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ABSTRACT: In the present study, the corrosion resistance of a new niobium oxide/
acrylate hybrid nanocomposite coating doped with niobia nanofibers is investigated.
Nanofibers were initially synthesized from niobium(V) chloride precursor in a novel
autoclave approach before fabricating the base coating from a two-step process
involving the syntheses of acrylate resin via free radical polymerization and niobium
oxide gel from niobium ethoxide via a sol−gel technique. Variants of the synthesized
nanocomposite coating were incorporated with varying concentrations of niobia
nanofibers before spin-coating on Q235 steel substrates to inhibit corrosive electrolytic
ion percolation and further enhance corrosion resistance when treated with chloride-
enriched corrosive media. The corrosion resistance of these nanocomposite coatings
increased with nanofiber content up to an optimum concentration due to the
corrosion-inhibiting and protective effects of niobium barrier layers within these
coatings. The presence of the niobia nanofibers also promoted improved surface
contact angle and toughened mechanical strengths.

1. INTRODUCTION
Among the most effective approaches for inhibition or outright
prevention of corrosion, the use of protective surface coatings
has recorded significant successes, leading to several innovations
in the field. Most of these protective coatings are designed to
introduce surface-active oxide-forming components capable of
forming stable secondary layers within the internal micro-
structures of the coatings.1 Oxide-formers (e.g., Si, Ti, Cr, Al,
Nb, etc.) have played unique roles in the syntheses of efficient
protective coatings. They also played interesting roles in the
fabrication of metallic materials with high thermal and stress
resistance, deployed in aviation, pipeline, electronics, biomedi-
cine, gas turbines, and defense applications.2 The oxide-forming
and IR thermal behavior of niobium metal and its protective
coatings contribute to the understanding of its corrosion
resistance, heat transfer, and transient thermal field characters.2,3

The use of niobium compounds as complementary precursors to
silane has shown promising trends in sol−gel chemistry for
many material applications. The stabilities of niobium oxide,
niobium/silicon composites, and niobium conversion coatings
in corrosive substances and within some thermal conditions
have also gained prominence in biomedical,4,5 catalyst,6,7 and
protective magnesium engineering8 applications. Most of these
niobium materials are synthesized via sol−gel techniques due to
their ease of applicability, low cost, and unique process
chemistry.3 However, their applicability may still completely
rely on how they are synergistically used with other inorganic
(Si, Zr, and Ti) components and in combination with some
organic functionalities.3 These organic−inorganic hybrid
materials possess enhanced resistance against corrosion since

they now possess combined properties of their organic (e.g.,
hydrophobicity) and inorganic oxide (e.g., chemical stability)
components.3

Niobium may be very inert in nature. However, it also readily
grows protective oxide layers (chemically identified as niobium
pentoxide)9−11 that contribute to enhanced corrosion resistance
and biocompatibility.12 Like most ceramic oxides (e.g., titania
(TiO2), silica (SiO2), and zirconia (ZrO2)) within coatings on
metallic surfaces, niobia (Nb2O5) promotes surface adhesion
and significant corrosion and wear resistances.13 On coated
metal surfaces, Nb2O5 becomes a coating additive capable of
forming multifunctional anticorrosive barrier oxide films that
further hinder the percolation of corrosive electrolytic ions
toward the metal surface.13 Although the presence of niobium
barrier layers reduces electrolytic uptake, the protective
performance of niobium-based coating composites eventually
fails due to factors that may depend on (i) barrier protective
effect of niobium, (ii) leaching of coating components via
inherent microcracks, (iii) length of exposure of coatings to
service environments, (iv) size of niobium nanofillers, etc.14

These named causes of coating failure are some of the factors
that contribute to the onset of corrosion on coated metal
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surfaces. However, failure mechanisms in niobium-based
organic−inorganic hybrid coatings with niobium nanofillers
are not clearly understood in neutral electrolytes. A number of
researchers have investigated the corrosion resistance of
niobium coatings on industrial steel metals in various service
environments: strontium-incorporated Nb2O5 coating on
stainless steel in simulated body fluid (SBF),13 Ce-incorporated
niobium oxide coated stainless steel in SBF,14 niobium
incorporated titanium oxide coating on stainless steel in
SBF,15 niobium carbide coatings produced on AISI 1045 steel
in 3 wt % NaCl,16 niobium coated 304 stainless steel in 0.7 M
sulfuric acid,17 to mention a few. Most of these examples are
based on coating components with dissimilar chemistries.
However, the incorporation of niobium barrier layers from a
corrosion-inhibiting coating component (niobia nanofibers)
with similar chemistry to those of the base coatings (niobium
oxide/acrylate matrix) is proposed in this study.
In the present study, the use of niobia fillers within niobium

oxide/acrylate hybridmaterial is proposed. Before incorporating

them within the coating matrix, niobia nanofibers were
synthesized from a niobium(V) chloride precursor by a novel
autoclave approach. The niobium oxide/acrylate hybrid nano-
composite coating was synthesized from a two-step process
involving the synthesis of acrylate resin via free radical
polymerization and sol−gel preparation of niobium oxide
from niobium ethoxide, slowly chelated with methacrylic acid
at 50 °C. These nanofibers will serve as fillers needed to
reinforce the internal microstructure of niobium oxide/acrylate
nanocomposite coatings, increase their mechanical strengths,
enhance their corrosion resistance, and encourage metal−
surface coating adhesion. This work was also designed to
determine the optimum concentration of nanofiber fillers
required to prepare niobium oxide/acrylate hybrid nano-
composite coatings with efficient protective strengths against
chloride-induced corrosion for industrial steel. Acrylate was the
choice of organic acrylate resin component in this study due to
its corrosion resistance in harsh conditions.18 Acrylate resin
coatings are susceptible to a decrease in protective strengths

Figure 1. (a) Raman, (b) XRD, and (c) thermogravimetric spectra of niobia nanofibers and niobia-doped niobium oxide/acrylate nanocomposite
coatings; (d) SEM and (e) AFM micrographs of niobia nanofibers; (f) corresponding surface profile showing changes in some surface parameters.
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with time and may also degrade due to long-time environmental
exposure,18 and hence the need to incorporate niobia nanofillers.
A mechanism for the barrier performance for this doped
nanocomposite coating has also been proposed in order to best
understand the relationship between corrosion resistance and
coating content. There are several pieces of recent literature
evidence on the use of inorganic pigments and coating fillers in
acrylate resins: ZrO2 nanoparticles,18 graphene/CeO2 nano-
flakes,19 SiO2-Ag,

20 h-BN nanoflakes,21 ZnO/graphene oxide,22

SiO2 nanoparticles,23 Fe3O4-Ag,
24 MoS2 nanosheets,25 and

carbon nanotubes,26 to mention a few. Coatings with these
inorganic fillers generally possess prolonged barrier performance
due to the presence of these corrosion-inhibiting fillers
incorporated to reinforce their internal microstructures.

2. RESULTS AND DISCUSSION

2.1. Characterization of Niobia Nanofibers and
Niobia-Doped Nanocomposite Coatings. Before modify-
ing the coating suspensions with the synthesized niobia
(Nb2O5) nanofibers, both the Nb2O5 product and NiCl5
precursor were characterized using appropriate techniques;27,28

results are presented within the Supporting Information.
Analyses with Raman spectroscopy revealed a D2h symmetry
consistent with pure powdery NbCl5. The peaks at 374 and 394
cm−1 are attributed to its Nb−Cl stretching vibration and
overlapping v-1bands.29,30 The solid-state spectrum of this
inorganic Nb2O5 material is presented in Figure 1a, showing a
distinct difference from the NiCl5 precursor (Figure S1). The
Raman peaks of the Nb2O5 nanofibers are not well-defined even
after baseline correction, and this is indicative of poor

crystallinity.31 The intense peak at 717 cm−1 corresponds to
symmetric and anti-symmetric stretching NbO vibration modes
of Nb−O−Nb linkages.27,32 Framework vibration bands related
to oxygen are located between 500 and 1100 cm−1.31 The peaks
of cations occupying octahedron and tetrahedron centers are
located at 150−400 cm−1. The presence of the Nb−O−Nb
bendingmode is responsible for the band at 235 cm−1. Lu et al.33

have also opined that Raman peaks around 800−900 cm−1 may
be linked with symmetric stretch of NbO cm−1 are ascribed to
bridging Nb−O−Nb vibrations. Most of these peaks are
consistent with those expressed on the Raman spectra of the
niobia-doped niobium oxide/acrylate nanocomposite coatings.
The strong peaks at 2930 cm−1 represent C−H stretching
vibration, while those at 1685 cm−1 could be linked with CO
carbonyl bonds.34 Raman peaks from the C−C bond and CH2

twisting signals could also be located around 1320 and 1120
cm−1.34,35 Vibration signals linked with C−COOH and C−CH2

stretching are responsible for the peaks at 846 and 1086 cm−1,
respectively; other peaks are indicated on the spectra. The niobia
nanostructure was also analyzed using XRD; corresponding
spectra compared with those of niobia-doped niobium oxide/
acrylate nanocomposite coatings are presented in Figure 1b. The
diffraction patterns are consistent with a small crystal size and
poor crystalline powdery Nb2O5 crystals. The X-ray adsorption
peaks at (001), (180), (181), (002), (380), and (121) planes are
due to Nb2O5 crystals.

36 These peaks are also present on the
spectra of doped nanocomposite coating materials (NB2−NB8)
and are also consistent with their crystalline interlayered
network.

Figure 2. (a) Wide-scan and (b−d) high-resolution XPS spectra of niobia nanofibers and niobia-doped niobium oxide/acrylate nanocomposite
coatings.
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The thermal behavior of these niobia nanofibers was also
analyzed by means of thermogravimetric analysis (TGA);
thermal curves are presented in Figure 1c. The evaporation of
less strongly adsorbed water molecules from the crystalline
nanostructure is responsible for the weight loss before 200 °C,
while wider crystal transitions were observed beyond this
temperature at a 10 °C/min heating rate. Reduced percentage of
weight loss around 600 °C and beyond may be due to the
transformation from hydrated N2O5 nanoparticles to more
pseudohexagonal and orthorhombic crystalline particles.37,38

There are also changes in thermal curves of the niobia-doped
nanocomposite materials relative to those of the nanofibers.
Also, the observed differences in TGA curves between these
coating materials are due to variants in nanofiber content within
the nanocomposite coatings as well as the inorganic/organic
fragments of the coating network. This study also reveals the
morphologies of the niobia N2O5 nanostructures synthesized
fromNiCl5. The resultant niobia structures were nanofibers with
nonuniform particles as presented in SEM micrographs in
Figure 1d. The nanofiber morphology was also depicted by AFM
(Figure 1e); their AFM image revealed nanostructures similar to
those reflected in the SEM micrograph. These nanofibers have
an average particle size of 105 nm and are unevenly dispersed
and nonagglomerated together. Figure 1f displays changes in

some surface properties profiled between heights and lateral
distance between particles.
Apart from XRD, XPS analyses of niobia nanofibers and

niobia-doped coatings were also conducted. The XPS wide-scan
and high-resolution deconvoluted spectra are presented in
Figure 2a. The latter spectra show core-level peaks consistent
with the inorganic (Nb and O) and organic (C) components of
the coatings; there is no C content in the XPS spectrum of the
nanofiber. All high-resolution spectra were analyzed using
Gaussian−Lorentzian combination from CasaXPS software.
The Nd 3d spectrum (Figure 2b) shows dual peaks
corresponding to 3d 3/2 (at 204 eV) and 3d 5/2 (at 207 eV)
doublet spins consistent with Nb5+.38 Figure 3c,d also depicts
XPS spectra with binding energies linked with O 1s and C 1s
peaks. The high-intensity O 1s peaks at 529.6 eV could be
assigned to O2− in Nb oxide, while surface oxygen may be linked
with the low-intensity peak at 531.9 eV.38,39 The peak at 530.7
eV corresponds to residual C−O on the coating network,38

while the C 1s XPS spectrum also shows peaks consistent with
CO and O−CO bonds within the acrylate chain.40 The
nanoparticulate surface areas (SBET) of the synthesized nano-
fiber are 51 and 45 m2/g, and they were derived from BET
analyses at calcination temperatures up to 500 and 600 °C,

Figure 3. SEMmicrographs showingmean coating thicknesses (Χmeasured in μm) and surfacemorphologies of nanocomposite coating surfaces after
spin coating.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c04948
ACS Omega 2020, 5, 30716−30728

30719

https://pubs.acs.org/doi/10.1021/acsomega.0c04948?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04948?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04948?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04948?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c04948?ref=pdf


Table 1. Values of Aqueous Contact Angle (θw
o) and Vickers Hardness of Doped Niobium Oxide/Acrylate Nanocomposite

Coatings on Steel Substratesa

coated steel substrates

types of tests conducted uncoated steel NB NB2 NB4 NB6 NB8

aqueous contact angle (θw
o) 30.0 ± 1.2 68.3 ± 1.4 68.2 ± 0.8 75.7 ± 1.0 90.5 ± 3.0 92.0 ± 3.0

16.2 ± 1.1 34.5 ± 0.8 42.6 ± 0.6 54.8 ± 2.2 67.8 ± 0.5 62.2 ± 0.5
Vickers hardness (VH) 41.7 ± 0.4 52.8 ± 0.6 56.0 ± 1.3 59.3 ± 2.4 61.1 ± 0.2 63.8 ± 2.2

aThe presented values of θw
o and VH are the mean of three repeated trial measurements; values of θw

o on the first and second rows were measured
prior to and after corrosion test, respectively.

Figure 4. Surface appearances (SEM and photographs) of coated (NB, NB2−NB8) and uncoated steel surfaces after a month of continuous exposure
to saline 3.5 wt % NaCl electrolytes.
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respectively. Values of SBET for the niobia nanofibers were
determined by means of the BET approach.34

2.2. Contact Angle and Microhardness of Nano-
composite Coatings. The mean aqueous contact angle (θw

o)
of each coated surface was measured relative to the bare surface
using the pendant drop approach; results are presented in Table
1. As expected, the magnitude of θw

o for the bare/uncoated
surface stood at 30.0° due to adsorbed moisture while 68.3° was
recorded for the undoped (NB) niobium oxide/acrylate coating.
Values of (θw

o) were observed to increase in the order NB8
(92.0°) > NB6 (90.5°) > NB4 (75.7°) > NB0 (68.3°) > NB2
(68.2°); coated surfaces with lower niobia content were
hydrophilic. However, this slowly changed for NB6 and NB8
with recorded hydrophobicity, and this could be attributed to
the altered surface morphologies.41,42 The degree of hydro-
philicity increased, however, in all coated surfaces after chloride-
induced treatment. The observed hydrophobic surfaces are
direct contributions of the surface roughness due to the niobia
nanoparticulates within the doped coatings. A similar trend was
recorded for zirconia nanoparticles incorporated within acrylic
coating on Q235 steel.18,42 In order to probe the effect of niobia
content on mechanical hardness, Vickers hardness values of
respective coatings were measured and presented in Table 1.
The mean values of microhardness of bare steel and the
undoped coated (NB) substrates stood at 41.7 and 52.8 HV,
respectively. However, the gross microhardness values increased
with niobia concentrations; NB (52.8 HV) > NB2 (56.0 HV) >
NB4 (59.3 HV) >NB6 (61.1 HV) >NB8 (63.8 HV). This could
be attributed to matrix changes within the coatings once the
particles were incorporated.43 These niobia nanofibers
reinforced the internal coating structures by increasing their
bulk cross-linking density and mechanical strength.44 Adding
these nanoentities via bulk nanoparticulate dispersion during
synthesis had also increased the microhardness of the nano-

composite coatings by grain refinement and dispersion
strengthening.45 The nanofibers also acted as inorganic fillers
within the bulk of the nanocomposite coatings in such a way as
to block hydrophilic transport channels of corrosive chloride
molecules and ions chloride ions.46 Compared to the undoped
coatings, those encapsulated with nanofibers possessed
prolonged bulk compactness and rigidity, less porosity, and
elastic recovery.

2.3. Surface Morphological Analyses of Nanocompo-
site Coatings. Figure 3 depicts SEM micrographs showing
coating thicknesses and surface morphologies of nanocomposite
coatings after post spin-coating processes. The presented
coating morphologies were revealed as an aftermath of the
vacuum-cured procedure of coated niobia-reinforced nano-
composite suspensions on precleaned steel substrates. Each
coating suspension was spun once in order to spread thin films at
microscale mean thicknesses (Χ) as presented in Figure 3.
Variants of these hybrid niobium oxide/acrylate nanocomposite
coatings were fabricated from a two-step process involving the
synthesis of acrylate resin via free radical polymerization and
sol−gel preparation of niobium oxide from niobium ethoxide.
The previously synthesized niobia nanofibers were then
dispersed, and these agglomerated nanoparticles further
roughened the amorphous gelled coating surfaces. The nano-
fibers were dispersed within the hybrid nanocomposite coating
in order to enhance cross-linking densities between internal
coating layers.45,47 However, this did not significantly alter the
coating thicknesses.

2.4. Effect of Chloride Treatment on Surface Morphol-
ogies of Nanocomposite Coatings. Inherent changes in
surface morphology on each niobium oxide/acrylate nano-
composite coating were also examined after chloride treatment
by means of electron microscopy. Figure 4 depicts observed
microstructural defects on each nanocomposite coating after a

Figure 5. Nyquist curves for coated (NB, NB2−NB8) and uncoated steel substrates (a, b) immediately after immersion and (c, d) after 30 days of
exposure in saline 3.5 wt %NaCl electrolytes; (e) potentiodynamic polarization curves were collected at the end of a month with (f) the corresponding
values of jcorr derived from curves of respective substrates.
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month of consecutive exposure to the corrosive electrolyte. As
represented in SEM and photograph images, the presence of the
nanofibers infused within these nanocomposite coatings
improved their gross rigidity. However, each surface appeared
to be different after electrolyte adsorption due to their varying
microlayer cross-linking densities. Compared to surfaces prior to
the test, the impacted coating surfaces showed more exfoliation
episodes in the forms of microcracks, pores, and disbonding on
less protective barrier coatings. The adsorbed electrolyte with
them further widened these defects by creatingmore hydrophilic
transport channels while allowing migrating corrosive molecules
toward the coating/metal interface. The undoped coating was
almost completely disbonded due to continuous accumulation
of the aqueous electrolyte beneath its film as a consequence of
ionic migration.47 However, these micropathways were further
blocked within more corrosion-resistant coatings (i.e., with
higher nanofiber contents, e.g., NB6 and NB8) since their
internal coating networks were further strengthened, in turn,
blocking these ionic routes.46 The enhanced cross-linking
densities and compactness of these doped coatings contributed
to reduced gross bulk porosity and improved protective
efficiency in the presence of these nanofibers. In this study, I
observed reduced surface defects with nanofiber contents, from
0.2 to 0.6 mg (the latter being the optimum concentration in a
20 g coating suspension). However, the coating with 0.8 mg of
nanofibers showed a significant presence of microcracks due to
the broadening of narrow transverse channels by overpacked
nanofibers within the already saturated coating matrix. This
anomaly led to ionic migration through the widened pore
channels toward the metal surface, in turn resulting in underfilm
corrosion. The photograph images and those from SEM
micrographs are consistent and in good agreement. Significant
corrosion was observed on surface coatings with inferior
protective performance after a month due to coating disbonding.
2.5. Measuring the Corrosion Resistance of Niobia-

Doped Nanocomposite Coatings on Steel. In view of
correlating the protective performances of nanocomposite
coatings with nanofiber content, their corrosion resistances
were measured by means of electrochemical techniques. Each
test was conducted at 30 °C immediately after exposure to 3.5 wt
%NaCl electrolyte and after 30 consecutive days. Nyquist curves
for all coated working electrode substrates were recorded in a
potentiostatic mode after applying 10 mV. These curves are
presented in Figure 5a−d, and those with wider semicircle
diameters are consistent with coating systems with superior
impedance against steel corrosion and hence their enhanced
corrosion resistance. A brief look reveals an increase in corrosion
resistance with increasing niobia nanofiber content. Except for
the impedance curve of the bare steel, others are two-time
constant semicircles. These curves were fitted into equivalent
circuit models in order to further explain the characteristic
electrochemical behavior of respective nanocomposite coatings;
extracted electrochemical parameters are presented in Table S1.
It is worth noting that the constant phase element (CPE, Q)

was introduced in the circuit model as an alternate capacitor
element to account for distortions within the electrical double
layers rising from electrode surface irregularities. Its impedance
is defined as ZCPE = [Yo(jω)

α]−1 where ω and j are the angular
frequency and imaginary unit, respectively. α is the CPE’s
correlation coefficient whose values are within 0 < α < 1; it is also
influenced by electrode surface roughness.41,46,47 The first time
constant at higher frequency, Rcoating·CPEcoating, represents the
direct behavior of the nanocomposite coating. Rcoating and

CPEcoating denote the pore resistance and CPE of the coating,
respectively. Rcoating accounts for the opposition to the flow of
corrosive ion currents through the coatings and also relates to
coating porosity. Immediately after exposure to the electrolyte,
its values increased with niobia nanoparticle content in the order
NB6 (88.3 kΩ cm2) >NB8 (54.5 kΩ cm2) >NB4 (15.8 kΩ cm2)
> NB2 (10.2 kΩ cm2) > NB (6.7 kΩ cm2). However, lower
values were recorded on day 30: 1.7, 2.5, 4.4, 30.4, and 20.1 kΩ
cm2, respectively. A closer look reveals that the niobium oxide/
acrylate nanocomposite matrix with superior corrosion resist-
ance was incorporated with 0.6 mg of niobia nanofibers (NB6).
By far, it was the protective coating with the most compacted
and highly cross-linked internal microstructure and hence
inhibited corrosive flows through the coating.46 The trend in the
magnitude of Qcoating was also probed. Lower values were
recorded for NB6 for both durations, relative to other
nanocomposite coatings, denoting that 0.6 mg was the optimum
nanofiber concentration within the coatings, above which the
corrosion resistance further dropped (in NB8). This could be
attributed to conditions linked with supersaturation of the NB8
coating matrix with nanofibers. This must have led to the
widened inherent transverse diffusion channels: a condition that
further allowed for underfilm corrosion and subsequently
coating disbonding due to high electrolyte uptake.41,46,47 Higher
values of Qcoating were obtained for less protective coatings (i.e.,
at lower nanofiber content), and this was consistent with their
loose internal structures, high rate of electrolyte adsorption, and
water uptake within these coatings. Normally, dielectric
constants of saline electrolytes are higher than those of host
coatings.48,49 Similar trends were also recorded for double layer
capacitance (Qdl) and charge transfer resistance (Rct). Values of
Qdl on the second time constant represent the accumulation of
ionic and water at the metal/coating interfaces. Magnitudes of
Qcoating for NB, NB2, NB4, NB6, and N8 were 125.5, 88.7, 28.8,
0.5, and 6.5 μF cm−2 s−(1 − αc) on the first day and 198.2, 156.9,
131.4, 51.5, and 99.1 μF cm−2 s−(1 − αc) on day 30 of exposure of
coated substrates to 3.5 wt % NaCl. Like Qcoating, higher Qdl
values were obtained for all coatings at prolonged exposure
duration and this is consistent with increased rate of electrolyte
ion diffusion.46,49 The charge transfer resistance (Rct) followed
the same trend as Rcoating; its place within the second time
constant at lower frequency represents the interphase close to
themetal surface. This parameter represents the resistance of the
metal/coating interface and rightly offers an idea about the onset
of corrosion and coating disbonding from the steel surface. An
impedance trend similar to results represented on the Nyquist
curves is also depicted within the Bode phase angle curves for all
doped niobium oxide/acrylate nanocomposite resin coatings
(Figure S2).
Coating performance was also correlated with the magnitudes

of corrosion current densities of respective coatings from the
potentiodynamic polarization technique. This is a destructive
electrochemical technique that induces corrosion on test
substrates by applying potential in view of measuring their
current densities as rates of electron exchange. The correspond-
ing Tafel curves recorded from all coated steel substrates
exposed to the saline corrodent are presented in Figure 5e. From
these curves, values of corrosion current density (jcorr) and
potential (Ecorr) were derived and are presented in Figure 5f and
Table S1. jcorr for all nanocomposite coatings significantly
reduced with nanofiber content. The reinforced coatings
impeded the flow of corrosive ion across the coating intended
to induce localized corrosion upon reaching the metal surface.
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Magnitudes of jcorr up to 8.2, 5.5, 2.4, 0.01, and 0.8 μA cm−2 were
measured for NB, NB2, NB4, NB6, and NB8, respectively,
relative to the bare steel substrate in NaCl (200.5 μA cm−2).
From this trend of results, it could be deduced that the niobium
oxide/acrylate coatingmatrix encapsulated with 0.6mg of niobia
nanofibers had superior barrier performance.46,47 Except for
NB6 matrix, the extrapolated values of Ecorr were also tending
toward positive values with increasing concentrations. This
trend denotes a mixed though predominantly anodic corrosion
kinetics for coated steel substrates relative to the bare substrate.
Since the applied potential aimed at inducing corrosion is also
capable of damaging coating surfaces, Tafel experiments were
conducted as the last test (after the EIS trials) at the end of day
30. The trend of results from both electrochemical techniques is
consistent and is in agreement; corrosion resistance was largely
enhanced in the presence of the nanofibers.
2.6. Mechanism of Enhanced Protective Performance

by Niobia Nanofibers. Protective coatings with inherent
secondary phases are reinforced when the nanofillers dispersed
within them interlock between internal bonding networks, in
turn, creating abrasion resistance and suppressed microcrack
propagation.50 Enforcement of the internal coating structures is
designed to attain prolonged performance within their service
environments since several factors may lead to minor blisters,
mechanical abrasion, interfacial defects, surface disbonding,
adhesion loss, and subsequently, surface coating failures.51−53

Before failure, less protective coatings adsorb water molecules
that further widens inherent micropores. In this study, the
incorporation of niobia nanofibers within niobium oxide/
acrylate nanocomposite coatings significantly increased their
surface contact angle, toughened their mechanical strengths, and
also promoted corrosion resistance. Corrosion resistance
increased with nanofiber content up to an optimum
concentration due to the corrosion-inhibiting and protective
effects of niobium barrier layers within the internal micro-
structure of nanocomposite coatings. The extent of corrosion
resistance of coatings was expressed in terms of inherent surface
damage and induced pitting by means of scanning electron
microscopy (Figure 4) and also bymeasuring coating resistances
(Figure 5) using electrochemical techniques. The mechanism of
corrosion protection by niobia nanofibers is presented in Figure
6. At optimum nanofiber concentration (0.6 mg in 20-g coating
suspension), corrosion resistance was enhanced, and this was
consistent with less electrolytic uptake and delayed underfilm
steel corrosion since there were limited surface microcracks and

pores on the coating surface (NB6). These nanofibers must have
further reinforced the internal microstructure of the niobium
oxide/acrylate nanocomposite coating by creating mechanically
interlocked, compact, and cross-linked coating network. This
contributed to retarding diffusion routes by blocking the
permeating streams of corrosive electrolytes as pore perme-
ability was reduced. The presence of these nanofibers must have
altered the corrosive electrolyte diffusion pathways to meander-
ing irregular patterns, thereby taking a significantly long time for
them to reach the metal surface and hence inhibits
corrosion.53,54

As presented in the LHS, without the nanofibers (i.e., for NB
coating), the migration patterns toward the metal after
electrolyte sorption are unrestricted. Inherent microcracks
within this loosely structured coating allow for unaltered
hydrophilic diffusion pathways, leading to creation of several
cathodic sites and subsequently underfilm corrosion. The
presented scheme (in Figure 6) is consistent with the Nguyen
model for ionic transport channels in degraded/ageing coat-
ings.46,47 Less electrolytic uptake was observed in the presence
of these nanofibers. This was attributed to the creation of more
barrier layers within the doped nanocomposite coatings with an
increment in niobium concentration. Niobium oxide/acrylate
nanocomposite coatings with superior corrosion resistance
possess cross-linked internal structures and also reduced bulk
volume.53 Like other reinforced fillers on coated steel surfaces,
Nb2O5 nanofibers became unique coating additives capable of
forming multifunctional anticorrosive barrier oxide films that
further hindered the percolation of corrosive electrolytic ions
toward the metal surface.55−59 Comparative barrier perform-
ances of different coatings incorporated with niobia nano-
particles within this study and in those reported in the literature
are presented in Table 2.

3. CONCLUSIONS

The following conclusions were drawn from experimental
results obtained within this study:

1. Niobia nanofibers were synthesized from a niobium(V)
chloride precursor in an autoclave approach, while the
base coating was fabricated from a two-step process
involving the syntheses of acrylate resin via free radical
polymerization and niobium oxide gel from niobium
ethoxide via a sol−gel technique.

Figure 6.Mechanism of corrosion protection by niobia nanofibers. LHS:Without the nanofibers, the migration patterns toward the metal surface start
with electrolyte sorption. Inherent microcracks within the coating network then allow for unhindered hydrophilic transport channels of corrosive
molecules toward the metal surface, leading to the creation of wider cathodic corrosion sites.41,46 RHS: The nanofibers further reinforced the internal
microstructures of the niobium oxide/acrylate nanocomposite coating by creating mechanically interlocked, compact, and cross-linked coating
networks. This subsequently retarded diffusion routes by blocking the permeating streams of corrosive electrolytes. Since the anticorrosive nanofibers
also facilitate pore impermeability, diffusion pathways are zig-zag (i.e., in long meandering lines that curl and loop in irregular patterns), taking a
significantly long time for the corrosive electrolyte to reach the metal surface; hence, corrosion is inhibited.46,47
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2. Variants of this synthesized nanocomposite coating were
made by incorporating varying concentrations of niobia
nanofibers and then spin-coated on Q235 steel substrates.
The corrosion resistance of these nanocomposite coatings
increased with nanofiber content up to an optimum
concentration due to the corrosion-inhibiting and
protective effects of niobium barrier layers within the
internal microstructure of these coatings.

3. Beyond the optimum nanofiber content (0.8 mg; i.e., for
NB8), the coating resistance reduced due to over-
saturation of the internal coating network with nano-
fibers; this trend was observed for both exposure
durations under study. Values of Rcoating up to 88.3 and
54.5 kΩ cm2 were recorded for NB6 (0.6 mg) and NB8
(0.8 mg), respectively, immediately after exposure of
coated substrates to the corrodent and 30.4 and 20.1 kΩ
cm2 after 30 days.

4. Protective performance was expressed in terms of
inherent surface damage and chloride-induced pitting
by means of scanning electron microscopy and also by
measuring coating resistances using electrochemical
techniques.

5. This study proposes the incorporation of niobium barrier
layers from a corrosion-inhibiting coating component
with similar chemistry to those of the base coatings.

6. The presence of the niobia nanofibers was observed to
also increase the surface contact angle of the nano-
composite coatings while also toughening their mechan-
ical strengths.

4. EXPERIMENTAL PROCEDURES

4.1. Reagents and Materials. Niobium(V) chloride
(NiCl5, 99% purity) was the inorganic precursor for synthesizing
the niobia nanofibers; it was purchased from Sigma Aldrich.
Ethylene glycol methacrylate (99%), methacrylic acid (99%),
acrylic acid (≥99%), methyl methacrylate (99%), and tert-butyl
acrylate (98%) were utilized as precursors for acrylate resins.
They were also purchased from Sigma Aldrich. The
azobisisobutyronitrile free radical initiator (AIBN, 98%) in
styrene (45%), ethanol (99%), niobium ethoxide (99.95%,
NbOEt), and nitric acid (70%, HNO3) were purchased from
Sigma Aldrich and Merck Chemical Co, respectively. Purchased
reagents containing concentrations of monomethyl ether
hydroquinone (MEHQ) inhibitor were removed using
prepacked columns as inhibitor removers. Deionized water
was used for preparing all regents; it also had an 18.2 MΩ
resistivity. All reagents and chemicals were purchased as
analytical-grade reagents and used without further purification.
All coatings were applied on Q235 steel grade working
substrates in this study. Smaller masses from this steel grade
were cut into 15 cm× 15 cm× 0.3 cm coupons, abradedwith the
aid of 400−4000 grit silicon carbide paper before a 30 s 5%Nital
etching in order to promote metal−surface coating adhesion.
Each steel substrate was degreased with ethanol and precleaned
in accordance with the ASTM D609 standard. The chemical
composition of the Q235 steel substrate is presented in Table 3.

4.2. Synthesis of Niobia Nanofibers. Niobia (Nb2O5)
nanofibers were synthesized using a yellow crystalline NbCl5
precursor from a procedure previously reported in ref 27 with
modification. From a stock of a NbCl5 powdery sample oxidized
overnight in the open, about 0.20 g was dispersed in 30 mL of
deionized water (18.2 MΩ) and 30 mL of ethanol in a 2 h pre-
hydrolysis stir at 30 °C. This was closely followed by an hour of
sonication of the powder suspension before transferring into a
Teflon-lined autoclave (100 mL) and placed in a pre-heated
oven at 220 °C for 120 h. The autoclaved sample was allowed to
cool at room temperature, centrifuged (15,000 rpm; Sorvall X4
Centrifuge, ThermoFisher) in ethanol, and then washed with
ethanol and subsequently water repeatedly before 24 h of drying
in an oven at 100 °C for 48 h. The resultant off-white Nb2O5
particles from this technique were not uniform, so they were
further sieved to obtain finer nanoparticles and the rest were
ball-milled.

4.3. Synthesis of Niobia Reinforced Hybrid Niobium
Oxide/Acrylate Nanocomposite Coatings. A detailed
schematic showing the synthesis of niobium oxide/acrylate
hybrid nanocomposite coatings is presented in Figure 7. The
first step of the coating process involved the synthesis of acrylate
resin by free radical polymerization using a combination of
acrylate precursors: 2 g of ethylene glycol methacrylate,
methacrylic acid, and acrylic acid 3 g of methyl methacrylate
and tert-butyl acrylate. This reaction was carried out in a 250 mL
three-neck round-bottom flask (side necks bevelled, angle of
20°) coupled with a mechanical stirrer and a thermometer. The
reaction was allowed to continue by continuous stirring (1500
rpm) at 70 °C for 2 h in the presence of AIBN (0.1 g) and
styrene (1 g) before 30 min of sonication. While a second
reaction was conducted simultaneously, a significant discolor-
ation and increase in acrylate resin suspension viscosity was also
observed. In a second flask, NbOEt was chelated with
methacrylic acid at equimolar concentrations for an hour, after
NbOEt was prehydrolyzed in 0.01 M HNO3 catalyst using 1:1
ethanolic water as a diluent for 30 min at 50 °C. The final molar
ratio of the chemicals was placed at 2.5:2.5:2:2:0.2 for
methacrylic acid, NbOEt, EtOH/H2O, and HNO3, respectively.
Solutions from each flask (amounting to 50 mL each) were then
blended by stirring for 24 h at 750 rpm at 50 °C. The resultant
solution was warm, signifying some form of exothermic reaction;
it was also hazy in the first hour and later became completely
clear with a colloidal feel, suggestive of a chemical reaction and
not a physical dispersion. About 0.2 mg of synthesized niobia
nanofibers was added to 20 g of as-synthesized nanocomposite
coating suspension before the end of the second hour. This was
conducted under an inert atmosphere in order to reinforce its
internal microstructure during room-temperature curing for 24
h. This hybrid coating suspension itself was stable at room
temperature for over a week.

4.4. Spin-Coating and Curing Procedures. The coating
procedure utilized in this study was the spin coating from a
Laurell Tech spin coater; a procedure utilized in depositing
uniform thin coatings on flat precleaned steel surfaces. Less than
5 mL of coating suspension was used per coating type while
spinning eachmetallic steel substrates (10 cm2) at 10,000 rpm to
spread thin films at microscale thicknesses via centrifugal force.
The prepared niobia-reinforced hybrid niobium oxide/acrylate
nanocomposite suspension was further vacuum-cured (at 50 °C
for 24 h at 5 °C/min) before room-temperature curing and then
labeled according to the weights of nanofibers. The steel
substrates coated with nanocomposite suspension with 0.2, 0.4,

Table 3. Chemical Composition of Q235 Steel GradeUtilized
in this Study (the Balance Is Fe)

composition C Mn Si S P

wt % 0.14−0.22 0.30−0.65 0.30 ≤0.050 0.045
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0.6, 0.8 and 0 mg of nanofibers were labeled NB2, NB4, NB6,
NB8, and NB, respectively.
4.5. Characterization of Niobia Nanofibers and

Niobia-Reinforced Nanocomposite Coatings. Character-
ization of niobia nanofibers and niobia-reinforced nano-
composite coatings was carried out using different techniques.
Ramanmeasurements were conducted using a Renishaw Raman
InVia reflex microscope (Renishaw, UK) from a 514 nm edge
laser using extended grating. The crystallographic character-
izations of these coatingmaterials were also carried out bymeans
of X-ray diffraction (Bruker D8 Discover XRD Diffractometer)
at 40 mA and 40 kV with Cu Kα radiation. All scans were made
with 2θ ranging between 10 and 100° at a 0.02° step size. The
chemical compositions of these niobia nanofibers and niobia-
reinforced nanocomposite coatings were also determined using
an X-ray photoelectron spectroscopy XPS Kratos AXIS Supra
system equipped with a 500 mm Rowland circle monochro-
mated Al Kα (1486.6 eV) source and combined hemispherical
and spherical-mirror analyzers. Thermogravimetric analysis
(TGA) experiments were conducted from 5 mg of samples of
both materials using a TGA SDT Q600 analyzer after placing
them in Pt crucibles. Weight loss−temperature curves of these
samples were recorded and analyzed from appropriate software
from the instrument after analyses in amixedN2/O2 atmosphere
(both placed at 50 mL/min flow rate) at 5−20 °C/min heating
rates. Inherent oxidative volatile products from the test were
eliminated from the first N2 flow rate.28 In order to investigate
changes in surface morphology between both materials after
synthesis and metal−surface coating, these materials were
viewed under a scanning electron microscope with the aid of a
Hitachi SU6600 SEM. The microstrengths tests of coated
surfaces were carried out using a Dynamic microhardness tester
(Micro-Combi, CSM Instruments) equipped with a Vickers
pyramid indenter. A maximum of 100 gf load was applied with a
dwell duration of 15 s. In order to determine the hydrophobicity
of each coating surfaces, their aqueous contact angles (θw

o) were
investigated using a DataPhysics Instrument. After measure-
ments, the values of θw

o for each surface were extrapolated after
surface analyses by a pendant drop method. The surface area
(SBET) of the niobia nanofibers was analyzed using a Micro-

meritics Accelerated SA instrument at 0.10−0.15 relative
pressure using the Brunauer−Emmett−Teller (BET) approach.
The stored powder was initially degassed for an hour at 120 °C
before raising the calcination temperature to the desired range.

4.6. Measuring Corrosion Impact on Coatings. Electro-
chemical techniques were utilized to study the corrosion
resistance of these new niobium oxide/acrylate hybrid nano-
composite coatings in view of understanding their protective
performances. These were accomplished by monitoring the
electrochemical behaviors of completely immersed coated steel
substrates exposed to aerated 3.5 wt % NaCl at 30 °C. These
tests were conducted using a three-electrode cell system
composed of a platinum auxiliary electrode and a Ag/AgCl
(sat. KCl) reference electrode (in a Luggin capillary) connected
to potentiostat/galvanostat/ZRA (Interface 1000, Gamry
Instruments). The coated steel substrates were utilized as
working electrodes.28 EIS measurements were measured at open
circuit potential (OCP) with respect to the reference electrode
within a 0.01 to 100000 Hz frequency range. EIS spectra were
recorded after applying an AC signal of 10 mV (rms) using the
single sine technique. An equivalent circuit simulation program
with EChem Analyst was utilized for all data analyses, creating
equivalent circuit models and fitting experimental data. Before
the theoretical data fitting to circuit models, the linearity of
impedance spectra was determined using Kramers−Kronig
transformation. Tafel polarization experiments were conducted
by applying from −0.5 up to 0.5 V versus (Ag/AgCl (sat. KCl))
at a sweep rate of 0.5 mV/s. Both anodic and cathodic
polarization measurements were conducted in the same
experimental run.28 The impact of chloride ion corrosion on
the surface morphologies of these coated steel substrates was
also investigated after a month of exposure to saline electrolyte
using a scanning electron microscope. Surface changes after
corrosion on each coating were compared to the appearances
prior to the corrosion test; inherent differences were considered
as the extent of protective performances of coatings (NB2−
NB8) relative to uncoated steel (NB) substrates.

Figure 7. Annotated schematic depiction of the synthesis protocol for niobia nanofibers and niobia-doped niobium oxide/acrylate nanocomposite
coating on steel.
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(12) Quintero, D.; Goḿez, M. A.; Araujo, W. S.; Echeverría, F.;
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