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� Self-healing performance of epoxy-
based double-layer coatings are
reported.

� The epoxy matrix is reinforced with
modified zirconia (ZrO2)
nanoparticles.

� ZrO2 nanoparticles are modified with
Imidazole and PEI as the self-healing
agent.

� Epoxy-based nanocomposite coatings
are deposited as pre and topcoat on
substrate.

� EIS results demonstrated good
corrosion resistance of double-layer
coatings.
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a b s t r a c t

This work reports the self-healing behavior of epoxy-based double-layer nanocomposite coatings
designed to mitigate corrosion in various industrial applications. Zirconia (ZrO2) nanoparticles were used
as a carrier to load separately self-healing agent, polyethyleneimine (PEI), and corrosion inhibitor, imida-
zole (IM). The loaded ZrO2 nanoparticles with IM and PEI were doped into the epoxy matrix and applied
on polished steel substrate to form pre and top layers of nanocomposite coatings, respectively. TEM anal-
ysis confirms the almost globular morphology of the zirconia nanoparticles with a particle size of 15–
25 nm. The chemical bonding interactions among various species were confirmed through FTIR. The syn-
ergistic effect of self-healing agent and corrosion inhibitor in epoxy-based double-layer nanocomposite
coatings demonstrated the pH and time dependence release of inhibitor and self-healing agent. A com-
parative EIS analysis conducted in 3.5 wt% NaCl solution reveals that epoxy-based double-layer
nanocomposite coatings demonstrate improved corrosion resistance performance as compared to the
blank epoxy and single layer epoxy reinforced coatings. This enhanced corrosion resistance of epoxy-
based double-layer nanocomposite coatings can be ascribed to the efficient release of loaded IM and
PEI in response to the external stimuli and can be potentially considered to circumvent corrosion in oil
& gas and marine applications.
� 2021 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

The utilization of polymeric coatings is the most advanced
approach to protect steel from destructive corrosion phenomena
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[1]. Polymeric coating not only provides a barrier against corrosive
species such as oxygen, water, Cl-, H+ ions but also works as a
matrix to accommodate numerous corrosion inhibition species to
provide active corrosion protection [2]. However, these coatings
are more prone to the attack of water, oxygen, and ions due to their
permeability, which eventually leads to the diffusion of corrosive
species into the coatings and poor adhesion with the substrate,
thus facilitating the propagation of corrosion [3,4] Currently, poly-
meric nanocomposite coatings gained more attention due to
enhanced thermal, mechanical, physical and barrier properties,
achieved by the addition of nanofillers into the polymeric coatings
[5,6]. Among various factors to be considered for promising barrier
protection, homogenous dispersion of nanofillers and their com-
patibility with the matrix must be ensured [7,8]. A wide variety
of inorganic nanofillers is extensively reported in the literature
that has resulted in exceptional corrosion protection. Several
reported inorganic nanofiller are Titania oxide (TiO2) [9-13], Silica
(SiO2) [12,14,15], Ceria (CeO2) [16-19], halloysite nanotubes
(HNTs) [20-24] Carbon nanotubes (CNTs) [25,26], Talc nanoparti-
cles (TNPs) [27,28], layer double hydroxides (LDH) [29-31], Zirco-
nia (ZrO2) [32,33] and Zinc oxide (ZnO) [34].

Zirconia (ZrO2) nanoparticles are reported to be the most
promising nanofillers employed for active corrosion protection.
ZrO2 possesses excellent mechanical, physical, and chemical prop-
erties [35–38]. ZrO2 nanoparticles also offer improved wear and
corrosion resistance and better adhesion to the metal substrate.
Moreover, the chemical stability of ZrO2 nanoparticles makes them
an excellent candidate for metallic substrate coating [39]. Due to
such outstanding properties, ZrO2 nanoparticles can be utilized
as a carrier for many functional species such as corrosion inhibitors
and self-healing agents. It is pertinent to note that functional spe-
cies are not usually directly added to the polymeric coatings due to
their undesirable reactions with matrix eventually leading to the
coating degradation and decrease in coating inhibition efficiency
[40].

The latest literature is rather useful with lots of inputs focusing
on the modification of nanocarrier with functional species, which
resulted in superior corrosion protection of steel substrate. Wen-
hua Xu et al. [41] studied the corrosion inhibition performance of
nano-ZrO2 in phenolic-epoxy resin in hot mixed acid solution
employing electrochemical impedance spectroscopic technique
(EIS). The results demonstrated that coatings were modified by 1
and 3 wt% nano-ZrO2 showed better corrosion inhibition efficiency
compared to the ones modified by 5 wt% nano-ZrO2. Lv, Xinding
et al. [33] synthesized a hybrid nanocarrier by sandwiching
reduced graphene oxide (rGO) between ZrO2 nanoparticles via
the self-assembly method to synthesize GZ. These hybrid nanocar-
riers were incorporated into an epoxy-based matrix. EIS results
revealed the excellent corrosion inhibition efficacy in 3.5 wt% NaCl
solution. Arunchandran Chenan et al. [42] synthesized hollow
mesoporous (hm) ZrO2 nanoparticles via hard template method
utilizing SiO2 as a template. Hm-ZrO2 particles were then modified
by 2-MBT (2-Mercaptobenzothiazole) as a corrosion inhibitor. UV–
vis spectroscopic analysis results demonstrated the successful
loading and release of the inhibitor from the hm-ZrO2 carrier. Ge
Tianhao et al. [43] designed alternative epoxy-rGO/ epoxy zinc
multi-layered coating to study the corrosion inhibition effect for
Cu. They evaluated the protection potential of the anti-corrosion
coatings and substrate utilizing long-term electrochemical tests
in different wt. % NaCl solution. It was revealed that the coating
with a double-layer structure retains the extended electrochemical
protection ability and exceptional adhesion potential under a sev-
ere environment, thus providing insights on the application of
coatings with a new multi-layered structure. E. Salahinejad et al.
[44] explored the corrosion protection ability of the double layer
ZrTiO4 (bottom layer) and ZrTiO4-PMMA (top layer) coatings. For
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that purpose, the medical graded stainless-steel substrate was
coated via sol–gel spin coating method. According to the results
obtained from the potentiodynamic polarization experiments, the
substrate coated with a double layer exhibited superior corrosion
protection in simulated body fluids as compared to those coated
with pure ZrTiO4 and hybrid ZrTiO4-PMMA film. Kim, Heejin
et al. [45] developed double layer coatings to elucidate the corro-
sion inhibition performance in marine environment. Self-healing
bromobutyl Rubber (BIIR) film was deposited as top layer and
CNT/BIIR film was deposited as bottom layer. The films were pre-
pared by drop casting, spraying, or painting of BIIR solution. Joule
heating of the CNT/BIIR film assisted to heal the defect site in the
BIIR layer in few hours. The prepared double layer coatings also
helped in corrosion protection in marine environment.

In this work, we reported the corrosion behavior of epoxy-based
double-layer (pre and top-coat) nanocomposite coatings applied
on steel substrates which were obtained by reinforcing epoxy
matrix with modified ZrO2 nanoparticles (nanocarriers) with cor-
rosion inhibitor (imidazole-IM) and self-healing agent
(polyethyleneimine-PEI)). The successful loading of corrosion inhi-
bitor and self-healing agent into ZrO2 nanocarriers was confirmed
by transmission electron microscopy (TEM), Energy Dispersive X-
Ray Analysis (EDX), and UV–vis spectroscopy. The chemical inter-
action and thermal stability of modified ZrO2 nanoparticles were
achieved by utilizing Fourier-transform infrared spectroscopy
(FTIR) and thermogravimetric analysis (TGA) respectively. Phase
changes before and after modification of ZrO2 were achieved by
X-Ray Diffraction Analysis (XRD) analysis. Self-release of functional
species was validated through UV–vis spectroscopy at acidic and
basic pH medium. The corrosion inhibition efficiency of the
double-layer epoxy-based nanocomposite coatings was evaluated
by employing the EIS technique in 3.5 wt% NaCl solution. The
results demonstrate that double-layer nanocomposite coatings
demonstrate improved corrosion resistance performance as com-
pared to the blank epoxy coatings and single layer epoxy rein-
forced coatings. This enhanced corrosion resistance of epoxy-
based double-layer nanocomposite coatings can be ascribed to
the efficient release of loaded IM and PEI into the ZrO2 nanoparti-
cles in response to the external stimuli (crack and pH change). The
promising corrosion protection ability of double-layer nanocom-
posite coatings makes them attractive for oil & gas and marine
applications.
2. Experimental section

2.1. Chemicals used

As-received Zirconia nanoparticles (ZrO2) utilized as nanocarri-
ers, imidazole (IM), used as the corrosion inhibitor, Polyethylenei-
mine (PEI, branched average molecular weight ~ 25,000), used as
the self-healing agent, epoxy resin (815C), and its curing agent
(EPIKURE curing agent 3282), hydrochloric acid, sodium hydroxide
pellets were procured from Sigma Aldrich, Darmstadt. Carbon steel
coupons (30 � 30 � 1.0 mm3) utilized as substrates were acquired
from a local source. Silicon carbide (SiC) abrasive papers were
obtained from Hebei Yineng Pipeline Group Co., Ltd, China.
3. Modification of ZrO2 nanoparticles with IM and PEI

The modification of as-received ZrO2 nanoparticles with corro-
sion inhibitor (IM) was initiated by the formulation of a saturated
solution of IM in the corresponding solvent (water). After prepar-
ing the IM solution, nanoparticles were added in the ratio of 2:1.
This solution was then stirred for 24 h at room temperature. After
stirring it was placed into a vacuum chamber for another 24 h by
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alternative vacuuming and de-vacuuming cycle to validate the
removal of air entrapment and proper loading of IM into ZrO2

nanoparticles. The solution was then centrifuged for 20 min at
5000 rpm to get the final product, followed by complete drying
at 60 �C overnight. The final modified ZrO2-IM particles were then
grounded in pastel to get fine particles (Fig. 1a). The same proce-
dure of loading of PEI (self-healing agent) into ZrO2 was followed
as that of IM, which resulted in the synthesis of ZrO2-PEI nanopar-
ticles. (Fig. 1b).
4. Characterization of unmodified and modified ZrO2 (ZrO2-IM
and ZrO2-PEI) nanoparticles

Fourier transform infrared spectra were conducted using FTIR
Frontier (PerkinElmer, Waltham, MA, USA) spectrometer in the
range of 4000–500 cm�1 to study the bonding interactions
between different species present in the modified ZrO2 nanoparti-
cles. The microstructural analysis of the modified ZrO2 nanoparti-
cles was performed by transmission electron microscopy (TEM,
FEI, TALOS F200X, USA). The composition of the modified ZrO2

nanoparticles was estimated with energy dispersive X-Ray spec-
troscopy (EDX). The Brunauer-Emmett-Teller-BET (Surface Area
Analyzer, Micromertitcs ASAP 2420, USA) was employed to study
specific surface area and cumulative pore volume of unmodified
and modified ZrO2. Thermal stability of unmodified and modified
ZrO2 was conducted using TGA analyzer pyris 4000
(PerkinElmer-USA) ranging from 30 to 600 �C at the heating rate
of 10 �C/min. To confirm the loading of IM/ PEI and their release
from modified ZrO2 nanoparticles at different pH values, UV–Vis
spectroscopic analysis (Biochrome Libra S60 double beam spec-
trophotometer, United Kingdom) was performed. For this purpose,
a small amount (0.5 mg) of modified ZrO2 was added into 6.0 ml of
0.1 M NaCl solution to form a suspension. The pH of the solution
was adjusted to 2, 5, 7, 9, and 11 by adding suitable amounts of
either HCl or NaOH, and the released amount of IM and PEI was
plotted as a function of time.
Fig. 1. Schematics showing the modificatio
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5. Preparation of steel substrate

As-received steel substrate was polished employing a grinding
and polishing machine (Metkon ForcoPol IV) utilizing SiC abrasive
papers (120-2c and 220-2c). The polished steel substrates were
then cleaned with acetone to remove any residue and then coated
with blank and reinforced epoxy coatings.
6. Development of epoxy reinforced with modified ZrO2

nanocomposite coatings.

Four different types of coatings were developed, labelled as (i)
blank epoxy, (ii) epoxy reinforced with ZrO2 nanoparticles modi-
fied with IM (epoxy/ZrO2-IM), (iii) epoxy reinforced with ZrO2

nanoparticles modified with PEI (epoxy/ ZrO2-PEI) and (iv)
epoxy-based double-layer nanocomposite coatings (epoxy/ ZrO2-
IM) (Pre-layer)/ (epoxy/ ZrO2-PEI) (top layer). For blank epoxy
coatings, 3 gms of epoxy was mixed with 0.6 gm of hardener and
kept for sonication at degasser mode to remove air bubbles from
the epoxy mixture. This mixture was then applied on polished steel
substrate employing the doctor blade technique and kept for cur-
ing at room temperature in closed space. To synthesize epoxy/
ZrO2-IM coatings, 1 wt% of ZrO2-IM was added into epoxy and stir-
red for 10 min and then hardener was added into it, followed by
sonication for 10 min to remove air bubbles and left for curing
for few days till it is completely cured. A similar method was
employed to synthesize epoxy/ZrO2-PEI coatings. To develop
(epoxy/ ZrO2-IM)/ (epoxy/ ZrO2-PEI) nanocomposite coatings, the
cleaned steel substrates were coated with thin epoxy/ ZrO2-IM
pre-layer (100 ± 5 lm) and then top-coated with epoxy/ ZrO2-PEI
top layer (100 ± 5 lm) (thickness measured by employing PosiTec-
tor 6000) from DeFelsko (Made in the USA). Both layers of rein-
forced epoxy coatings were modified with 1 wt% modified ZrO2.
The coatings were done utilizing a doctor blade. After applying
pre layer, the top layer was applied within 24 h. The coated steel
substrates were then left for curing for 2 weeks before the com-
mencement of EIS testing.
n of a) IM into ZrO2 b) PEI into ZrO2.
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7. Characterization of epoxy-based nanocomposite coatings

The barrier properties of the synthesized polymeric nanocom-
posites in 3.5 wt% NaCl solution was analyzed using Electrochem-
ical Impedance Spectroscopy (EIS) technique. For this purpose, the
prepared coatings were exposed to artificial damage. A manual
scratch of ~ 139 lm width was produced employing a scalpel on
the coatings before the EIS evaluation. The electrochemical mea-
surements were recorded using Gamry 3000 (30 K BOOSTER Poten-
tiostat/Galvanstate/ZRA, USA) encompassing a three-electrode
system. In this study, the coated sample was utilized as the work-
ing electrode, while the graphite rod and Ag/AgCl were employed
as the counter and the reference electrodes, respectively. EIS mea-
surements were initiated after attaining the open circuit potential
to a steady value. The frequency range for the EIS experiment was
within 0.1 Hz �100 kHz from the higher to the lower value, and the
RMS signal was 10.0 mV. The measured EIS data were evaluated by
Gamry E-Chem 3000 software, and fitting parameters were ascer-
tained by the suitable equivalent circuits. All EIS measurements
were performed at room temperature (25 �C).
8. Results and discussion

8.1. Structural and morphological analysis of unmodified and modified
ZrO2

The structure and chemical bonding of unmodified and modi-
fied ZrO2 nanoparticles were analyzed by FTIR analysis as repre-
sented in Fig. 2. Pure IM displayed characteristic peaks of C-H
stretching vibration in the region of 3124–2912 cm�1, C-C stretch-
ing vibrations in benzene derivative aromatic ring in a range of
1672–1548 cm�1, C-N stretching in the region of 1441–
1317 cm�1, C-H in and out of plane stretching vibrations in the
region of 1254–928 cm�1, N-H out of plane bending at 830 cm�1

and ring deformation in and out of plane bending vibrations in
the region of 653–615 cm�1 [46] as shown in Fig. 2a. Pure PEI rep-
resented the characteristic peaks of N-H stretching in the range of
3359–3289 cm�1, C-H symmetric and asymmetric stretching in
range of 2950–2834 cm�1, N-H deformation peak at 1638 cm�1,

and C-N stretching peak at 1035 cm�1 [47] as shown in Fig. 2a.
However, the broad absorption band (Fig. 2b) in the range of
3676–2944 cm�1 range is due to the stretching vibrations of the
OH groups of water molecules [48], while the absorption band
which emerged at 1635 cm�1 is the characteristic peak of the
bending vibration of water molecules. The characteristic bands
Fig. 2. FTIR analysis of (a) Pure IM and PEI (b) Unmo
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assigned to the monoclinic phase of zirconia are 583 and
781 cm�1 [49] and tetragonal zirconia is 480 cm�1 [50]. The peak
at 665 cm�1 is also attributed to monoclinic ZrO2 as represented
in Fig. 2b [51].

In the case of ZrO2 modified with IM, the similar peaks of C-H
stretching are seen in a range of 3108–2612 cm�1 and of benzene
derivative aromatic ring C-C stretching vibrations band in the
range of 1328–1054 cm�1. This displacement in the wavenumbers
of peaks of IM is ascribed to be due to the physical bonding that
takes place between ZrO2 and IM as shown in Fig. 2b. In the case
of ZrO2 modified with PEI, the peaks of C-H symmetric stretching
are displaced to 2811 cm�1, N-H deformation peak is displaced
to 1638 cm�1 and C-H deformation peak is seen at 1467 cm�1 after
loading due to the bonding between PEI and ZrO2 as shown in
Fig. 2b.

The transmission electron microscopy (TEM) and EDX analyses
of modified ZrO2 nanoparticles are represented in Fig. 3. For a full
comparison purpose, TEM and EDX analyses of unmodified ZrO2

nanoparticles are also presented. Most unmodified ZrO2 nanoparti-
cles (Fig. 3a) exhibit a uniform polygonal shape that is close to
spherical morphology with an average particle size of 15–25 nm.
The EDX analysis confirms that the main elements of ZrO2 (Zr, O)
are appeared in the analysis (Fig. 3b) confirming its phase purity.
The TEM analysis of modified ZrO2-IM (Fig. 3c) and ZrO2-PEI
(Fig. 3e) represented that there is no major change in the morphol-
ogy of the product, however, a bit more agglomeration after load-
ing of the corrosion inhibitor and self-healing agent can be noticed.
EDX analysis confirms the loading and physical interaction of IM
and PEI with ZrO2 as the main constituents of IM and PEI (C, N,
O) are seen in the EDX spectra (Fig. 3d, f). According to these
results, the weight % of Zr is 15.37% for unmodified ZrO2 nanopar-
ticles which is reduced to 5.06 and 8.89% in the ZrO2 modified with
IM and PEI, respectively. The reduction in the weight % of Zr in the
modified ZrO2 could occur because of the insertion of C, N, O atoms
of IM and PEI in the original structure of the ZrO2 nanoparticles.

The isotherm of the Brunauer-Emmett-Teller (BET) demonstrat-
ing the specific surface areas of the unmodified ZrO2 and modified
ZrO2 nanoparticles are displayed in Fig. 4, with an inset demon-
strating cumulative pore volume. The specific surface area (SSA)
of the unmodified ZrO2 is revealed to be 66.310 m2g�1, and the
cumulative pore volume is calculated to be 0.474970 ccg�1. The
BET measurements of the ZrO2 modified with IM indicate that
the SSA is decreased to be 52.372 m2g�1 and that of ZrO2 modified
with PEI is decreased to 49.289 m2g�1. Besides, the pore volume is
also reduced to 0.428173 and 0.408007 ccg�1 respectively, reveal-
ing the loading of the inhibitor IM and self-healing agent PEI into
dified ZrO2 and modified ZrO2 with IM and PEI.



Fig. 3. TEM and EDX analysis of (a, b) Unmodified ZrO2, (c, d) ZrO2 modified with IM, and (e, f) ZrO2 modified with PEI.

Fig. 4. BET analysis of unmodified ZrO2 and modified ZrO2 with IM and PEI.
Fig. 5. Thermal stability analysis of unmodified ZrO2, modified ZrO2 (ZrO2-IM, ZrO2-
PEI).
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ZrO2. These findings are consistent with previous studies [52] that
the modification or functionalization of nanoparticles leads to a
decreased in specific surface area and pore volume.
8.2. Thermal stability analysis of unmodified and modified ZrO2

TGA analysis of unmodified and modified ZrO2 nanoparticles is
shown in Fig. 5. A straight line in the TGA curve of unmodified ZrO2

nanoparticles is an indication of the high thermal stability of ZrO2

nanoparticles (melting point = 1855 �C). A negligible weight
loss ~ 0.5% in the TGA analysis of unmodified ZrO2 nanoparticles
may be ascribed to the presence of moisture contents. In the case
of ZrO2-IM nanoparticles, the weight loss can be divided into four
5

stages. In the first stage, there is only ~ 1% of weight loss which is
due to the removal of moisture in the product. The major degrada-
tion peak of weight loss is seen in the second stage which is asso-
ciated with the decomposition of IM, as the melting point of
imidazole is around 91 �C. IM starts to decompose at ~ 88 �C and
is completely decomposed at 187 �C. Similar behavior of IM is also
observed in the previous reports [21]. This increase in the decom-
position temperature of IM is showing the successful loading of IM
into ZrO2. About 4% of weight loss is noticed in this region. In the
third stage, again ~ 1% of weight loss is seen which can be attribu-
ted to the removal of water molecules. In the fourth stage, the
ZrO2-IM nanoparticles are appeared to be stable even after
800 �C which is due to the thermal stability of ZrO2. In the case
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of ZrO2-PEI, the weight loss is also in four stages. The initial 2% of
weight loss in the first and second stage is because of moisture
content in the product. The major decomposition peak is seen in
the third stage, demonstrating the breakdown of PEI long poly-
meric chains, as PEI started to decompose at 198 �C and completely
decomposed at 387 �C. Similarly, as in the case of IM high decom-
position temperature of PEI is demonstrating the successful load-
ing of PEI into ZrO2. Almost 4% of weight loss is seen in the third
stage. After this stage, the weight loss is almost constant showing
the high thermal stability of ZrO2. TGA analysis of modified ZrO2

nanoparticles indicates the successful loading of IM (5.26 wt%)
and PEI (6.38 wt%) into the ZrO2 nanoparticles calculated from
ratio mass loss calculations [16].

8.3. pH-sensitivity of modified ZrO2 nanoparticles

The self-release behavior of inhibitor (IM) and self-healing
agent (PEI) from modified ZrO2 nanoparticles was studied employ-
ing UV–vis spectroscopy. The modified ZrO2/IM and ZrO2/PEI
nanoparticles were separately mixed in 0.1 M NaCl solution and
then different solutions with varying pH values (2, 5, 7, 9, 11) were
prepared by adjusting the pH solutions. The UV spectra of ZrO2/IM
and ZrO2/PEI nanoparticles were studied as a function of time for
consecutive four days, as shown in Fig. 6 (a, b). In the case of
ZrO2 modified with IM, different distinct absorption bands have
appeared. The main absorbance band obtained at 211 nm corre-
sponds to the p-p* transition and absorption bands at 236 and
270 nm corresponds to the n-p* transitions of the aromatic ring
in IM [21,53]. Though IM represented release at all pH values,
the release of IM is more pronounced in pH 2 and 5 which is an
acidic medium. In sodium chloride solution, the solution has an
excess of Cl- ions. In an acidic medium (pH 2, 5), the nitrogen atom
in the aromatic ring of IM of the inhibitor can be easily protonated
due to high electron density which leads to the formation of posi-
tively charged inhibitor species. The adsorption can occur via elec-
trostatic interaction between positively charged inhibitor
molecules and negatively charged Cl- ions [54]. There is a slight dif-
ference in intensity at different time intervals indicating an
increasing trend. In this way, more amount of released inhibitor
will be available an acidic medium to minimize the corrosion rate.
The release of IM at pH (2, 5) demonstrates that IM is sensitive to
acidic pH as compared to neutral and basic pH.

Similar behavior has been observed in the case of PEI. The main
absorbance peak is observed at 205 nm which is attributed to the
Fig. 6. UV–VIS spectroscopic analysis of a) ZrO2/IM and b) ZrO2/PEI in different pH soluti
solution.
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p-p* transition of the N-H bond [55]. The PEI demonstrates more
sensitive behavior towards the acidic medium as compared to
the basic medium. As explained above, PEI also represents better
and more efficient release in the acidic medium due to the proto-
nation of secondary amine in the structure [56]. The release of
PEI is also affected by time as with time the intensity of absorption
peak is also increasing in all mediums. It can be assumed that in an
acidic medium, both IM and PEI provide an effective self-release
allowing promising corrosion protection.
8.4. Self-healing analysis of double-layer nanocomposite coatings

The main function of self-healing coating is to provide healing
or repair of the damaged area due to the change in the external
stimuli (pH, moisture, temperature). To analyze self-healing ability
of epoxy-based double-layer nanocomposite coatings (epoxy/
ZrO2-IM)/ (epoxy/ ZrO2-PEI) over the 7 days, SEM analysis was
done. The epoxy-based double-layer nanocomposite coatings were
carefully scratched manually utilizing a scalpel. After that, a drop
of 3.5 wt% NaCl solution was dropped on the scratch area and dried
the surface after some time. The samples were fixed with conduct-
ing tapes to ensure the in-situ observation before and after healing.
The healing is achieved due to the release of PEI from modified
ZrO2 nanoparticles (ZrO2/PEI) from the top layer which resulted
in the self-healing of the damaged area. The release of PEI is sensi-
tive to mechanical damage and localized change in pH. The pres-
ence of PEI improves the cross-linkage density of the epoxy
coating, which also decreased the intrinsic defects of the coating.
Also, PEI supports the dispersion of ZrO2 nanoparticles in the epoxy
coating, which is useful to utilize the physical barrier efficacy of
nanoparticles. In short, the homogeneous integration of ZrO2/PEI
in the epoxy coating has prevented the pathway for corrosive med-
ium (O2, H2O, and Cl�), which can reduce the occurrence of local
corrosion of metal substrate [57]. The combined effect of PEI as a
self-healing agent and IM as corrosion inhibitor resulted in overall
corrosion inhibition performance of coatings as shown in Fig. 7a.
The EDS analysis (Fig. 7b) also confirms the presence of main ele-
ments of PEI and IM (C, O, N) at the damaged area which confirmed
the formation of a protective passive layer. The presence of the
small amount of Fe is from metal steel substrate and Cl is due to
the NaCl solution. As shown in Fig. 7 (a), at day 1 the initial scratch
diameter was ~ 133 lm which is decreased to ~ 51.9 lm after
7 days displaying self-healing efficiency of ~ 81%.
ons (2, 5, 7, 9, and 11) at different time intervals (24, 48, 72, and 96 h) in 0.1 M NaCl



Fig. 7. (a) SEM micrographs of scratched epoxy based double-layer nanocomposite coatings demonstrating self-healing performance over 7 days (b) EDX analysis of passive
layer formed on the scratched area of the developed epoxy based double-layer nanocomposite coatings.
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9. Corrosion inhibition performance

9.1. EIS of epoxy-based double-layer nanocomposite coatings

The corrosion inhibition performance of blank epoxy, epoxy-
based single layer (epoxy-ZrO2/IM, epoxy-ZrO2/PEI) and double-
layer nanocomposite coating was evaluated by EIS technique after
1, 3, 5, and 7 days of immersion in 3.5 wt% NaCl solution. The bode
and phase angle plots acquired after different immersion times for
tested coatings are represented in Fig. 8. The obtained electro-
chemical data were fitted by two equivalent circuits with one
and two times constant for blank epoxy and reinforced epoxy coat-
ings respectively as shown in Fig. 10. In the equivalent circuit the
Rs, Rpo, Rct, and W are the solution resistance, pore resistance,
charge transfer resistance, and Warburg diffusion constant respec-
tively which is used to represent the mass diffusion at a low-
frequency range. The CPE1 and CPE2 are associated with the coating
and double-layer constant phase elements, correspondingly. The
constant phase elements are used to represent the non-ideal
capacitance behavior of the metal surface because of the surface
7

heterogeneity which is due to the adsorption of functional species
on the metal substrate, formation of the passive protective layer,
and surface roughness on the metal surface [58]. The Rpo/CPE1 is
associated with the polymeric coating properties and Rct/CPE2 is
correlated to the coating barrier properties. The impedance of
CPE is computed using the given Equation [59];

ZCPE ¼ 1
Y0ðjwÞn ð1Þ

where Y0 represents the admittance (sO�1 cm�1), j is an imaginary
number (-1)1/2, x demonstrates the angular frequency of the AC sig-
nal (1/rad), and n is the CPE exponent, and its value ranges from 0
to1. When n reaches 1, the CPE demonstrates the ideal capacitor
behavior, and resistor behavior is observed when n = 0.

The bode and phase angle plots for the blank epoxy coatings at
different time intervals (1, 3, 5, 7 days) are represented in Fig. 8.
The impedance value on the first day of immersion is 105 O.cm2

at a low-frequency range of |Z|0.1Hz. This impedance is associated
with the coating barrier properties. The impedance of blank epoxy
coating continued to decrease over the period and on the 7th day of



Fig. 8. Bode and Phase angle plot a) after 1 day of immersion, b) after 3 days of immersion (c) after 5 days of immersion, (d) after 7 days of immersion for the blank epoxy and
epoxy based nanocomposite coatings.
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Fig. 9. Variation of coating pore resistance Rpo, charge transfer resistance of the coatings Rct, the value of the capacitance CPE1, and value of the capacitance CPE2 at different
time intervals of immersion in 3.5 wt% NaCl solution.

Fig. 10. Equivalent circuit used to fit data a) Blank epoxy coatings b) Epoxy based nanocomposite coatings modified with ZrO2 nanoparticles (single layer and double layer).
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immersion, it reached 103 O.cm2. The phase angle is seen to be
below �10� on the 7th day of immersion. This decrease in phase
angle from �80� on the 1st day to �10� on the 7th day of immer-
sion represents the negligible capacitance behavior of blank epoxy
coatings, which may lead to the de-adhesion of coating and poor
barrier properties. The performance of blank epoxy coatings dete-
riorated due to the diffusion of electrolyte into the epoxy-steel
interface thus leading to the formation of corrosion products and
progression of the corrosion process [60].

In the case of epoxy-based ZrO2/IM single-layer nanocomposite
coatings, the impedance values at low-frequency range |Z|0.1Hz rep-
resent the effective corrosion inhibition performance as shown in
Fig. 8. The impedance value on the 1st day of immersion is 105

O.cm2, but after the 3rd day of immersion, it reveals a decrease
which is due to the diffusion of electrolyte, thus propagates the
corrosion activity. This eventually changes the pH at the scratched
area which triggered the release of IM from the ZrO2 nanoparticles
and thus facilitates the formation of the passive protective layer.
The detailed healing mechanism will be discussed in section
9

3.5.2 and Fig. 11. On the 5th day of immersion, the low-
frequency impedance exhibits an increase in values which demon-
strates an improved corrosion inhibition protection. The phase
angle exhibits the two capacitance loops and is close to�80�which
represents the capacitance behavior of the coatings. The epoxy-
based ZrO2/PEI single layer coatings represent the same behavior
as in the case of ZrO2/IM but the impedance values display slightly
incremental behavior. This is because of the self-healing of the
scratched area as represented in section 3.4 and Fig. 7. The self-
healing of the scratch further prevented the progression of the cor-
rosion process as compared to ZrO2/IM because the leaching out of
all the inhibitor from ZrO2 nanoparticles after some time may have
resulted in the decrease in the content of the inhibitor. The phase
angle represents the same capacitance behavior of the coatings.
The equivalent circuit used to fit the data is represented in Fig. 10.

The epoxy-based double-layer nanocomposite coatings having
ZrO2/IM (pre-coat) and ZrO2/PEI (topcoat) exhibit better corrosion
protection as compared to the rest of the coatings. The impedance
values for the double-layer coatings are higher as compared to the



Fig. 11. Schematic diagram demonstrating the self-healing and corrosion inhibition
mechanism of the developed epoxy-based double-layer ZrO2 modified nanocom-
posite coatings.

S. Habib, A. Hassanein, R. Kahraman et al. Materials & Design 207 (2021) 109839
single-layer doped and blank epoxy coatings. After 1st day of
immersion, the impedance value is 106 O.cm2 which increases to
109 O.cm2 due to the synergistic effect of corrosion inhibitor and
self-healing agent in each layer in double-layer coating. The phase
angle after 7 days of immersion is close to �90� which demon-
strated the capacitance behavior, good barrier properties, and good
adhesion of the coating on the steel substrate. The blank epoxy
coatings posses’ pores and free volumes which are pathways for
the diffusion of electrolyte, but the reinforced epoxy coatings block
those pathways for further electrolyte diffusion, also due to the
release of functional species (IM and PEI) at the scratched area,
the corrosion rate is reduced.

The evolution of Rpo, Rct, CPE1, and CPE2 of all coatings immersed
for a different period in 3.5 wt% NaCl solution is represented in
Fig. 9. The table displaying all the electrochemical values obtained
from fitting data is represented in Table 1. The decreasing trend for
both Rpo and Rct in the case of blank epoxy coating represents the
deterioration of coatings. The increase in the CPE1 and CPE2 values
is the reveals that coating has been damaged due to corrosion and
thus leads to poor barrier properties. But in the case of the epoxy-
based nanocomposite, the Rpo and Rct values represent the increas-
ing trend after 3 days of immersion, demonstrating the good bar-
rier properties and better corrosion protection of steel substrate.
Table 1
The fitted electrochemical impedance data values obtained for the blank epoxy and the m
times at room temperature.

Coatings Time
(day)

Rpo

(MO.cm2)
CPE1
(sn X�1cm�2)

n1

Scratched Blank epoxy 1
3
5
7

0.19
0.14
0.13
0.10

5.55 � 10-12

4.19 � 10-10

1.48 � 10-9

4.57 � 10-6

0.83
0.80
0.76
0.65

Scratched epoxy-ZrO2/IM 1
3
5
7

0.30
0.19
8.59
221.5

1.60 � 10-12

1.09 � 10-9

2.40 � 10-11

8.53 � 10-12

0.86
0.84
0.90
0.94

Scratched epoxy-ZrO2/PEI 1
3
5
7

0.37
0.22
7.34
1820

3.43 � 10-12

1.49 � 10-10

3.86 � 10-12

4.05 � 10-12

0.92
0.86
0.90
0.94

Scratched epoxy pre and top layer
(epoxy-ZrO2/IM) (epoxy-ZrO2/PEI)

1
3
5
7

1.07
0.14
9.2
2488

3.82 � 10-9

1.72x 10-6

1.59 � 10-12

8.67 � 10-12

0.87
0.80
0.86
0.90
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The Rpo and Rct values in the case of double-layer nanocomposite
coatings are much higher as compared to the epoxy-based
single-layer coating due to the synergistic effect of IM and PEI.
The decreasing trend of CPE1 and CPE2 values is also an indication
of good coating barrier properties and adhesion on a steel sub-
strate. A comparison of corrosion protection efficiency of smart
coatings developed in this study and reported in the literature is
provided in the supplementary data as Table S1. The comparative
analysis demonstrate that the reinforcement and coating strategy
implemented in this study has resulted in improved corrosion pro-
tection as compared to other reported smart coating systems. This
enhanced corrosion inhibition performance can be attributed to
the synergistic effect of the self-healing agent and inhibitor loaded
into smart carrier reinforced into epoxy matrix in pre and topcoat.
This double layer coating provided independent and simultane-
ously self-healing and corrosion inhibition protection to the steel
substrate exposed to the 3.5 wt% NaCl solution environment. This
increased corrosion protection provided great prospect for its
application on oil and gas industry.

9.2. Self-healing and corrosion inhibition mechanism

The possible self-healing and corrosion inhibition mechanism
can be described as follow. The inhibiting properties of amines
are associated with the ability of the amino groups to adsorb on
metals by contributing their unshared electron pair of the nitrogen
atom with the metal substrate, thus covering the scratched area on
a metal surface (passive film formation) [61,62]. The nitrogen atom
(:N) in the amino group (–NH2) is an electron acceptor that can
form a bond to a hydrogen atom of a chemisorbed water molecule
at the metal surface. The water molecule then desorbs, and its spot
will be substituted by another chemisorbed amino group in the
case of a self-healing agent. In the case of IM molecules, both
two nitrogen atoms in the ring have free electron pairs that can
coordinate with the vacant orbits of the steel surface to form a che-
mosorbed first layer [63]. The most important reaction in the cor-
rosion process instigated due to interaction of steel with Cl, which
precedes the development of Fe2+, can be explained by a set of
Equations below, demonstrated by the following reactions [64].

Fe0 ! Fe2þ + 2e� (Anodic reaction) ð2Þ

2H2O + O2 + 4e� !4OH� (Cathodic reaction) ð3Þ

2 M + 4OH� + :NRn ! 2 M:OH2...NC2 ! M + OH2...NRn

ð4Þ
odified polymeric nanocomposites immersed in 3.5 wt% NaCl for different immersion

Rct
(MO.cm2)

CPE2
(sn X�1 cm�2)

n2 Rs

(Ohms)
W
(sn X�1 cm�2)

Goodness of fit

0.18
0.13
0.09
0.03

7.69 � 10-12

3.23 � 10-10

2.69 � 10-9

1.54 � 10-6

0.85
0.83
0.78
0.63

760.5
721.8
734.2
750.4

-
-
-
-

2.30 � 10-3

3.58 � 10-3

1.70 � 10-3

4.35 � 10-3

0.42
0.31
1.12
555

5.24 � 10-9

5.34 � 10-6

2.33 � 10-9

1.899 � 10-12

0.83
0.80
0.85
0.90

778.5
766.8
772.4
756.2

10.8
7.80
15.6
18.3

2.94 � 10-3

1.04 � 10-3

1.95 � 10-3

1.41 � 10-3

0.52
0.45
3.27
2040

1.67 � 10-9

1.63 � 10-6

6.50 � 10-9

7.51 � 10-12

0.90
0.84
0.86
0.92

749.7
734.6
726.3
724.2

11.3
10.66
16.2
17.8

5.23 � 10-3

2.05 � 10-3

1.55 � 10-3

1.65 � 10-3

1.79
0.53
4.77
3430

3.06 � 10-9

2.19 � 10-6

7.54 � 10-11

1.05 � 10-12

0.88
0.85
0.90
0.92

731.2
735.7
745.4
750.2

10.72
8.64
13.84
15.88

1.77 � 10-3

1.64 � 10-3

1.60 � 10-3

1.68 � 10-3
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M + :NH2 ! M:NH2 ð5Þ
where M represents the metal steel (Fe). This adsorption behavior of
the amine group from self-healing agent and inhibitor and comple-
menting water replacement are the main contributing factor for
protective behavior. The schematic showing the protective mecha-
nism is demonstrated in Fig. 11.

10. Conclusion

The ZrO2 nanoparticles were successfully modified with imida-
zole (IM) and polyethyleneimine (PEI) and added into the epoxy
matrix at a fixed concentration of 1 wt%. To take the advantage
of the synergistic effect of both corrosion inhibitor and self-
healing agent, a double-layer (pre and topcoat) system was suc-
cessfully developed. Various characterization techniques FTIR,
TEM, EDX, TGA were done to confirm the successful modification
of ZrO2 nanoparticles with IM and PEI. UV–vis spectroscopy analy-
sis validates the pH sensitivity and time dependence release of
functional species from the ZrO2 nanocarriers. The successful
self-healing ability of the coatings was demonstrated by SEM. EIS
analysis demonstrates that epoxy-based double-layer nanocom-
posite coatings exhibit superior corrosion protection (99.3%) char-
acteristics compared to epoxy-ZrO2/IM (91.9%) and epoxy-ZrO2/PEI
(97.2%) single layer coatinggs. The improved corrosion resistance
of epoxy-based double-layer nanocomposite coatings can be
ascribed to the synergistic effect of both corrosion inhibitor and
self-healing agent present in distinct layers and their efficient
release in response to the external stimuli (crack and pH change).
The promising corrosion protection properties of epoxy-based
double-layer nanocomposite coatings make them suitable for
many industrial applications.
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