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ABSTRACT: Novel hybrid halloysite nanotubes (HHNTs) were
developed and used as smart carriers for corrosion protection of
steel. For this purpose, as-received halloysite nanotubes (HNTs)
were loaded with a corrosion inhibitor, imidazole (IM), by vacuum
encapsulation. In the next step, a layer by layer technique was
employed to intercalate another inhibitor, dodecylamine (DDA),
in the polyelectrolyte multilayers of polyethylenimine and
sulfonated polyether ether ketone, leading to the formation of
HHNTs. During this process, IM (5 wt %) was successfully
encapsulated into the lumen of HNTs, while DDA (0.4 wt %) was
effectively intercalated into the polyelectrolyte layers. Later, the
HHNTs (3 wt %) were thoroughly dispersed into the epoxy matrix
to develop smart hybrid self-healing polymeric coatings designated as hybrid coatings. For a precise evaluation, epoxy coatings
containing as-received HNTs (3 wt %) without any loading denoted to as reference coatings and modified coatings containing
HNTs loaded with IM-loaded HNTs (3 wt %) were also developed. A comparative analysis elucidates that the hybrid coatings
demonstrate decent thermal stability, improved mechanical properties, and promising anticorrosion properties compared to the
reference and modified coatings. The calculated corrosion inhibition efficiencies of the modified and hybrid coatings are 92 and
99.8%, respectively, when compared to the reference coatings. Noticeably, the superior anticorrosion properties of hybrid coatings
can be attributed to the synergetic effect of both the inhibitors loaded into HHNTs and their efficient release in response to the
localized pH change of the corrosive medium. Moreover, IM shows an active release in both acidic and basic media, which makes it
suitable for the protection of steel at the early stages of damage, while DDA being efficiently released in the acidic medium may
contribute to impeding the corrosion activity at the later stages of deterioration. The tempting properties of hybrid coatings
demonstrate the beneficial role of the development of novel HHNTs and their use as smart carriers in the polymeric matrix for
corrosion protection of steel.
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1. INTRODUCTION

The global problem of corrosion is very challenging, and it is
bothering the humankind for many centuries. Corrosion is
considered as the most critical cause of material failure in all the
industries where metallic parts are applied.1−3 Organic coatings
often are used to overcome corrosion challenges by limiting the
contact of the metallic surfaces with an aggressive environment.4

During the operation, the protective coatings may get damaged,
which allows the aggressive media to penetrate the base metals
and initiate corrosion.5 Thus, self-healing smart coatings have
been developed to overcome this problem6−8 by reinforcing the
polymeric matrices with nano/microcontainers loaded with
active species of different functionalities.9−11 These active
species are sensitive to various stimuli and can be triggered by
variation in temperature, pH, light, pressure or mechanical
damage, and so forth.12 Once released, these active species can

hinder the attack of corrosive media and henceminimize the rate
of corrosion.13

Recent literature is fertile with various active species
encapsulated in inorganic particles such as cerium oxide,14

zirconium oxide,15 mesoporous silica,16,17 halloysite nanotubes
(HNTs),18−21 titanium oxide,22,23 calcium carbonate,24 and so
forth. The above-stated inorganic particles loaded with active
species reinforced to polymeric matrices can self-heal the
matrices by various mechanisms.25 Hollow carriers are the most
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studied particles as these have the capability to store the active
agents in the lumen of the carrier efficiently.26,27 HNTs have
hollow inner lumens in nanosize covered by the multiwalled
aluminum silicate (Al2Si2O5(OH)4·2H2O). Unlike other tubular
carriers, HNTs are natural, nontoxic, and environmentally
friendly with great potential to store the active species for
corrosion protection.20,28,29 However, because of the firm van
der Waals attractive forces in HNTs itself, it is difficult to ensure
the uniform dispersion of these nanosize carriers in organic
solvents.26,30 Furthermore, the direct modification of the surface
of HNTs is quite tricky because the majority of the hydroxyl
groups reside on the inner surfaces of the tubes, and only a few
are present on the outer surface.31,32 One other major limitation
is that these carriers hold individual active species, while the
coating matrix requires simultaneously multiple active species to
self-heal the damaged matrix.33 Hence, it is preferable for the
carriers to host multiples of the active agents in order to
minimize the use of the carriers.9,34

In the present work, the concept of hybrid halloysite
nanotubes (HHNTs) has been introduced to overcome the
above-stated limitations. This is a novel strategy enabling
different healing functionalities to reside on a single carrier,
which can be reinforced into the epoxy matrix to develop
innovative smart hybrid self-healing polymeric coatings.
HHNTs were developed by loading the primary corrosion
inhibitor, imidazole (IM), in the lumen of HNTs, while the
secondary inhibitor dodecylamine (DDA) was intercalated into
the polyelectrolyte multilayers of polyethylenimine (PEI) and
sulfonated polyether ether ketone (SPEEK) formed on the
surface of HNTs. The primary inhibitor was loaded into HNTs
through the vacuum encapsulation process. In contrast, the
secondary inhibitor (DDA) was intercalated into the multilayers
using a layer by layer technique. As a next step, the synthesized
HHNTs (3 wt %) were uniformly dispersed into the epoxy
matrix to form smart hybrid self-healing polymeric coatings. For
a clear comparison, the reference coatings, epoxy coatings
composed of as-received HNTs without any loading, and
modified coatings, the coatings formed by reinforcing the epoxy
matrix with HNTs loaded with IM, were also developed. A
comparison of the structural, thermal, mechanical, and
anticorrosive properties of smart hybrid self-healing coatings is
presented to elucidate the beneficial role of the development of
HHNTs as new smart carriers. Our results confirm that the
hybrid coatings demonstrate superior properties when com-
pared to the reference coatings and modified coatings because of
the synergetic effect of both the inhibitors loaded into HHNTs
and their efficient release in response to the localized pH change
of the corrosive medium. The tempting properties of hybrid
coatings make them attractive for corrosion protection of steel.

2. EXPERIMENTAL SECTION
2.1. Materials and Chemicals. The HNTs (Al2Si2O5(OH)4·

2H2O), used as a substrate for the deposition of polyelectrolyte
multilayers, were purchased from Sigma-Aldrich, Darmstadt, Germany.
IM-a primary inhibitor, DDA-secondary inhibitor, PEI, SPEEK,
ethanol, and sodium chloride were also provided by Sigma-Aldrich
and used without further purification. Epoxy resin (EPON RESIN
815C) and its curing agent (EPIKURE) was purchased from Hexion
chemicals, and dimethylacetamide was supplied by BDH chemicals Ltd.
Carbon steel sheets used as a substrate for coatings were purchased
from a local source. The steel substrates were ground using silicon
carbide (SiC) abrasive papers supplied by Hasuco Korea. The
substrates were thoroughly rinsed with water and cleaned with ethanol
before applying coatings.

2.2. Loading of IM into HNTs. The primary inhibitor (IM) was
encapsulated into the HNTs through a vacuum method, as reported in
the previous reports.35,36 During this procedure, 2 g of HNTs was
added to 40mL aqueous solution of IM (80 mgmL−1). The suspension
of HNTs and IM was sonicated for 30 min to ensure proper dispersion
of HNTs in the solution. The suspension was then transferred to the
vacuum chamber connected with a rotary pump. The vacuum process
was conducted for eight hours to remove the air from the lumen of
HNTs and to load IM inside the lumen of the HNTs. After performing
the vacuum treatment, the suspension was returned to atmospheric
pressure. The vacuum cycling treatment was repeated three times (1 h
each) to ensure efficient loading. Finally, to remove the excess of water,
the samples were centrifuged, rinsed with water, and dried for 5 h at 70
°C. The dried powder of loadedHNTs was then collected and saved for
further characterization and coating. A schematic diagram showing the
loading of IM into HNTs is presented in Figure 1.

2.3. Synthesis of Hybrid HNTs by the LBL Technique. Unlike
other nanotube structures (carbon nanotubes, titanium nanotubes,
etc.), HNTs have a distant inner lumen and outer surface chemistry,
allowing active species of various functionalities to modify them. The
lumen of HNTs is positively charged because of Al(OH)3, while the
outer surface has a negative charge because of the presence of SiO2.
Making use of this morphological behavior of HNTs, a layer by layer
technique was used to intercalate a secondary corrosion inhibitor
(DDA) into the polyelectrolyte layers deposited on the surface of
HNTs loaded with IM as presented in the schematic diagram (Figure
2a). The positively charged PEI was first deposited on the surface of
loaded HNTs (HNTs + IM) by mixing 2.0 mg of mL−1 solution of PEI
(60.0 mL) with 40 mL of suspension of HNTs for 10 min at 300 rpm.
The negatively charged SiO2 on the outer surface of HNTs binds with
positively charged PEI. The excess of water and PEI from the developed
(HNTs + IM)/PEI was removed by centrifuging, followed by rinsing
with ethanol and water. The second layer of negative polyelectrolyte
SPEEK was adsorbed on (HNTs + IM)/PEI by mixing 40 mL of
suspension of (HNTs + IM)/PEI for 10 min at 300 rpmwith the 60mL
of solution of SPEEK (2 mg mL−1 in dimethylacetamide) to synthesize
(HNTs + IM)/PEI/SPEEK. The excess of SPEEK was removed in a
similar fashion as used in the first layer. The third layer deposited was of
DDA, which was positively charged, and was used as a secondary
inhibitor in HHNT design. Suspension (40 mL) of the resulted (HNTs
+ IM)/PEI/SPEEK was mixed with 60 mL of solution of DDA (10 mg
mL−1) for 20 min at 300 rpm while maintaining the pH at 3 during this
layer deposition process. The fourth and fifth layers of SPEEK and PEI
were deposited following the previous procedure to develop final
HHNTs ((HNTs + IM)/PEI/SPEEK/DDA/SPEEK/PEI). Figure
2b,c represents loading of inhibitor (IM) into HNTs and the
electrostatic attraction between the consecutive layers of HHNTs.

2.4. Preparation of Coatings. Three different types of epoxy
coatings were developed; (i) reference coatings, the epoxy coatings
composed of as-received HNTs without any loading, (ii) modified
coatings, the coatings formed by reinforcing epoxy matrix with loaded
HNTs, and (iii) smart hybrid self-healing polymeric coatings developed
by incorporating HHNTs into the epoxy matrix. All the above prepared
coatings were applied to the steel substrates using the doctor blade
technique.

Carbon steel plates (30 × 30 × 1 mm3) were used as substrates. The
substrates were ground with silicon carbide abrasive papers, washed
with water and ethanol, and dried with a hot air gun before the

Figure 1. Schematic representation of loading IM into the as-received
HNTs.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c08953
ACS Appl. Mater. Interfaces 2020, 12, 37571−37584

37572

https://pubs.acs.org/doi/10.1021/acsami.0c08953?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08953?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08953?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08953?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c08953?ref=pdf


commencement of the coating process. A model epoxy (EPON 815C)
was used as a coating material. The samples were coated by mixing
epoxy with the hardener (EPIKURE curing argent 3282) (5:1). A
predetermined amount (3 wt %) of reinforcement (as-received HNTs,
loaded HNTs, and HHNTs) was mixed with the hardener and then
added to the epoxy resin to develop, (i) reference coatings, (ii)
modified coatings, and (iii) hybrid coatings. The epoxy mixtures were
kept for 10min sonication followed by 10min vacuum to achieve a well-
dispersed and bubble-free epoxy mixture. The epoxy mixture was
applied on the steel substrates with the doctor blade to obtain a uniform
thickness of ∼200 μm. The prepared coatings were cured for 48 h at
room temperature to attain a dry film. A manual scratch of ∼180 μm
width was made using a scalpel on the coatings before the
electrochemical impedance evaluation. The scratch will allow the

coatings to start the spot corrosion, which will increase to localize pH,
which in turn will trigger to release the loaded inhibitors.

2.5. Characterization of the Nanotubes and the Developed
Coatings. The Fourier transform infrared (FTIR) study (FTIR
Frontier, PerkinElmer, Frontier, USA) was carried out to confirm the
loading of IM in the HNTs and to verify the successful formation of
HHNTs. The spectra were recorded in the range of 500−4000 cm−1 in
a transmission mode. The morphology of as-received HNTs, loaded
HNTs, and HHNTs was analyzed by field emission scanning electron
microscopy (FE-SEM-Nova Nano-450, Netherland) and transmission
electron microscopy (TEM) coupled with high-resolution energy
dispersive X-ray spectroscopy (EDS) (TEM, FEI, TALOS F200X,
USA). To quantify the loading of inhibitors and to calculate the specific
surface area (SSA) and pore volume (PV) of as-received HNTs, loaded

Figure 2. Schematic representation; (a) synthesis of HHNTs and (b,c) loading of HNTs and the electrostatic attraction between the consecutive
layers of HHNTs.
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HNTs, and HHNTs, the Brunauer−Emmett−Teller (BET) technique
was used (surface area analyzer, Micromeritics ASAP 2420, USA). Zeta
potential equipment (Malvern, Zeta sizer, Nano ZSP, USA) was
employed to analyze the surface charges on the individual layer of the
HHNTs during the layer by layer technique. X-ray photoelectron
spectroscopy (XPS) (AXIS Ultra DLD, Kratos, UK) using a
monochromatic X-ray sourceAl Kα source was used to ensure the
surface chemical composition and adsorption of the multilayers with an
intercalated inhibitor on the surface of HHNTs. The binding energy of
C 1s (284.6 eV) was used as a reference. The energy resolution was 160
eV, and the spatial resolution was 20 eV. Thermal stabilities of the as-
received HNTs, loaded HNTs, HHNTs, and the prepared coatings
were studied between the temperature range of 40 to 600 °C employing
a heating rate of 20 °C/min. Thermal gravimetric analysis (TGA) and
differential thermal gravimetric analysis (DTA) profiles were obtained
by a synchronization analyzer (PerkinElmer, TGA 4000, USA). UV−
vis spectroscopic analysis (LAMBDA 650 UV−vis Spectrophotometer,
PerkinElmer, USA) was employed to analyze the release of inhibitors
from the loaded HNTs and HHNTs. Various solutions with different
pH values were prepared, and small amounts (0.1 g) of loaded HNTs
and HHNTs were added to determine the release behavior of loaded
inhibitors at different pHs and after different immersion times. An
analytical balance with density determination equipment (Sartorius
YDK03) was used for porosity measurements. The Vickers Micro-
hardness tester (MKV-h21, Japan) was used to determine the hardness
of the developed coatings. All measurements were performed under a
load of 50 gf for 10 s. Universal testing machine (Lloyd-Ametek LR50K
Plus, USA) was employed to study the tensile behavior of the developed
coatings. Tensile testing of the developed coatings was performed at
room temperature, applying an engineering strain rate of 10−4/s under
uniaxial tensile loadings.
Electrochemical impedance spectroscopy (EIS) tests were per-

formed to evaluate the corrosion impeding capability of the developed
coatings in 3.5 wt % of NaCl solution at room temperature. The EIS
spectra were recorded in the frequency range of 10 mHz to 100 kHz
using Gamry 3000 equipment (30K BOOSTER potentiostat/
galvanostat/ZRA, USA). A three-electrode system was used in which
the coated steel plates were used as working electrodes, with an exposed
area of 0.5 cm2, and a platinum wire was used as a counter electrode
while an Ag/AgCl electrode was employed as a reference electrode. A
controlled defect of 5 cm length was made manually on the developed
coatings to study their inhibition effect. The coated samples were
exposed to a 3.5% NaCl solution, and the electrochemical tests were
performed at an exposure time of 1, 3, 5, and 7 days. The EIS tests were
repeated three times to ensure reproducibility.

3. RESULTS AND DISCUSSION

3.1. FTIR Spectroscopy. Figure 3 depicts the FTIR spectra
of as-received HNTs, loaded HNTs, and HHNTs. In the as-
receivedHNTs (Figure 3a), the absorption bands at 3697, 3625,
and 1648 cm−1 show the stretching of Al−OH bond and OH
deformation of water in HNTs.37 Furthermore, the character-
istic peaks at 1116 and 1004 cm−1 belong to the perpendicular
and in plan Si−O bond because of the majority of O−S−O
groups on the surface of HNTs. In addition, the absorption
peaks present at 905 and 538 cm−1 correspond to the bending
vibration of Al−OH and the deformation of the Al−O−Si
group.38 A comparison of the FTIR spectrum of loaded HNTs
(Figure 3c) and as-received HNTs (Figure 3a) indicates the
presence of some additional peaks. These new peaks at 3118,
3025, and 2914 cm−1 can be ascribed to the C−H stretching,
while the absorption peak at 1326 and 1188 cm−1 belongs to the
aromatic amine group of IM.39 The formation of these new
peaks in the IR spectrum verifies the successful loading of HNTs
with IM.
In the IR spectrum of HHNTs (Figure 3e), the absorption

peaks at 3697, 3625, 1648, 1116, and 1004 cm−1 are consistent

with the IR spectrum of as-received HNTs and loaded HNTs
which is originated from HNTs. The small absorption peak at
3325 cm−1 corresponds to the amine group of DDA, which is
used as a secondary corrosion inhibitor.40 The partial absorption
peak of N−H in the spectrum HHNTs could not be
discriminated because of the broad and robust peak of pure
DDA. The new characteristic peak at 1641 and 1225 cm−1 in the
IR spectrum of HHNTs represents CC and C−N stretching,
respectively, which can be ascribed to DDA, PEI, and SPEEK.8

In addition, the peak adsorption at 1465 cm−1 represents the C−
H stretching of HHNTs. A close comparison of the IR spectra of
as-received HNTs, loaded HNTs, and HHNTs verifies the
formation of polyelectrolyte multilayers on the surface of HNTs
and the intercalation inhibitors (DDA and IM) without any side
reactions.

3.2. SEMAnalysis. Figure 4 depicts the morphological study
of the as-received HNTs and loaded HNTs observed by FE-
SEM. The FE-SEM analysis of as-received HNTs (Figure 4a,b)
revealed a tubular structure without any clusters. The sample
results also explained various sized tubular morphology of
nanotubes. The cluster free nanotubes reflect the dry surface of
as-received HNTs. On the other hand, the FE-SEM of loaded
HNTs (Figure 4c,d) also revealed a similar morphology as the
received HNTs with a few clusters in the sample. The presence
of clusters in the loaded HNTs maybe because of the sticky
surface of the loaded HNTs after loading with a negatively
charged inhibitor. The results are in line with the already
reported literature.41

3.3. TEM Analysis. In order to confirm the adsorption of
polyelectrolyte layers on the surface of loaded HNTs, TEM and
high-resolution EDS elemental mapping were carried out.
Figure 5a−c shows the TEM images of the HHNTs. The dark
inner space of loadedHNTs confirms the efficient loading of IM,
while the smooth deposited surfaces indicate the adsorption of

Figure 3. FTIR spectra; (a) as-received HNTs, (b,c) pure IM and
loaded HNTs, and (d,e) pure DDA and hybrid HNTs.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c08953
ACS Appl. Mater. Interfaces 2020, 12, 37571−37584

37574

https://pubs.acs.org/doi/10.1021/acsami.0c08953?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08953?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08953?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08953?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c08953?ref=pdf


polyelectrolytes on the surface of HNTs.42 Furthermore, the
high amount of oxygen and the presence of carbon and nitrogen
in the EDS analysis (Figure 5d−h) also confirm the deposition
of organic species on the surface of HHNTs. Figure 5g is the
carbon mapping which depicts both the content of carbon on
the grit and in the particles itself. The presence of carbon in the
particle verifies the carbon-based deposition on HNTs. The
morphological observation of the HHNTs is in good agreement
with the FTIR analysis, indicating that the polyelectrolyte
multilayers, along with the sandwiched DDA, are successfully
assembled. These findings are consistent with previous
studies.42

3.4. BET Surface Area and PV of as-Received and
Hybrid HNTs. To quantify the loading efficiency, BET SSA and
PV of as-received HNTs, loaded HNTs, and HHNTs were
measured. Figure 6 presents the N2 adsorption−desorption
isotherms of the samples, which has relatively a different
pressure type H3 hysteric loop. These types of hysteresis loop

usually describe the mesoporous and macropores structures. By
calculating the SSA and PV of loaded HNTs, there was a
substantial decrease compare to as-received HNTs.43,44 The
SSA and PV decreased from 102.7 m2/g and 0.591 cm3/g to 56.2
m2/g and 0.351 cm3/g, respectively. A ∼46% decrease in SSA
and ∼41% decrease in PV was observed after loading IM in
HNTs (Table 1). This substantial decrease in SSA and PV

confirms the efficient loading of IM within the lumen of HNTs.
The SSA and PV were further decreased by ∼54 and ∼32%,
respectively, in HHNTs, which verify the adsorption of compact
and pore-free polyelectrolyte layers on the surface of HNTs.

3.5. Zeta Potential Analysis. HNTs have typically an
alumosilicate multiwall tubular structure in which the majority
of silica lies on the outer surface of the HNTs. Hence, the
electrical ζ potential on its surrounding surface is negative
(∼−30 mV) because of the negatively charged silica. This ζ
potential is much smaller than the pure silica ζ potentials (∼−50
mV) because of the superposition of positively charged

Figure 4. FE-SEM images of HNTs (a,b) as-received HNTs and (c,d)
loaded HNTs.

Figure 5. (a−c) TEM images of HHNTs at different resolution and (d−h) high-resolution EDS of the HHNT sample.

Figure 6.Nitrogen adsorption−desorption isotherms of the as-received
HNTs, loaded HNTs, and hybrid HNTs samples.

Table 1. BET Surface Area and BET Pore Volume of as-
Received HNTs, Loaded HNTs, and Hybrid HNTs

sample
BET specific surface area

(m2/g)
BET pore volume

(cm3/g)

as-received HNTs 102.7 0.591
loaded HNTs 56.2 0.351
HHNTs 25.6 0.246
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Al(OH)3 in the lumen.45 The negative surface potential allows
HNTs to modify its surface with positive materials. Hence, zeta
potential analysis was carried out to ensure the adsorption of
each layer on the surface of HNTs represented in Figure 7. It was

noticed that the ζ potential of the as-received HNTs and HNTs
loaded with MI is negative as expected. The negative ζ potential
of loaded HNTs confirms the presence IM only in the lumen of
HNTs. After the deposition of polycation PEI, the ζ potentials
are shifted to a positive value of 45 mV. Furthermore, after the
adsorption of SPEEK, the ζ potential is moved to negative value
because of the −SO3 group in SPEEK. The sulfonic group of
SPEEK is also responsible for binding the amine groups of PEI
and DDA with SPEEK. Therefore, the zeta potential is also
dramatically shifted to the positive value (∼33.2 mV) after the
deposition of the DDA layer. The change in the ζ potentials after
the deposition of each layer is evidence of the successful
adsorption of the polyelectrolyte layers on the surface of HNTs.
Variation of ζ potentials with polyelectrolyte layers has also been
reported in the previous studies.45−47

3.6. XPS Analysis.The XPS analysis was carried out to study
the detailed surface elemental composition of the loaded HNTs
and HHNTs. Figure 8a−c presents the XPS spectrum of
aluminum, silicon, and oxygen, which are detected as major
elements on the surface of loaded HNTs. The Si/Al ratio of 1.14
(Table 2) is observed because of the majority of silica present in

the outer surface of loaded HNTs. The absence of carbon and
nitrogen in the surface composition of loaded HNTs confirms
the successful loading of IM in the lumen of as-received
HNTs.48 A relatively large amount of oxygen is detected on the
surface loaded HNTs, which represents the typical HNTs
structure having the majority of oxygen both on the outer and
inner layer of the helical multilayers of aluminosilicate.
Furthermore, the fitting peak of aluminum in the XPS spectrum
of loaded HNTs at 74.6 eV represents the presence of aluminum
oxide. The silicon spectrum shows only the bonding energy of
SiO2 at 103.4 eV. On the other hand, the oxygen spectrum
depicts the fitting peaks at 531.2 and 532.8 eV, which is
representing the bonding energy of Al2O3 and SiO2 on the
surface of loaded HNTs.49

On the contrary, carbon and nitrogen are the elements
detected in the surface HHNTs presented in Figure 8d,e. The C
1s spectrum of the HHNTs shows the fitting peaks at 284.6,
286.3, and 288.3 eV, representing the bonding energy of C−C
bond C−O bond and CO bond, respectively. The C−NH2
bonding energy also confirms from the XPS spectrum of
nitrogen in the HHNT surface. The carbon and nitrogen
bonding energies reflect the structures of PEI and SPEEK used
as outer layers in HHNTs. The XPS analysis confirms the
successful loading of IM into HNTs and adsorption of the
polyelectrolyte multilayers on the surface of HNTs without any
impurities.

3.7. Thermal Stability of HNTs and Modified Coatings.
Figure 9a,b depicts the TGA and DTA of as-received HNTs,
loaded HNTs, and HHNTs. According to the inset Figure 9a,
both the organic inhibitors (DDA and IM) have a complete
decomposition at 198 and 230 °C, respectively. The TGA/DTG
curve of loaded HNTs shows a first weight loss peak at 246 °C,
which corresponds to the decomposition of the loaded IM in

Figure 7. Zeta potential charge on as-received HNTs, loaded HNTs,
and different layers of HHNTs.

Figure 8. XPS spectra presenting the surface elemental composition; (a−c) loaded HNTs and (d,e) HHNTs.

Table 2. XPS Surface Elemental Compositions of Loaded
HNTs and HHNTs

surface chemical composition, atomic %

sample Al Si O C N

loaded HNTs 12.78 14.57 72.64
HHNTs 89.33 10.67
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HNTs. Furthermore, there is a shift in the derivative weight loss
peak of loaded HNTs, which can be ascribed to the physical
interaction of IMwith the lumen of HNTs, resulting in its higher
stability. The second weight loss peak of loaded HNTs is
observed at 488 °C, which is due to the decomposition of
HNTs.50 Considering the initial minor weight loss peaks, which
can be due to entrapped water content in the multi walls of
HNTs, it can be concluded that 5 wt % of IM is loaded into
HNTs. By analyzing the TGA/DTA curve of HHNTs, five
possible slopes (inflection points) are identified, which will be
related to different weight loss. In order to measure the loading
efficiency of DDA in the polyelectrolyte layers, it is essential to
stress the comparison of both loaded and HHNTs curves.
Because in both samples, the base material (clay) is the same,
therefore, any additional peak in the curve will correspond to the
loaded organic inhibitors (IM and DDA) or the polyelectrolyte
shells. In the case of HHNT slopes from 40 to 170 °C, it can be
assigned that the weight loss of absorbed and structural water is
almost 3.8 wt %. The slop in the range of 210−470 °C, which
sums the weight loss of 5.4 wt %, is corresponding to the
complete decomposition of the organic (IM and DDA) in the

lumen and external shells.51 Therefore, the loading efficiency of
the intercalated DDA can be estimated as 0.4 wt %. The slope
from 470 to 530 °C shows the dihydroxylation of the halloysite
clay, which sums the weight loss of 6.4 wt %. The last steeper
slope in the range of 540−600 °C can be attributed to the highly
stable polyelectrolyte molecules.
Moreover, Figure 9c presents the TGA and DTA of the

reference coatings, modified coatings, and hybrid smart
coatings. All developed coatings show an identical highest
peak of thermal degradation at 380 °C, which can be attributed
to the thermally stable epoxy monomer and the doped HNT-
based nanoparticles. The TGA and DTA curves confirm that the
prepared coatings are thermally stable up to 380 °C, which is
quite decent considering their end-users, that is, the oil and gas
industry. These findings are also consistent with the previous
studies.52,53

3.8. UV−vis Spectroscopic Analysis. Self-release of
corrosion inhibitor from loadedHNTs andHHNTs was studied
through UV−vis spectroscopy. The loaded HNTs and HHNTs
were separately dispersed into 0.1 M NaCl solution having
different pH values (2, 5, 7, 9, and 11). The UV spectra of both

Figure 9. Thermal analysis; (a,b) TGA results and DTA curves of the as-received HNTs, loaded HNTs, and HHNTs (c) TGA and DTA curves of the
reference coatings, modified coatings, and smart hybrid self-healing polymeric coatings.

Figure 10.UV−vis spectroscopy (a) release behavior of IM from loaded HNTs immersed in different pH solutions for 2, 24, 48, and 72 h. (b) Release
behavior of IM from HHNTs, the inset is the spectra of HHNTs immersed in various pH solutions after 48 h.
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loaded HNTs and HHNTs were studied as a function of pH
after 2, 24, 48, and 72 h, as shown in Figure 10a,b. In the case of
loaded HNTs (Figure 10a), it can be noticed that the profiles of
spectra obtain at different pHs are identical in nature. In the case
of loaded HNTs, a clear peak is observed at 205 nm, which
corresponds to the aromatic structure of IM.54,55 The loaded
HNTs showed the absorbance in all acidic, neutral, and basic
media (Figure 10a). The highest absorbance intensity was
observed at pH 2, which decreases with increasing pH of the
solution. This result suggests that the self-release of IM is
sensitive to the pH of the solution. The efficient release of IM is
observed in an acidic medium instead of a basic medium,
although the self-release of IM is noticed at all pH values.
On the other hand, two distinct peaks of intensities (205 and

310 nm) were noticed in HHNTs presented in Figure 10b. The
205 nm is the lambda max of IM, which clearly showed the
release of IM with different pHs from the lumen of hybrid
HNTs.54 The 310 nm peak corresponds to the protonation of
SPEEK, which has a conjugated structure used as a
polyelectrolyte layer.56 From the dominant peak (310 nm) at
lower pH, it can be realized that the polyelectrolyte SPEEK layer
can be easily protonated in acidic medium and can release the
intercalated DDA. It can be concluded that in acidic medium,
both IM and DDA show an efficient self-release enabling
corrosion protection at the later stages of corrosion damage,
whereas in neutral and basic medium, only IM shows promising
self-release, which makes IM efficient at the early stage of
corrosion protection. Furthermore, from the 310 nm peak, a
successful polyelectrolyte multilayer formation on the surface of
HNTs can also be confirmed.
3.9. Mechanical Properties of the Prepared Coatings.

HNTs consist of silica-based exterior surface and aluminum on
their interior surface, which are both polar, and enable them to
be well dispersed in polar polymers such as epoxy. The high
strength (130 GPa) and high flexibility (ability to bend 90°
without failure) of HNTs make them a suitable reinforcement
for the epoxy matrix to improve the tensile strength of polymeric
coatings. The mechanical properties of pure epoxy, reference
coatings, modified coatings, and hybrid coatings are summarized
in Table 3. It is evident that the density of coatings increased by

the addition of HNTs. Hybrid coatings show the highest
increase in the density because of the loading of inhibitors and
the presence of multilayers on the surface of HNTs.
Furthermore, the Vickers hardness of reference coatings
increased with the incorporation of HNTs into the epoxy
matrix. Hybrid coatings demonstrate the highest improvement
in the hardness (∼105%) as compared to the reference coatings.
A similar trend is noticed in the tensile strength reaching its
maximum value (1.65 ± 0.3) in smart hybrid self-healing
polymeric coatings. The calculated increase in the tensile
strength is ∼106% as compared to the reference coatings. The
significant enhancement in the mechanical properties of the

hybrid coatings can be attributed to the (i) dispersion hardening
effect due to the presence of insoluble and hard ceramic HNTs,
(ii) formation of a composite structure which improves the load
bearing properties, and (iii) the enrichment of the dislocation
density. These findings are consistent with the previous
studies.42,57

Moreover, the increase in mechanical properties of the
developed coatings is attributed to the uniform dispersion of
HNTs in the epoxy matrix and their strong tubular interfacial
interactions.58 The well-dispersed HNTs causes crystallization
of epoxy monomers, providing significant improvement in
mechanical properties.20 The nanoclay provides a ceramic
skeleton within the polymeric matrix, enhancing the strength.59

Also, halloysite nanoclay has better compatibility with epoxy;
the strong tubular interaction of HNTs with epoxy provides
strong adhesion and hence improves the mechanical properties
of these coatings.60

3.10. Electrochemical Evaluation of the Prepared
Coatings. The electrochemical performance of reference
coatings, modified coatings, and hybrid coatings was analyzed
in 3.5 wt % NaCl solution for seven days after providing
controlled damage on their surface. Figure 11 represents the

equivalent circuits used to fit the experimental data in order to
quantify the essential electrochemical parameters. The EIS
spectra of the reference coatings were fitted by a two-time
constant circuit (Figure 11a), whereas two-time constant circuit
with a Warburg diffusion coefficient (W) was used to fit the EIS
results of modified and hybrid coatings, as shown in Figure 11b.
These equivalent circuits quantify the parameters of the
electrochemical reactions occurring on the surface of the
scratched coated samples.61,62 The key electrochemical
parameters include the solution resistance (Rs), pore resistance
(Rp), charge transfer resistance (Rct), and capacitance of the
coatings (CPE), that is, double-layer capacitance and coating
capacitance. Rs is solution resistance offered by the electrolyte
solution, Rp is the resistance provided by the scratch-made in the
coating, and Rct is the resistance provided by the applied
coatings. The Rp and CPE of the coatings were evaluated by the
high-frequency time constant, while the Rct and double layer
capacitance were extracted by the low-frequency time constant.
Figure 12 depicts the characteristic impedance spectra of the

reference andmodified coatings. The reference coatings show an
impedancemodulus of about 7.5× 106Ω. This decent resistance
can be attributed to the doped HNTs in the epoxy matrix. The
impedance value shows a decreasing trend with increasing
immersion time and reaches to 5.62 × 105 Ω after the seventh
day. This reduction of the impedance value is due to the uptake
of the electrolyte by the scratched area of the coatings, which
provides a conductive path to the corrosive medium. As a
consequence, the impedance value shows one order of decrease
in its value as compared to the initial stage of immersion. When
the electrolyte species reach the steel substrate, spot corrosion
initiates as confirmed by the decay in the low frequency bode

Table 3. Mechanical Properties of Pure Epoxy, Reference,
Modified, and Hybrid Coatings

samples
density
(g/cm3)

Vickers
hardness

tensile strength
(MPa)

pure epoxy 1.67 18 ± 2 0.8 ± 0.1
reference coating 1.78 33 ± 3 1.5 ± 0.2
modified coating 1.80 34 ± 2 1.54 ± 0.2
hybrid coatings 1.84 37 ± 4 1.65 ± 0.3

Figure 11. Equivalent circuits used for EIS analysis of (a) reference
coating and (b) modified and hybrid coatings.
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and phase angle spectra (Figure 13a,b). On the other hand, the
modified coatings (Figure 12c,d) show different behaviors at
various stages of immersion. The impedance value shows a
continuous increase in its value with the increase in the
immersion time, which verifies the inhibition efficiency of the
IM in the scratched coatings. The highest impedance of 4.1 ×
107 Ω is observed after the seventh day of immersion, which is
increased by one order compared to the reference coatings. At
low-frequency range (of bode and phase angle), the value of
impedance and phase angle increases with immersion time,
showing an incremental increase in the barrier properties of the
modified coatings. The gradual increase in the impedance values

of modified coatings with increasing immersion time reflects

their decent barrier properties against corrosion by providing

additional inhibitive protection. The inhibition efficiency

percentage (IE %) of the modified coatings with respect to the

reference coatings can be calculated using the following

equation.22

R R
R

IE %
( , modified , reference)

( , modified)
100ct ct

ct
=

−
×

(1)

Figure 12. EIS bode spectra and phase angle of coatings after immersion in 3.5 wt % of NaCl solution for different time intervals; (a,b) reference
coating (c,d) modified coatings.

Figure 13. EIS results of the hybrid coatings after immersion in 3.5 wt % solution; (a) bode spectra, (b) phase angle and (c) Nyquist plot.
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The highest calculated inhibition efficiency of modified
coatings is ∼92% after the seventh day of immersion when
compared to the reference coatings.
Figure 13 shows the EIS spectra of the hybrid coatings. The

scratched hybrid coatings reveal almost similar impedance as the
modified coatings at the initial stage of immersion. Over the
immersion time, the hybrid coatings show a gradual increase in
the impedance value with increasing immersion time, reflecting
the synergetic barrier properties two loaded corrosion inhibitors
(IM and DDA). The maximum impedance value after the
seventh day of the immersion time is ∼2.01 × 109 Ω, which is
two orders higher when compared to the modified coatings and
three orders higher when compared to the reference coatings. At
lower frequency range, an increment in the impedance value is
accompanied by the shift in phase angle degrees. This increment
also reveals the complete release of the intercalated secondary
inhibition DDA.
As discussed in Section 3.8 (UV−vis analysis), the primary

inhibitor, IM, shows effective release in both basic and acidic
media and thus provides a barrier to the corrosive species at the
initial stage of the scratch, while DDA working in the acidic
environment enables the hybrid coatings to perform efficiently
in the later stages of scratch. The corrosion inhibition of the steel
substrate by IM is attributed to the adsorption of IM molecules
on the negatively charged substrate. The IM molecules have
three adsorption sites, including the nitrogen atom with sp2 lone
pair of electrons, the hydrogen atom attached to the nitrogen,
and the π bond of the aromatic ring. It is also studied
previously54 that most of the organic compounds containing
nitrogen atoms inhibit the corrosion process by electron
donation from the nitrogen atom and by bridging with the
active hydrogen atom attached to the N atom. On the contrary,
the π bond of the aromatic ring also facilitates the adsorption of
these molecules. The IM molecules adsorb parallel to steel
substrate in the scratched zone, which hinders the penetration of
the electrolyte and thus increases the barrier properties of the
scratched steel in NaCl solution.63 When the IM molecules are
released from the HNTs, they cover most of the exposed steel
surface because of better compression in them and thus provide
an efficient anti-corrosive behavior to the modified and hybrid
coatings compared to the reference coatings. In addition, at the
initial stages of immersion, the hybrid coatings uptake the
electrolyte slowly, which enables the localized pH to be more
acidic and triggers the intercalated DDA to be released from the
multilayers of HHNTs. TheDDA, after releasing, is adsorbed on
the exposed steel substrate and adds an additional layer to the
protective layer formed by the adsorption of IM at the scratched
area of the steel surface (Figure 14). It replaces, on average 2.32
water molecules per DDA.64 Furthermore, there are excessive
negative charges on the steel surface; therefore, the DDA
molecules can efficiently adsorb on the steel surface both
physically and chemically. To sum up, the inhibition mechanism
of DDA for the scratched region of the coating is a geometric
blocking effect for the electrolyte to penetrate the steel substrate.
In summary, both the IM and DDA in the hybrid coatings
provide an effective barrier against corrosion species to
penetrate into the coating and hence prevent the corrosion
process. These findings are consistent with the previous
studies.18,19,33,65−67

To quantify further the inhibition effect of IM and DDA, the
electrochemical parameters were calculated by using the
equivalent circuits, as shown in Figure 11. The Rp of reference
coatings analyzed was approximately 0.5 × 106 Ω cm2, which

decreases continuously with the increase in immersion time and
reaches to 5.5 × 105 Ω cm2 after seven days explaining the
deterioration of the reference coatings over time. On the
contrary, the modified and hybrid coatings result in much stable
Rp values. The Rp values of modified and hybrid coatings show
an increase with increasing immersion time, reflecting the
efficient barrier capability of IM and DDA in the scratched
region. The calculated Rp of the modified and hybrid coatings
are 4.5 × 106 and 12.2 × 106 Ω cm2, respectively, at the initial
stage of immersion, which increases to 41.7 × 106 and 252.7 ×
106 Ω cm2, respectively, after seven days of immersion. At the
initial stages of the immersion of coatings, the low-frequency
resistance explained the corrosive activity on the steel interface,
which was almost 1 × 106 Ω cm2 for all the reference, modified,
and smart hybrid self-healing polymeric coatings. The Rct of the
reference coatings shows a slight decrease over the immersion
period. At the end of the test, the reference coating decreased by
one order, showing a Rct value of 1× 105Ω cm2 On the contrary,
the modified and hybrid coatings show an increase of Rct value.
After the seventh day of immersion, the Rct value of modified and
hybrid coatings increased by two and three orders, respectively.
This increase in the magnitude of Rct in modified and hybrid
coatings confirms the negligible corrosion activity on the steel
surface. Moreover, the improvement inRct is also consistent with
the increase in Rp for the modified and hybrid coatings. The Rp
and Rct values of the scratched coatings over the emersion period
are depicted in Figure 15.
To confirm the release of the corrosion inhibitors, SEM/EDX

analysis of the scratched areas of the developed coatings after the
immersion in 3.5 wt % NaCl solution for 72 h was investigated,
depicted in Figure 16. From the SEM analysis (Figure 10a,c,e), it
is observed that there is a dominant passive layer formed in
modified and hybrid coatings compared with the reference
coatings. Furthermore, Al and Si are detected by EDX spectra
(Figure 10b,d,f), which confirms the presence of HNTs in the
develop coatings. Chlorides were also found in the scratched
area, as expected after exposure to NaCl solution. The drastic
change in the peak intensities of the carbon in the modified and
hybrid coating confirms the presence of organic inhibitors in the
scratched area.68 The carbon intensity further increased in the
hybrid coating because of the long-chain aliphatic structure of
DDA. The results are in line with high corrosion impeding
abilities of these coatings shown in EIS analysis and maximum

Figure 14. Protective self-healing mechanism of the hybrid coatings.
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release of the inhibitor in the UV analysis after 72 h of
immersion.
The photographs of scratched developed coatings (Figure 17)

depict that the reference coating, which is doped with as-
received HNTs, is unable to protect the steel substrate from the
corrosion process efficiently. Hence, extensive corrosion
initiation signs are noticed after the seventh day of immersion
in 3.5 wt % NaCl solution. Furthermore, in the case of modified
coating, the IM release hinders the corrosion process from
happening in the initial days, but the coatings show slight
deterioration with the increasing immersion days. On the
seventh day, clear corrosion initiation signs are noticed at the
scratched area. On the other hand, no visible degree of corrosion
was seen after analyzing hybrid scratched coating immersed for
seven days. This high corrosion protection performance is
mainly due to the synergetic effect of both the organic inhibitors
loaded in hybrid HNTs. The efficient release over the pH range

enables hybrid coatings to provide enough barrier for the
penetration of corrosive and aggressive species.

4. CONCLUSIONS

Novel HHNTs were developed by utilizing the layer by layer
technique. During the formation of HHNTs, IM (5 wt %) was
successfully encapsulated into the lumen of HNTs, while DDA
(0.4 wt %) was effectively intercalated into the polyelectrolyte
layers. HHNTs were used as green smart carriers (3 wt %) in
polymeric coatings for corrosion protection of steel. A
comparison of the structural, thermal, mechanical, and
anticorrosive properties elucidates that the hybrid coatings
demonstrate superior properties compared to the reference and
modified coatings. The calculated corrosion inhibition efficien-
cies of the modified and hybrid coatings are 92 and 99.8%,
respectively, when compared to the reference coatings. The
superior anticorrosion properties of the hybrid coatings can be

Figure 15. Variation of electrochemical parameters with immersion time; (a) charge transfer resistance of coatings and (b) pore resistance of the
coatings.

Figure 16. FE-SEM and EDX of the developed coatings after immersion in 3.5 wt % NaCl solution for 72 h; (a,b) reference coating, (c,d) modified
coatings, and (e,f) hybrid coatings.
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attributed to the synergetic effect of both the inhibitors loaded
into HHNTs and their efficient release in response to the
localized pH change of the corrosive medium. Moreover, an
active release of IM is observed in both acidic and basic media
enabling it to inhibit corrosion at the early stages of damage,
while DDA being efficiently released in the acidic medium may
contribute to impeding the corrosion activity at the later stages
of deterioration. The improved anticorrosion properties of
hybrid coatings justify the beneficial role of the development of
novel HHNT nanotubes for corrosion protection. The tempting
properties of hybrid coatings make them attractive for corrosion
protection of steel in the oil and gas industry.
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