. 



K. Okon et al. / Portugaliae Electrochimica Acta 44 (2026) 267-287 

270 

NPNiO synthesis and characterization methods 

NP from different metal oxides with particle sizes within the range from 1 to 100 nm 

[21] are generally synthesized by two major approaches: top-down and bottom-up, as 

shown in Fig. 1.  

Top-down approach involves breaking down a block of a bulk material to get 

nanosized particles, while bottom-up method involves synthesizing NP by joining up 

atoms, molecules or clusters [22]. Top-down approach includes synthesis techniques 

such as mechanical and ball milling, thermal decomposition, laser ablation, chemical 

etching, sputtering, plasma processing, robust catalytic reactions and lithography. 

Examples of bottom-up approach methods for synthesis of NPNi include sol-gel, 

spinning fabrication, chemical vapor deposition, pyrolysis and biosynthesis 

techniques [23]. 

 

 

Figure 1: Top-down and bottom-up approaches for NP synthesis [24]. 

 

Table 1 gives a summary of some reported synthesis techniques successfully used for 

the production of NPNi by various researchers. 

 

Table 1: Summary of synthesis and characterization methods for NPNi. 

S/N NP Technique Experimental conditions 
Characterization 

techniques 
Shape/ size Ref. 

1 
NPNiO 
powder  

Green synthesis using 
Acacia N. bark extract 

60-80 ºC; drying at 120 ºC 
for 6 h; calcination at 500 ºC 
for 5 h 

XRD, SEM, EDAX, IR, 
UV-vis, PLS, FTIR 

Cubic cluster-like 
structure 

[25] 

2 Ni 
Green synthesis using 
Calotropis G. leaves 

80 ºC; pH: 12.0; 90 min 
UV-vis, XRD, SEM, 
FTIR 

60 nm [26] 
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3 Ni 
Biosynthesis using 
Desmodium G. roots 
extract 

80 ºC; 45 min 
UV-vis, XRD, FTIR, 
ZETA potential, 
magnetometer 

Pellet [27] 

4 Cu–NPNi  Mechanical milling 45 ºC; 20 h  
XRD, TEM, VSM, TGA-
SDTA 

10 nm [28] 

5 NPNi  Chemical 
45 oC;15 min; drying for 15 
days; thermal decomposition 
at 800 ºC for 24 h 

XRD, SEM, TGA, IR-
spectroscopy 

24 nm, monoclinic [29] 

6 NPNi  Chemical reduction  80 ºC for 3 h XRD, SEM, EDS 10-15 nm [30] 

7 NPNi  Hydrazine reduction Room T for 2 h XRD, SEM, VSM 
Pure FCC 
structure metallic 
Ni  

[31] 

8 NPNiFe2O4  
Sol-gel using PAA as 
chelating agent 

300 °C for 2 h 
TGA, DTA, XRD, TEM, 
magnetometer, 

5-30 nm [32] 

9 NPNi  
Pulse laser ablation 
method at low energy 
Nd:YAG 1064 nm. 

20 min; surface plasma 
resonance: 290 nm 

SEM-EDX, UV-vis 

Spherical shape of 
average diameter 
of 25 nm and 
standard deviation 
of 3 nm.  

[33] 

10 NPNi  
Laser-assisted 
synthesis 

40 ºC for 10 min; 
calcination: 450 ºC for 2 h; 
drying: 40 ºC for 5 min 

UV-vis, DLS, TEM, 
EDS, XPS 

Colloid of 
spherical, almost 
purely metallic 
NPNi   

[34] 

11 NPNi/NPNiO  
Chemical vapor 
deposition 

500 ºC 
TEM, HR-TEM, SAED, 
EDS 

~10 to ~50 nm [35] 

12 Ni and NPNiO  --------------------------------- 
XRD, TEM, VSM-
SQUID magnetometer, 
BET 

Hexagonal/ 
spheroidal to 
cubic/truncated 
cubic. 

[36] 

13 Ni 
Non-thermal plasma 
synthesis 

Integration time for spectra 
measurement: 500 ms/nm-1. 
Total reactor pressure:  
20 Torr 

SEM-EDS, TEM, SAED  
Average size of 
3.3-10.9 nm 

[37] 

14 
Hcp Ni 
particles 

Chemical synthesis 120 ºC for 30 min 
XRD, TEM, FTIR, 
SQUID magnetometer, 

20-50 nm [38] 

15 

NPNi 
dispersed in 
imidazolium 
ionic liquids 

Simple decomposition 
of organometallic 
precursor dissolved in 
ionic liquids 

75-100 ºC for 30 min TEM, XAS, SAXS  

Cubic fcc NPNi 
with 4.9 nm- 5.9 
nm in mean 
diameter and 
monomodal size-
distribution 

[39] 

16 NPNi  

Reduction of Ni  
chloride with 
hydrazine in an 
aqueous solution of 
cationic surfactants 

60 ◦C for 1 h 
XRD, TEM, magnetic 
measurement 

10–36 nm [40] 

17 NPNi  
Thermal 
decomposition 

215-240 ºC for 45 min 
XRD, TEM, magnetic 
measurement 

Near-spherical; 
10– 50 nm. 

[41] 

18 NPNi  Reduction 100-180 ºC for 30 min 
XRD, TEM, SAED, 
SQUID magnetometry 

Monodisperse;3 to 
11 nm 

[42] 

19 NPNi  
Wet chemical 
approaches 

28 ºC; 12-24 h XRD, FE-SEM, UV-vis 31 nm to 150 nm [43] 

20 NPNi  
Laser-driven 
decomposition of Ni 
carbonyl 

300-350 ºC for 1 h XRD, TEM, BET, XPS 5 to 50 nm [44] 

21 NPNi  

Reduction of Ni  
acetylacetonate in a 
monosurfactant 
system 

70-500 ºC 
XRD, TEM, 
magnetic measurements 

10 to 20 nm [45] 

22 NPNi  
Reduction of Ni 
nitrate hexahydrate 
with vegetable oil  

170 ◦C; calcination at 450 
°C for 20 min 

XRD, SEM 5 to 58 nm [46] 

23 NPNi  Gamma irradiation 80oC for 2 h TEM, STEM, XPS, FTIR 9 to 16 nm [47] 
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24 NPNiO Green synthesis 
Room T for 2 h; 
calcination at 400 °C for 2 h 

UV-vis, XRD, FTIR, 
SEM 

14 to 18 nm [48] 

25 NPNi  Hydrazine reduction Reaction T: 120 ºC 
XRD, FTIR, STEM, 
TEM 

9.2 ± 2.9 to 5.4 ± 
0.9 nm at higher T 
and NaOH Ct 

[49] 

26 NPNi  
Wet chemical solution 
route 

50-70 ºC for 24 h SEM, XRD 80 nm to 400 nm [50] 

27 NPNi  Chemical reduction 80 ºC for 24 h  
FTIR, PXRD, UV-vis, 
EDS, SEM, TEM, 
TG/DTG 

30 nm [51] 

28 
Biogenic 
NPNi  

Bio-reduction 
between CRPE and 
nitrate salt of Ni  

25-45 ºC for 90 min 
UV-vis, DLS, FTIR, 
XRD, TEM, SEM, 
EDAX,  

48.5 nm [52] 

29 NPNi  
Homogeneous 
precipitation 

80 ºC for 1 h; calcination: 
500oC for 2 h 

NMR, TEM, DLS, FTIR, 
PXRD, ESI-MS, SEM, 
AFM 

Rod-like shape; 
35-50 nm 

[53] 

30 
NPNiO thin 
films 

Wet chemical 
precipitation/spray 
coating of NP of NiO 

Coating chamber: 150 °C  
UV-vis, micro Raman, 
PLS, FE-SEM, EDAX, 
AFM 

---------------------- [54] 

31 
Nanocrystalline 
Ni foil 

Electrodeposition --------------------------------- SEM, AFM, XRD 
Spherical; 20~30 
nm 

[55] 

32 NPNiO  
Microwave irradiation 
technique 

25 °C for 24h; pH: 9.5; 
drying at 80 o C for 2h ; 
calcination at °C for  8h 

FTIR, TEM, XRD, FE-
SEM, EDX, SAED 

43 nm [56] 

33 NPNiO  
Green synthesis using 
Eucalyptus G. extract 

70 °C; 
Drying at 100 ºC for 24 h 

UV-vis, FTIR, XRD, 
EDX 

Pleomorphic; 10-
20 nm 

[57] 

34 NPNi  
Green synthesis using 
Ocimum S. 

60 ºC for 3h 
UV-vis, FTIR, XRD, 
SEM, TEM,  

12-36 nm [58] 

35 NPNi  
Plant-mediated 
synthesis using alfalfa 
extract 

4 h at 60 ºC. After 
reaction, solution vacuum 
freeze- drying for 24 h 

XRD, XPS, TEM, UV-
vis, FTIR 

sub-10 nm [59] 

36 
Nanostructured 
NiO 

Solvothermal 
synthesis 

Thermal treatment: 400 °C 
for 1 h in air 

XRD, FE-SEM, HR-
TEM/SAED 

7–15 nm [60] 

 

CI studies involving NPNi  

An overview of previous studies on the CI of CS and other ferrous alloys in different 

corrosive media by Ni /NPNiO/NC is presented in Table 2. 

 

Table 2: Summary of previous studies involving the use of Ni /NPNiO/NC CI. 

S/N Inhibitor Ct 
Metal/ 

medium 
Technique/ 

method 
Max. 

IE(%) 
Findings Ref. 

1 
Green synthesized 
NPNiO 

250 ppm CS/0.5 M HCl 
XRD, SEM, EDAX, 
IR, UV-VIS, WL, 
PDP, EIS 

93.68% 

PDP proved that a defensive film was 
shaped on the cathodic locales of CS 
surface. EIS affirmed that a protection 
layer was formed on the surface of the CS 
to protect it from corrosion 

[25] 

2 
NC from NiO-CNT-
SnO2  

1:1:2 
AISI 1020 
steel/soil 
environment 

HR-SEM, EDS, 
XRD, HR-TEM, 
SAED, XPS, WL, 
PDP, EIS 

93.9% 

1:1:2 NiO-CNTs-SO2 had excellent 
corrosion resistance behavior. CR 
decreased from 0.0335 to 0.0022 mpy, 
showing better IE(%) of steel corrosion. 

[61] 

3 NiO  250 ppm CS /1 N HCl.  Gravimetry 19.8%  
With higher Ct, WL decreased and IE(%) 
increased  

[62] 

4 
Onion mesocarp 
extract-NPNi  
composite 

1000 ppm 
X80 steel/  
1 M HCl  

EDAX, FTIR, UV-
vis, DLS, XRD, 
SEM, TEM, WL, 
OCP, PDP, EIS, 
LPR 

88.7% 

IE(%) improved with T increase from 303 
to 323 K, was constant from 323 to 343 K 
and decreased from 343 to 363 K. NP 
physically adsorbed on X80 steel surface 
and acted as mixed type CI with influence 
on cathodic reaction involving HER 

[63] 
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5 
NiO-PANI 
composite 

500 ppm 
MS/ 
1 M and  
2 M H2SO4 

FTIR, XRD, SEM, 
WL, OCP, PDP, EIS 

88 and 82% 
for  
1 and  
2 M H2SO4, 
respectively 

Effective protection up to eight h with 
slight changes in IE(%) was seen in WL 
method.  

[64] 

6 Epoxy/ZnO-NiO NC ---------- 
MS/3.5% 
NaCl solution 

XRD, SEM/EDAX, 
PDP, EIS  

--------------- 

Anticorrosion (Epoxy/1.8 ZnO-NiO) 
coating with outstanding physical barrier 
qualities can be employed in corrosion 
protection field 

[65] 

7 Fe NiO nanopowder  70 ppm 

Line pipe steel 
(API 5L X-
80)/ 3.5 wt.% 
NaCl. 

WL, OCP, EIS --------------- 

Protection mechanism with adsorption of 
metallic cations on steel surface forming 
protective film. EIS spectra revealed that 
CI was at low Ct, and higher Ct of aqueous 
solution produced induction behavior. 

[66] 

8 NPNi  ---------- 

Ni−Cr alloy/ 
1 M H2SO4 
saturated with 
CO2 

OCP, PDP, LPR 88.48% 

Ni −Cr alloy was protected from corrosion 
in acidic media by a low-acidity bath 
coating layer. Surface morphologies 
showed that coatings at different acidic 
scales resisted acid attack due to their 
excellent adherence to Ni−Cr alloy surface 

[67] 

9 
Nanofiber layer of 
ZnO-NiO-CuO/ 
polycaprolactone  

---------- MS/1 M HCl 
SEM, EDX, FTIR, 
OCP, PDP, EIS, 
LPR 

94.8% 

ZnO-NiO-CuO/PCL electrospinning 
nanofiber coating is a new metallic oxide 
NC coating for MS with excellent 
corrosion resistance 

[68] 

10 
Nano Ni ferrite and 
magnetite double 
layer coatings 

---------- CS 

Laser Raman 
spectroscopy, XRD, 
XPS, SEM, TEM, 
EIS, PDP, Mott 
Schottky analysis 

---------- 

NiFe2O4 coating improved corrosion 
resistance compared to CS. CS/Fe3O4 
provided optimized thickness with lesser 
defects and better protection 

[69] 

11 Biogenic NPNi  3.12 mg/L 
X80 steel/ 
1 M HCl  

UV-vis, DLS, FTIR, 
XRD, TEM, SEM, 
EDAX, WL, OCP, 
EIS, PDP 

87.3% 

CRPE-NPNi efficiently adsorbed onto 
X80 steel and inhibited its corrosion in 1 
M HCl with IE(%) of 87.3%. Had 3-log 
reduction in Desulfovibrio sp. population 

[52] 

12 
p-MBDM and p-
MBDM assembled on 
NPNiO  

3.00g/L MS/2 M HCl  

NMR, TEM, DLS, 
FTIR, PXRD, ESI-
MS, SEM, AFM, 
WL, EIS, 
Galvanostatic 
polarization 

98.1% 
IE(%) increased with higher inhibitor Ct. 
With higher T, IE(%) increased for p-
MBDM assembled on NPNiO 

[53] 

13 
Nanostructured thin 
films from NiO 

---------- 
304L SS/ 
3.5% NaCl 

UV-vis, micro 
Raman, PLS, FE-
SEM, EDAX, AFM 
OCP, EIS, Tafel 
analysis 

---------- 

OCP, PDP and EIS revealed enhanced 
substrate protection by NiO thin film. Salt 
spray exposure confirmed that NiO films 
provided better CI of SS 304L than the one 
from the substrate without NP deposition. 

[54] 

14 NPNiO ---------- 
304L SS/5% 
NaCl 

AFM, OCP, EIS, 
salt spray test, Tafel 
studies 

---------- 

Polarization curves of coated 304L SS 
substrates showed positive shift in 
corrosion potential. Nyquist plot 
confirmed that coatings improved 
corrosion resistance of SS. Impedance 
variation with frequency of SS before and 
after salt spray test showed that NiO  films 
were quite stable in salt. 

[70] 

15 NiO ---------- 

GTD111 
superalloy 
(Ni base, Cr 
14 wt%, Co 
9.5 wt%)/gas 
turbine 
environment 

XRD, SEM/EDS, 
DTA, TGA 

---------- 
NiO addition led to formation of Ni3V2O8, 
whch reduced corrosiveness of the ash 
materials by trapping vanadium 

[71] 

16 
PAC with NPNiO 
(NiONP) 

250 
ppm 

C-Steel/ 
1.0 M HCl 

FTIR, TEM, XRD, 
FE-SEM, EDX, 
SAED, WL, PDP, 
EIS 

98.6% 
PAC/NiONP served as mixed-type CI. 
Their adsorption onto C-steel interface 
followed Langmuir’s isotherm model 

[56] 
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CREP mediated NPNi were synthesized, characterized and used for CI of X80 steel, 

with the composition of C (0.17), Si (0.38), Mn (1.25), P (0.015), S (0.002), Mo 

(0.20), Nb (0.04), Ti (0.015) and Fe (balance), supplied by Shengxin Technology Co. 

Ltd, Xinyang, China, in a 1 M HCl solution [52]. X80 is a high-strength, low-alloy 

steel primarily known for its use in industries that require high-performance 

materials, such as pipeline and construction industries. CREP-NPNi richer in N and 

O sites were reported to be more stable and to efficiently inhibit corrosion at high T 

than CREP. IE(%) of CREP and CREP-NPNi decreased as T increased. Adsorption 

of CREP-NPNi was found to occur by combined physisorption and chemisorption 

enabled by C=C, C=O, C–O, O and N–H sites. Electrochemical measurements show 

that CREP-NPNi had dominant influence on anodic half reaction. Fig 2 depicts 

charge transfer controlled corrosion mechanism.  

 

 
Figure 2: (i) OCP vs. time (ii) Nyquist plot and (iii) PDP curves for the corrosion of X80 

steel in 1 M HCl with different Ct of CREP-NPNi [52]. 

 

In contrast, NPNi synthesized from onion mesocarp ethanol extract acted as mixed type 

CI and physically adsorbed onto X80 steel surface in 1 M HCl, with dominant influence 

on cathodic reaction involving HER. These NP effectively inhibited HER and X80 

steel CR, especially at increased Ct [63]. 

In another study, changes occurring at the steel surface during interaction with 

metallic cations from Fe-NiO nanopowder were investigated using two Ct. EIS 

studies for CS in 3.5 wt.% NaCl linked the corrosion mechanism to the adsorption of 
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metallic cations onto the steel surface, which formed a protective film. Findings also 

indicated CI at low Ct and induction behavior at higher Ct [66].  

Corrosion protection of CS in 0.5 M HCl using green-synthesized NPNiO by WL and 

electrochemical techniques was carried out by [25], and the results indicate a decrease 

in CR and increase in IE(%) with higher inhibitor Ct. The researchers have reported 

that a protection layer was formed on the CS surface, protecting it from corrosion, 

with an indication of predominant control over cathodic reaction.  

By increasing the Ct of HCl to 1 N, [62] have reported that the CR of MS decreased 

with higher Ct of NiO inhibitor. IE(%) also decreased with higher Ct of CI, which 

was in disagreement with results from [56], who has reported that the protection 

power of CS in 1.0 M HCl increased with a rise in Ct of PAC containing NPNiO, 

which agrees with findings from similar studies [52, 68].  

CI obtained by p-MBDM and p-MBDM assembled on NPNiO on MS in 2 M HCl 

was investigated by [53]. Their findings showED that IE(%) increased with higher 

inhibitors Ct. Both CI were of mixed type.  

In 1 and 2 M H2SO4, NiO-Polyaniline (NiO-PANI) composite offered effective 

protection of MS, with slight variations in IE(%) up to eight h, for Ct above 250 ppm, 

and acted as a mixed type inhibitor[74]. NPNi (pH of 1) electrodeposited on Ni-Cr 

alloy had also excellent corrosion resistance in 1 M H2SO4  saturated with CO2 [77]. 

Results from the study indicate that corrosion current densities reduced while 

polarization resistance increased, due to NPNi application on the alloy surface. 

Corrosion resistance of NC from ZnO-NiO coated with epoxy on steel in 3.5% NaCl 

solution was compared by EIS to that of pure epoxy-coated steel [65], showing 

excellent CI.  

Electrochemical measurements revealed enhanced protection of 304L SS substrate in 

3.5% NaCl by nanostructured thin films of NiO [54], which was also confirmed using 

the 390 h salt spray test.  

Figs. 3 and 4 show a thin film of NiO coated on SS 304L steel substrate exposed for 

390 h (5% of NaCl at 35 °C) to salt spray test and their AFM images, respectively. 

Surface roughness values displayed little variation on nanoindentation and salt spray, 

indicating the anti-corrosive nature of the films. 

 

 
Figure 3: NiO thin film after 390 h salt spray test [54]. 
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Figure 4: AFM images of NiO thin films before and after nanoindentation (after salt spray) [54]. 

 

In a related study, the corrosion resistance of NPNiO and TiO2 spray coated on 304L 

SS substrates in 3.5% NaCl was compared using Tafel polarization curve and EIS. 

Both films were quite stable in salt, being recommended for suitable protection of 304 

SS in adverse salt environment [70]. Although the impedance value decreased with 

higher frequencies after corrosion test for TiO2, it was static for NiO. This indicates 

extended durability and protection of NiO thin film over TiO2 (Figs. 5 and 6). 

 

 
Figure 5: Impedance spectra of TiO2 and NiO coated SS before corrosion test [70]. 

 

 
Figure 6: EIS of TiO2 and NiO coated SS after corrosion test [70]. 
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Mechanism of CI by NPNiO 

NPNiO possess remarkable CI properties, due to their unique surface properties, high 

surface area and good stability under harsh conditions [72]. Its ability to produce a 

passive and dense oxide layer on the metal surface, which serves as a barrier against 

corrosive environments, is thought to be the mechanism by which it hinders corrosion. 

This passive layer inhibits anodic or cathodic reactions that cause metal corrosion [25, 

65]. CR is slowed down by NPNiO adsorption onto the metal surface, which lessens 

the interaction between the metal and corrosive ions. Since NPNiO have a large surface 

area, more active sites are available for corrosive ions adsorption, leading to excellent 

corrosion prevention capabilities. Since positively charged NP absorb more readily 

onto negatively charged metal surfaces, creating a protective layer, NPNiO surface 

charge is critical to CI mechanism. NP size and location play an important role in their 

CI mechanism. Smaller particles tend to offer better surface coverage and protection 

against corrosion [56].  

The mechanism for enhanced corrosion protection of epoxy/ZnO-NiO NC coatings 

was classified by [65]: (i) the high surface energy due to the nanomaterials system leads 

to the creation of appropriate surface irregularity and hydrophobic surfaces at the 

epoxy/1.8 ZnO-NiO coating top; and (ii) the formation of an adjacent interconnecting 

structure with tough adhesion at the coating–composite interface (Fig. 7). 

 

 
Figure 7: Proposed mechanism of the corrosion protection by ZnO-NiO NC [65]. 

 

Environmental and safety considerations 

Although NPNi have shown good potential as CI, there is a great concern about their 

level of toxicity to human health and the environment. A study has examined the 

response of human lung epithelial A549 cells after treatment with NPNi at the Ct of 0, 

1, 2, 5, 10 and 25 µg/mL for 24 and 48 h. Findings revealed that NPNi induces cytotoxic 

effects in the cells, which could be mediated through reactive oxygen species 

generation and oxidative stress. NPNi  has reduced mitochondrial function and induced 

the leakage of lactate dehydrogenase in dose and time-dependent manners [73]. 

Another study has confirmed that NPNi can induce a variety of toxic effects on animals 

and humans cells, leading to adverse effects on respiratory, cardiovascular and 

reproductive systems [74].  
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NPNi penetration in the skin, especially if there are cuts or abrasions, can cause 

dermatitis [75, 76]. Prolonged exposure to high Ct of NPNi can also significantly 

increase the chances of  allergies that manifest in various forms such as headaches, 

gastrointestinal, contact dermatitis and respiratory issues [77]. In addition, prolonged 

exposure to NPNi without any special respiratory protection or control measures can 

lead to throat irritation, nasal congestion, post nasal drip, facial flushing,  skin reactions 

and death, in severe cases [75, 78]. 

NPNi effect on aquatic organisms representing general trophic levels has also been 

investigated, and the findings reveal that it has a selective toxicity for some and not all 

of the analyzed test organisms. Higher Ct of NPNi lead to significant toxic damages of 

tested organisms (except for fish). So, a Ct not exceeding 1.0 mg/L was recommended 

as the safe level [79].  

The application of bio-nanotechnology for NPNi sorting, immobilization, degradation, 

stabilization and recycling, as well as the use of bacteria and other organisms to reuse 

these valuable NP from nanowaste, were recommended as measures that can mitigate 

their adverse effect on aquatic life and the environment [80].The use of adequate 

personal protective equipment such as gloves, respirators and lab coats should be 

emphasized and enforced for workers exposed to NPNi, for ensuring their safety and 

minimizing occupational health hazards [78]. 

 

Conclusion 

This review has confirmed that Ni /NPNiO and NC are very effective CI for MS, SS, 

PS, CS, Ni-Cr alloys and Ni-Cr-Co superalloy protection in a variety of aggressive 

corrosive media such as acidic, alkaline, soil and gas turbine environments. Most 

studies have revealed that NPNi act as mixed type CI with dominant influence on 

cathodic reaction. NPNiO stability has been confirmed by salt spray test. The 

challenges of NPNiO agglomeration and dispersion have been successfully overcome 

by embedding them in epoxy resin. NPNi can be synthesized using various physical, 

chemical and biological methods, but more emphasis on green synthesis is 

recommended for future researches, due to safety, environmental and health 

concerns. Future research work includes: studies involving CR and IE(%) 

mathematical modelling and optimization for various alloys in different aqueous 

media using NPNi; and molecular modelling of NPNiO adsorption behavior onto 

various substrates.   
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FE-SEM: field emission scanning electron microscopy  
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HER: hydrogen gas evolution reaction 

HR-SEM: high resolution scanning electron microscopy 
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SAXS: small angle x-ray scattering 
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WL: weight loss  

XAS: X-ray absorption spectroscopy 

XPS: X-ray photoelectron spectroscopy 

XRD: X-ray diffraction 

 

Acknowledgement 

The authors are grateful to the Africa Centre of Excellence in Future Energies and 

Electrochemical Systems, Federal University of Technology, Owerri, Imo State, 

Nigeria, for providing the facilities and enabling environment to carry out this work. 

They also acknowledge the financial support from the World Bank-funded Second 

Africa Higher Education Centres of Excellence for Development Impact (ACE-

IMPACT) Project-P169064, IDA No. 6510-NG. 

 

Conflict of interest 

The authors declare that there are no conflicts of interest. 

 

Authors’ contributions 

K. Okon: conducted literature searches; contributed with data or analysis tools; 

performed analysis of outcomes; drafted the manuscript as lead author. C. O. 

Akalezi: designed and conceptualized the study. C. A. Maduabuchi, I. B. 

Onyeachu, S. Nwanonenyi and D. Njoku: proofread and supervised the manuscript. 

T.O. Azeez and I. C. Ekeke: proofread, edited and supervised the manuscript. I. I. 

Ayogu: proofread the manuscript and provided technical guidance on analyses. 

 

References 

1. Medupin RO, Ukoba K, Yoro KO et al. Sustainable approach for corrosion 

control in mild steel using plant-based inhibitors: A review. Mater Today Sustain. 

2023;22:100373. https://doi.org/10.1016/j.mtsust.2023.100373 

https://www.sciencedirect.com/science/article/pii/S2773207X24000411#gs2
https://www.sciencedirect.com/science/article/pii/S2773207X24000411#gs3


K. Okon et al. / Portugaliae Electrochimica Acta 44 (2026) 267-287 

281 

2. Liao B, Hongyu C, Tengfei X et al. Functionalized Nanocomposites as Corrosion 

Inhibitor. ACS Symp Ser. 2022;1418:213-229.https://doi.org/10.1021/bk-2022-

1418.ch010 

3. Nwigwe US, Nwoye CI. The Efficacy of Plant Inhibitors as Used against 

Structural Mild Steel Corrosion: A Review. Port Electrochim Acta. 2023;41(5): 

381-395. https://doi.org/10.4152/pea.2023410505 

4. Abba-Aji MA, Muhammad AB, Onwe DD. Corrosion inhibition of mild steel 

determined using blended bitter leaf extract (Vernonnia amygdalina) and honey 

in dilute H2SO4 and HCl solutions. Arid Zo J Eng Technol Environ. 

2020;16(4):763-772. Print ISSN: 1596-2490, Electronic ISSN: 2545-5818 

5. Farhadian A, Rahimi A, Safaei N et al. A theoretical and experimental study of 

castor oil-based inhibitor for corrosion inhibition of mild steel in acidic medium 

at elevated temperatures. Corros Sci. 2020;175:108871. 

https://doi.org/10.1016/j.corsci.2020.108871 

6. Hou X, Gao L, Cui Z et al. Corrosion and Protection of Metal in the Seawater 

Desalination. IOP Conf Ser Earth Environ Sci. 2018;108(2). 

https://doi.org/10.1088/1755-1315/108/2/022037 

7. Azhar M, Khan A, Irfan OM et al. Development of Sustainable Inhibitors for 

Corrosion Control. Sustainability. 2022;14:9502. 

https://doi.org/10.3390/su14159502 

8. Popoola LT. Organic green corrosion inhibitors (OGCIs): A critical review. 

Corros Rev. 2019;37(2):71-102. https://doi.org/10.1515/corrrev-2018-0058 

9. Akalezi CO, Maduabuchi AC, Oguzie EE et al. Experimental and DFT evaluation 

of adsorption and inhibitive properties of Moringa oliefera extract on mild steel 

corrosion in acidic media. Arab J Chem. 2020;13(12):9270-9282. 

https://doi.org/10.1016/j.arabjc.2020.11.010 

10. Montemor MF. Fostering Green Inhibitors for Corrosion Prevention. Spring Ser 

Mat Sci. 2016;233:107-137. https://doi.org/10.1007/978-94-017-7540-3 

11. Mostafa KE. Anti-Corrosion Nickel / Reduced Graphene Oxide-Titanium 

Dioxide Coating for Mild Steel in Organic Acids. J Mater Environ Sci. 

2020;10(2):141-162. 

12. Sudha M, Surendhiran S, Gowthambabu V et al. Enhancement of Corrosive-

Resistant Behavior of Zn and Mg Metal Plates Using Biosynthesized Nickel 

Oxide Nanoparticles.  J Bio- Tribo-Corros. 2021;7(2). 

https://doi.org/10.1007/s40735-021-00492-w 

13. Dong M, Zhang H, Tzounis L et al. Multifunctional epoxy nanocomposites 

reinforced by two-dimensional materials: A review. J Carb. 2021;185:57-81. 

https://doi.org/10.1016/j.carbon.2021.09.009 

14. Verma C, Olasunkanmi LO, Akpan ED et al. Epoxy resins as anticorrosive 

polymeric materials: A review. React Funct Polym. 2020;156:104741. 

https://doi.org/10.1016/j.reactfunctpolym.2020.104741 



K. Okon et al. / Portugaliae Electrochimica Acta 44 (2026) 267-287 

282 

15. Hssissou R, Benzidia B, Hajjaji N et al. Elaboration, Electrochemical 

Investigation and Morphological Study of the Coating Behavior of a New 

Polymeric Polyepoxide Architecture : Crosslinked and Hybrid Decaglycidyl of 

Phosphorus Penta Methylene Dianiline on E24 Carbon Steel in 3.5% NaCl. Port 

Electrochim Acta. 2019;37(3):179-191. https://doi.org/10.4152/pea.201903179 

16. Hsissou R, Benzidia B, Hajjaji N et al. Elaboration and Electrochemical Studies 

of the Coating Behavior of a New Nanofunctional Epoxy Polymer on E24 Steel 

in 3.5% NaCl. Port Electrochim Acta. 2018;36(4)259-270. 

https://doi.org/10.4152/pea.201804259 

17. About S, Hsissou R, Erramli H  et al. Gravimetric, electrochemical and 

theoretical study, and surface analysis of novel epoxy resin as corrosion inhibitor 

of carbon steel in 0.5 M H2SO4 solution. J Mol Struct. 2021;1245:131014. 

https://doi.org/10.1016/j.molstruc.2021.131014 

18. El-Aouni N, Hsissou, R, Safi Z et al. Performance of two new epoxy resins as 

potential corrosion inhibitors for carbon steel in 1 M HCl medium : Combining 

experimental and computational approaches. Collo Surf A Physicochem Eng 

Asp. 2021;626:1-15. https://doi.org/10.1016/j.colsurfa.2021.127066 

19. Molhi A, Hsissou R, Damej M et al. Performance of two epoxy resins against 

corrosion of C38 steel in 1 M HCl : Electrochemical, thermodynamic and 

theoretical assessment. Int J Corros Scale Inhib. 2021;10(2):812-837. 

https://doi.org/10.17675/2305-6894-2021-10-2-21 

20. Dagdag O, Guo, L, Safi Z et al. Epoxy resin and TiO2 composite as anticorrosive 

material for carbon steel in 3 % NaCl medium : Experimental and computational 

studies.  J Mol Liq. 2020;317:1-8. https://doi.org/10.1016/j.molliq.2020.114249 

21. Dikshit PK, Kumar J, Das AK et al. Green synthesis of metallic nanoparticles: 

Applications and Limitations. Catalysts. 2021;11(902):1-35. 

https://doi.org/10.1016/B978-0-12-822401-4.00022-2 

22. Ayuk E, Mariagoretti UO, Samuel AB. A Review on Synthetic Methods of 

Nanostructured Materials. Chem Res J. 2019;2(5)97-123.  

23. Jaji ND, Lee HL, Hussin MH, Akil H. Advanced nickel nanoparticles technology: 

From synthesis to applications. Nanotechnol Rev. 2020;9:1456-1480. 

https://doi.org/10.1515/ntrev-2020-0109 

24. Singh J, Dutta T, Kim KH et al. Green synthesis of metals and their oxide 

nanoparticles: Applications for environmental remediation. J Nanobiotechnol. 

2018;16(1):1-24. https://doi.org/10.1186/s12951-018-0408-4 

25. Sheit HMK, Mubarak MS, Varusai MM et al. Enhanced Anti-Corrosion IE(%) 

and Antimicrobial Properties of Green Synthesised Nickel Oxide (NiO) 

Nanoparticles.  Res Sq. 2023:1-27. https://doi.org/10.21203/rs.3.rs-2644502/v1 

26. Din MI, Nabi AG, Rani A et al. Single step green synthesis of stable nickel and 

NP from NiO from Calotropis gigantea: Catalytic and antimicrobial potentials. 

Environ Nanotechnol Monit Manag. 2017;9:29-36. 

https://doi.org/10.1016/j.enmm.2017.11.005 



K. Okon et al. / Portugaliae Electrochimica Acta 44 (2026) 267-287 

283 

27. Sudhasree S, Shakila AB, Brindha P et al. Synthesis of nickel nanoparticles by 

chemical and green route and their comparison in respect to biological effect and 

toxicity. Toxicol Environ Chem. 2014(96)5:743-754. 

https://doi.org/10.1080/02772248.2014.923148 

28. Ban I, Stergar J, Drofenik M et al. Synthesis of copper – nickel nanoparticles 

prepared by mechanical milling for use in magnetic hyperthermia. J Magn Mater. 

2011;323:2254-2258. https://doi.org/10.1016/j.jmmm.2011.04.004 

29. Chaudhary J, Tailor G, Yadav BL et al. Synthesis and biological function of 

Nickel and Copper nanoparticles. Heliyon. 2019;5:e01878. 

https://doi.org/10.1016/j.heliyon.2019.e01878 

30. Pandey A, Manivannan R. A Study on Synthesis of Nickel Nanoparticles Using 

Chemical Reduction Technique. Rec Pat Nanomed. 2015;5:1-5. 

https://doi.org/10.2174/1877912305666150417232717 

31. Wu ZG, Munoz M, Montero O. The synthesis of nickel nanoparticles by 

hydrazine reduction. Adv Powd Technol. 2010;1(2):165-168. 

https://doi.org/10.1016/j.apt.2009.10.012 

32. Chen DH, He XR. Synthesis of nickel ferrite nanoparticles by sol-gel method. 

Mater Res Bull. 2001;36(7-8):1369-1377. https://doi.org/10.1016/S0025-

5408(01)00620-1 

33. Shalichah C, Khumaeni A. Synthesis of nickel nanoparticles by pulse laser 

ablation method using Nd:YAG laser. J Phys Conf Ser. 2018;1025(1). 

https://doi.org/10.1088/1742-6596/1025/1/012002 

34. Wawrzyniak J, Karczewski J, Ryl J et al. Laser-assisted synthesis and oxygen 

generation of nickel nanoparticles. Materials. Basel. 2020;13(18):4068. 

https://doi.org/10.3390/ma13184068 

35. Moravec P, Smolík J, Keskinen H et al. NiOx Nanoparticle Synthesis by 

Chemical Vapor Deposition from Nickel Acetylacetonate. Mater Sci Appl. 

2011;02(04):258-264. https://doi.org/10.4236/msa.2011.24033 

36. Ortega D, Kuznetsov MV, Morozov YG et al. Phase, size and shape controlled 

formation of aerosol generated nickel and NP from NiO. J Allo Comp. 2013;579: 

495-501. https://doi.org/10.1016/j.jallcom.2013.06.128 

37. Woodard A, Xu L, Barragan AA et al. On the non-thermal plasma synthesis of 

nickel nanoparticles. Plasm Proc Polym. 2018;15(1)1700104. 

https://doi.org/10.1002/ppap.201700104 

38. Tzitzios V, Basina G, Gjoka M  et al. Chemical synthesis and characterization of 

hcp Ni nanoparticles. Nanotechnology. 2006;17:3750-3755. 

https://doi.org/10.1088/0957-4484/17/15/023 

39. Migowski P, Machado G, Texeira SR et al. Synthesis and characterization of 

nickel nanoparticles dispersed in imidazolium ionic liquids. Phys Chemis Chemic 

Phys. 2007;34:4814-4821. https://doi.org/10.1039/b703979d 



K. Okon et al. / Portugaliae Electrochimica Acta 44 (2026) 267-287 

284 

40. Chen D, Hsieh C. Synthesis of nickel nanoparticles in aqueous cationic surfactant 

solutions. J Mater Chem. 2002;12:2412-2415. https://doi.org/10.1039/b200603k 

41. Chen Y, Peng D, Lin D et al. Preparation and magnetic properties of nickel 

nanoparticles via the thermal decomposition of nickel organometallic precursor 

in alkylamines. Nanotechnology. 2007;18:1-6. https://doi.org/10.1088/0957-

4484/18/50/505703 

42. Hou Y, Kondoh H, Ohta T et al. Size-controlled synthesis of nickel nanoparticles. 

Appl Surf Sci. 2005;241:218-222. https://doi.org/10.1016/j.apsusc.2004.09.045 

43. Nouneh K, Oyama M, Kityk IV. Nanoscale synthesis and optical features of 

metallic nickel nanoparticles by wet chemical approaches. J Allo Comp. 

2011;509(19):5882-5886. https://doi.org/10.1016/j.jallcom.2011.02.164 

44. He Y, Li X, Swihart MT et al. Laser-Driven Aerosol Synthesis of Nickel 

Nanoparticles. Chem Mater. 2005;12:1017-1026. 

https://doi.org/10.1021/cm048128t 

45. Gozzi D, Latini A, Capannelli G et al. Synthesis and magnetic characterization 

of Ni nanoparticles and Ni nanoparticles in multiwalled carbon nanotubes. J Allo 

Comp. 2006;419:32-39. https://doi.org/10.1016/j.jallcom.2005.10.012 

46. Raj KJA, Viswanathan B. Synthesis of nickel nanoparticles with fcc and hcp 

crystal structures. Ind J Chem. 2011;50:176-179.  

47. Rao VM, Castano CH, Rojas J et al. Synthesis of nickel nanoparticles on multi-

walled carbon nanotubes by gamma irradiation.  Radiat Phys Chem. 2013;89:51-

56. https://doi.org/10.1016/j.radphyschem.2013.04.006 

48. Firisa SG, Muleta GG, Yimer AA. Synthesis of NP from NiO and Copper-Doped 

Nickel Oxide Nanocomposites Using Phytolacca dodecandra L’Herit Leaf 

Extract and Evaluation of its Antioxidant and Photocatalytic Activities. ACS Om. 

2022;7:44720-44732. https://doi.org/10.1021/acsomega.2c04042 

49. Eluri R, Paul B. Synthesis of nickel nanoparticles by hydrazine reduction : 

mechanistic study and continuous flow synthesis. J Nanopart Res. 2012;14(4):1-

14. https://doi.org/10.1007/s11051-012-0800-1 

50. Libor Z, Zhang Q. The synthesis of nickel nanoparticles with controlled 

morphology and SiO2 /Ni core-shell structures. Mater Chem Phys. 2009;114:902-

907. https://doi.org/10.1016/j.matchemphys.2008.10.068 

51. Chaudhary RG, Tanna JA, Gandhare NV et al. Synthesis of nickel nanoparticles : 

Microscopic investigation, an efficient catalyst and effective antibacterial 

activity. Adv Mater Lett. 2015;6(11):990-998. 

https://doi.org/10.5185/amlett.2015.5901 

52. Ituen E, Singh A, Yuanhua L. Synthesis of bio-based nickel nanoparticles 

composite, characterization and corrosion inhibition in simulated oilfield 

microbial and acidizing environments.  J Adhes Sci Technol. 2021;35(1):15-34. 

https://doi.org/10.1080/01694243.2020.1785992 



K. Okon et al. / Portugaliae Electrochimica Acta 44 (2026) 267-287 

285 

53. Wadhwani PM, Ladha DG, Panchal VK et al. Enhanced corrosion inhibitive 

effect of p-methoxybenzylidene-4,4′-dimorpholine assembled on NP from NiO 

for mild steel in acid medium. RSC Adv. 2015;5(10):7098-7111. 

https://doi.org/10.1039/c4ra13390k 

54. Shajudheen VM, Kumar VS, Maheswari AU et al. Characterization and 

anticorrosion studies of spray coated nickel oxide (NiO) thin films. Mater Tod 

Proc. 2018;5(2):8577-8586. https://doi.org/10.1016/j.matpr.2017.11.555 

55. Deng S,  Lu H, Li DY. Influence of UV light irradiation on the corrosion behavior 

of electrodeposited Ni and Cu nanocrystalline foils. Sci Rep. 2020;10(1):1-17. 

https://doi.org/10.1038/s41598-020-59420-6 

56. Gouda M, Abd El-Lateef HM. Novel cellulose derivatives containing metal (Cu, 

Fe, Ni) oxide nanoparticles as eco-friendly corrosion inhibitors for c-steel in 

acidic chloride solutions. Molecules. 2021;26(22):7006. 

https://doi.org/10.3390/molecules26227006 

57. Saleem S, Ahmed B, Khan MS et al. Inhibition of growth and biofilm formation 

of clinical bacterial isolates by NiO nanoparticles synthesized from Eucalyptus 

globulus plants. Microb Pathog. 2017;111:375-387. 

https://doi.org/10.1016/j.micpath.2017.09.019 

58. Pandian CJ, Palanivel R, Dhananasekaran S. Green synthesis of nickel 

nanoparticles using Ocimum sanctum and their application in dye and pollutant 

adsorption. Chin J Chem Eng. 2015;23(8):1307-1315. 

https://doi.org/10.1016/j.cjche.2015.05.012 

59. Chen H, Wang J, Huang D et al. Plant-mediated synthesis of size-controllable Ni 

nanoparticles with Alfalfa extract. Mater Lett. 2014;122(3):166-169. 

https://doi.org/10.1016/j.matlet.2014.02.028 

60. Nathan T, Aziz A, Noor AF et al. Nanostructured NiO for electrochemical 

capacitors: Synthesis and electrochemical properties. J Sol State Electrochem. 

2008;12(7-8):1003-1009. https://doi.org/10.1007/s10008-007-0465-3 

61. Kareem AG. Synthesis, Characterization and Anti-corrosion behaviour of NiO-

CNTs-SnO2 Nanocomposites coatings on AISI 1020 Steel. Federal University of 

Technology, Minna, 2021. 

62. Selvi JA, Arthanareeswari M, Kamaraj P et al. Study of corrosion inhibition 

property of metal oxides for carbon steel in acidic medium by gravimetric 

analysis. J Ind Chem Soc. 2019;96:23-24.  

63. Ituen E, Singh A, Yuanhua L. Inhibitive effect of onion mesocarp extract-nickel 

nanoparticles composite on simultaneous hydrogen production and pipework 

corrosion in 1 M HCl. Int J Hydrog Ener. 2020;45(18):10814-10825. 

https://doi.org/10.1016/j.ijhydene.2020.01.225 

64. Selvaraj KP, Sivakumar S, Selvaraj S. NiO-PANI Composite as Potential 

Inhibitor for Mild Steel in Acidic Corrosion Environment. Int J Chem Sci. 

2018;16(2):1-13. https://doi.org/10.21767/0972-768X.1000268 



K. Okon et al. / Portugaliae Electrochimica Acta 44 (2026) 267-287 

286 

65. Ibrahim M, Kannan K, Parangusan H et al. Enhanced Corrosion Protection of 

Epoxy / ZnO-NiO Nanocomposite Coatings on Steel. Coatings. 2020;10(783)1-

14. https://doi.org/10.3390/coatings10080783 

66. Chaudhry AU, Mittal V, Mishra B. Evaluation of Iron Nickel Oxide Nanopowder 

as Corrosion Inhibitor: Effect of Metallic Cations on Carbon Steel in Aqueous 

NaCl. Corros Sci Technol. 2016;15(1):13-17. 

https://doi.org/10.14773/cst.2016.15.1.13 

67. Majeed MN,  Bedair MA. Study of the Corrosion of Nickel − Chromium Alloy 

in an Acidic Solution Protected by Nickel Nanoparticles. ACS Om. 2022;7: 

29850-29857. https://doi.org/10.1021/acsomega.2c02679 

68. Ghazi M, Alfalah K, Kamberli E et al. Corrosion performance of electrospinning 

nanofiber ZnO-NiO-CuO/polycaprolactone coated on mild steel in acid solution. 

Surf Interfac. 2020;21:100760. https://doi.org/10.1016/j.surfin.2020.100760 

69. Suresh S, Rangarajan S, Bera S. Evaluation of corrosion resistance of nano nickel 

ferrite and magnetite double layer coatings on carbon steel. Thin Sol Films. 

2018;645:7786. https://doi.org/10.1016/j.tsf.2017.10.032 

70. Shajudheen VPM, Rani KA, Kumar VS et al. Comparison of Anticorrosion 

Studies of Titanium Dioxide andNickel Oxide Thin Films Fabricated by Spray 

Coating Technique. Mater Tod Proc. 2018;5(2):8889-8898. 

https://doi.org/10.1016/j.matpr.2017.12.322 

71. Rocca E, Aranda L, Moliere M et al. Nickel oxide as a new inhibitor of vanadium-

induced hot corrosion of superalloys - Comparison to MgO-based inhibitor. J 

Mater Chem. 2002;12(12):3766-3772. https://doi.org/10.1039/b205746h 

72. Anjum MJ, Ali H, Khan WQ et al. Metal / metal oxide nanoparticles as corrosion 

inhibitors. Elsevier Inc. 2020. https://doi.org/10.1016/B978-0-12-819359-

4.00011-8 

73. Ahamed M. Toxic response of nickel nanoparticles in human lung epithelial 

A549 cells. Toxicol Vitr. 2011;25(4):930-936. 

https://doi.org/10.1016/j.tiv.2011.02.015 

74. Wu Y, Kong L. Advance on toxicity of metal nickel nanoparticles.  Environ 

Geochem Health. 2020;42(7):2277-2286. https://doi.org/10.1007/s10653-019-

00491-4 

75. Phillips JI, Green FY, Davies JCA et al. Pulmonary and systemic toxicity 

following exposure to nickel nanoparticles. Am J Ind Med. 2010;53(8):763-767. 

https://doi.org/10.1002/ajim.20855 

76. Larese F, Bello D, Cherrie JW et al. Occupational dermal exposure to 

nanoparticles and nano-enabled products: Part I—Factors affecting skin 

absorption. Int J Hyg Environ Health. 2016;19(6):536-544. 

https://doi.org/10.1016/j.ijheh.2016.05.009 



K. Okon et al. / Portugaliae Electrochimica Acta 44 (2026) 267-287 

287 

77. Genchi G, Carocci A, Lauria G et al. Nickel: Human health and environmental 

toxicology. Int J Environ Res Pub Health. 2020;17:3. 

https://doi.org/10.3390/ijerph17030679 

78. Journeay WS, Goldman RH. Occupational handling of nickel nanoparticles: A 

case report. Am J Ind Med. 2014;57(9):1073-1076. 

https://doi.org/10.1002/ajim.22344 

79. Morgaleva T, Morgalev Y, Gosteva I et al. Research of nickel nanoparticles 

toxicity with use of Aquatic Organisms. IOP Conf Ser Mater Sci Eng. 2015;98: 

012012. https://doi.org/10.1088/1757-899X/98/1/012012 

80. Bystrzejewska-Piotrowska G, Golimowski J, Urban PL. Nanoparticles: Their 

potential toxicity, waste and environmental management. Waste Manag. 

2009;29(9):2587-2595. https://doi.org/10.1016/j.wasman.2009.04.001 


