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A B S T R A C T   

Protective coatings are used as a corrosion mitigation strategy in many industries. However, damages on 
transport, installation, and during the service life can expose the metal, leading to failures. Self–healing materials 
can address this issue by recovering their properties and functionality post-damage. Herein, it was developed an 
extrinsic self-healing coating by incorporating core–shell nanofibers obtained by coaxial electrospinning. 
Overcoming the non–spinnability of organosilane compounds, a one–trigger component healing agent was 
achieved. Additionally, scalability limitations for self-healing coatings were defeated by implementing a viable 
technique for large-scale structures – Spray painting. The final protective and healing behaviour was investigated 
by electrochemical and salt spray tests. Following damage, the immediate healing response reached 97.5 %, 
initiated solely by water. Low capacitance values for the developed coating indicated a robust protective barrier. 
Furthermore, the self-healing coating efficiently protected steel from corrosion in the salt spray test. The results 
obtained showed a promising future in using core–shell nanofibers to enhance the durability and protective 
capabilities of coatings for offshore facilities.   

1. Introduction 

An electrochemical corrosion process is a challenging problem for 
many industries that heavily rely on the usage of metallic materials in 
corrosive environments, especially, for wind offshore facilities, which 
yearly cost billions on maintenance and repairs of metallic structures 
[1]. The most common strategy against corrosion is the employment of 
advanced organic–based corrosion resistant coatings to protect offshore 
metallic structures [2,3]. Unfortunately, the transportation and instal
lation of offshore wind turbines is a complex process conducted over 
several steps. During the entire process, corrosion-resistant coating of 
metallic structures sometimes suffers undesirable mechanical damages, 
and hence, when the structure is placed in the maritime environment, 
the corrosion process initiates via penetration of corrosive media at the 
damaged point [4]. Notably, the wind offshore turbines generally last 
for 20 years and could be extendable to 25 years depending on main
tenance protocols [5], wherein the maintenance costs increase as the 
structure ages [6]. To extend the lifetime of metallic offshore structures 
while simultaneously decreasing their maintenance costs, there is a 

growing interest within the research community and industry in the 
employment of robust self–healing coatings, affording an immediate and 
efficient self–recovery of the damaged area [7]. 

Self–healing mechanisms can be classified into intrinsic and extrinsic 
[8,9]. Intrinsic mechanism refers to the coating polymers themselves, 
exclusively healing after the application of external factors, such as UV 
radiation or temperature [7,10,11]. In contrast, the extrinsic mechanism 
has an autonomous self–healing response to the damage [12–14]. More 
specifically, the healing agent is typically encapsulated in the carrier and 
dispersed through the coating matrix. The healing of the damaged area 
occurs once the shell of the container is breached by a mechanical 
trigger (i.e., damage), and then the reparative functional materials are 
released from the core and heal the damaged area of the coating [15,16]. 
Nevertheless, the depletion of the healing agent in the capsules leads to 
only a singular healing event, and the low uniformity of the capsule 
dispersion within the coating is also a concern [10,17]. Besides capsules, 
another extrinsic and highly interesting self–healing system is core–shell 
fibres. The fibres, randomly oriented through the coating matrix form a 
vascular–like system; thus, guaranteeing that the self–healing will occur 
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at any damaged zone of the protective coating [18]. Moreover, as a 
result of the interconnected vascular–like structure, the healing agent in 
the core–shell fibres can also flow to the depleted areas, thus allowing 
multiple healing events [19–21], in contrast to singular healing events 
usually offered by capsules. Besides that, tubular containers incorpo
rated into the coatings system do not compromise the integrity of the 
coating, which are both suitable for thin and thick coatings [22]. 

The most promising technique to obtain fibres with self–healing 
properties is the coaxial electrospinning of core–shell polymeric sys
tems. However, the dispersion of the as–synthesized fibres in the coating 
remains an outstanding formulation challenge. For this reason, most of 
the fibre–based vascular–systems reported in the literature for the 
corrosion protective coatings are prepared by the direct impregnation 
method, embedding the polymeric matrix into fibres [19,20], pressed 
composites [23], or spin coating [24]. In addition, in the literature, it is 
usually reported the situation when two complementary electrospun 
fibres are simultaneously employed, namely, the one, which is filled 
with a monomer, and the complementary one, which is filled with the 
respective polymerization catalyst [19,20,25]. Mechanical damage will 
disrupt the shell of both fibres, and the two released compounds will 
then react to heal the damaged site. The requirement of producing two 
different fibrous materials is somewhat disadvantageous from the 
preparation and coating formulation points of view, in addition to the 
probability of not having both monomer and catalyst compounds at the 
same damaged site at the required concentrations. Accordingly, many 
researchers seek solutions for single-component self–healing material 
that does not require a reaction with the catalyst in the coating matrix. 
For example, there are few studies based on single-component coatings 
containing organic compounds with a pH change trigger instead of the 
polymerization catalyst [26–30]. 

Recently, water reactive organosilanes have gained great attention 
as single-component self–healing materials [31–33], which heals after 
exposure to ambient moisture and form a solid–like film using crosslink 
polymerization. In particular, silyl esters have been proven to have an 
excellent healing capability in the presence of water [34]. After the 
mechanical damage of the container, silyl ester material undergoes 
moisture–assisted hydrolysis, forming a hydrophobic layer on the 
metallic surface that protects the metal against the corrosive environ
ment [35]. Such self–healing system could be highly beneficial for wind 
offshore applications, possessing a constant moisture environment 
needed for the hydrolysis of silyl ester. However, the preparation and 
investigation of silyl–ester–containing self–healable core–shell fibres by 
electrospinning is limited in the literature. 

The purpose of this study was to apply this organosilane compound 
inside a fibrous morphology, and to investigate its self-healing attributes 
when incorporated into a coating matrix. Additionally, our aim was also 
to address the constraints hindering the limitations of the use of the self- 
healing technology regarding the up-scaling processes by implementing 
a viable coating technique that has already demonstrated efficacy in 
large-scale structures. In this context, we synthesize, through coaxial 
electrospinning, core–shell fibres of an organosilane based on silyl ester. 
The formulated novel self–healing protective coating afforded 
spray–painting capability, which is highly challenging for fibre–based 
systems [36]. Lastly, the self–healing ability and corrosion-protective 
properties of the newly developed coating were investigated by elec
trochemical analysis and salt spray test after an artificial damage. 

2. Material and methods 

2.1. Synthesis of silyl ester healing agent 

The synthesis of the water–reactive organosilane healing agent was 
carried out using the procedure reported by García et al. [35]. Briefly, 
oleic acid (OA, 90 %, Sigma Aldrich), triethylamine (TEA, 99 %, Sigma 
Aldrich) and extra dry toluene (99.8 %, Enzymatic) were mixed in a 
ratio of 1:0.48:5.23 (v/v/v) under an inert nitrogen atmosphere using 

magnetic stirring, and then, the resultant mixture was immersed into an 
ice bath. Following, a solution of chloro(dimethyl)octylsilane (97 %, 
Sigma Aldrich) in extra dry toluene with a 1:0.75 (v/v) ratio was added 
dropwise to the previous mixture over a 1 h period. Subsequently, the 
ice bath was removed, and the mixture was stirred overnight at room 
temperature. The resulting octyl(dimethyl)silyloleate product was 
filtered, washed twice with toluene, and dried for 2 h in a rotary evap
orator, thus affording a silyl ester compound in powder form. 

2.2. Preparation of core-shell fibres 

The core polymeric solution was prepared by mechanical dispersion 
for 1 h under ambient conditions of 15 % synthesized silyl ester powder 
in a mixed solution containing polyvinylpyrrolidone (PVP, Mn = 40,000, 
Sigma Aldrich) and extra dry N, N–dimethylformamide (DMF, 99.8 %, 
Sigma Aldrich) with 1:1.5 (v/v) ratio. The viscosity of the resultant core 
polymeric solution was around 700–800 cP, as measured by HAAKE 
Viscotester E (Thermo Scientific), while the electrical conductivity was 
measured to be ca. 80 μS/cm using a SevenMulti S40–K benchtop meter 
(Mettler Toledo). The shell polymeric solution was composed of 8 % 
polyacrylonitrile (PAN, Mw = 150,000, Sigma− Aldrich) in DMF. The 
viscosity of the solution was around 400–500 cP while the conductivity 
was measured to be 20 μS/cm. Finally, the core–shell fibres were syn
thesized by coaxial electrospinning of the aforementioned core and shell 
polymeric solutions using a Fluidnatek LE–50 electrospinning instru
ment (Bioinicia) with a vertical collector at 25 cm, a voltage of 21–23 kV 
and flow rates of 1.6 and 0.8 ml/h for the shell and the core solutions, 
respectively. 

2.3. Characterization 

The morphology of the materials was investigated by Transmission 
Electron Microscopy (TEM) using a JEM–2100 microscope (JEOL) and 
by Scanning Electron Microscopy (SEM) using a Quanta 650 FEG mi
croscope (FEI). Fibres diameter measurements were then obtained from 
SEM micrographs using image-processing software ImageJ (NIH). The 
chemical properties of the materials were determined by Four
ier− transform Infrared Spectroscopy (FTIR) using a Vertex 80v spec
trometer (Bruker). The thermal stability of the materials was analysed 
by Thermogravimetric analysis (TGA) using the TGA/DSC 1 STARe 

system (Mettler Toledo). The samples were heated from 30 to 500 ◦C 
under an inert argon atmosphere. Inductively Coupled Plasma− optical 
Emission Spectroscopy (ICP − OES) was carried out on an ICPE− 9000 
spectrometer (Shimadzu) to determine the silicon (Si) content in the 
electrospun core–shell fibres. Before the analysis, the fibres were hy
drothermally digested with nitric acid (65 %, AnalaR NORMAPUR) at 
180 ◦C for 12 h. 

2.4. Formulation of the corrosion protective coating 

The obtained electrospun nanofibers underwent a resting period at 
room temperature for 7 days prior to utilization. The direct dispersion of 
the nanofibers into the coating formulation was not feasible; instead, an 
additional prior dispersion and drying step were required. Conse
quently, along with the nanofibers, xylene (Reagent grade, Sigma- 
Aldrich) was employed at a ratio of 1:10, and stirred overnight at 400 
rpm. Subsequent drying under ambient atmospheric conditions at 23 ◦C 
for 3 days resulted in the fibres assuming a macroscopic appearance 
reminiscent of powdered material. The resultant material was then 
added to a mixture of hydroxyl functional polydimethylsiloxane poly
mers, namely, WACKER OH − Polymer 1000 and WACKER OH −
Polymer 3900 (Wacker Polymers) in xylene, in proportions of 
1.0:4.5:1.5; thus, forming component A of the top coat with 3.7 wt% of 
core–shell fibres. In parallel, TES 40 WN ethyl silicate (Wacker Poly
mers) and TIBKAT 233 dibutyltin diacetate catalyst (TIB Chemicals) 
were mixed in xylene (0.25:1.08:1.00), thus forming component B of the 
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topcoat. Finally, the base component A solution was mixed with the 
catalyst component B solution in a 3.5:1 ratio. 

A stainless steel AISI 304 2B cold laminated plates with 6.0 × 2.5 ×
0.1 cm (L × W × H) was employed as the metallic substrate in this study. 
Before the deposition of the topcoat over the cleaned steel substrate 
(with acetone), a commercial Hempadur Quattro XO 17870 (Hempel) 
primer layer was applied, and cured at room temperature for 5 h. The 
aforementioned topcoat was then applied by the conventional 0.5 mm 
painting Spray gun. The complete coating was cured for 2 days under 
ambient conditions. 

Four types the specimens were prepared: (i) stainless steel (i.e., 
cleaned metal substrate without any coating); (ii) stainless steel +
primer coat (final primer thickness of 39 ± 5 μm); (iii) control sample 
consisting of stainless steel + primer coat + top coat without the cor
e–shell fibres (final thickness of 105 ± 19 μm); and (iv) self–healing 
sample consisting of stainless steel + primer coat + self–healing top 
coat, i.e., top coat containing the electrospun core–shell fibres (final 
thickness of 174 ± 5 μm). 

The final obtained coatings were characterized to determine attri
butes such as surface, adhesion and mechanical properties. The adhesion 
was measured by cross-cut tester (Rycobel), based on ISO 2409: “Paints 
and varnishes – Cross-cut test”. Moreover, the mechanical properties were 
investigated by hardness test using a Buchholz Hardness Tester 3095 
(Elcometer), and conducted in accordance with the ISO 2815: “Paints 
and varnishes – Buchholz indentation test”. 

2.5. Self–healing and corrosion protection properties 

Electrochemical analysis was used to quantify the corrosion protec
tiveness (CP) and the self–healing (SH) response. The linear sweep 
voltammetry (LSV) test was performed by applying a DC potential from 
0 to 1.2 V using Autolab PGSTAT302N potentiostats/galvanostat (Met
rohm) equipped with a FRA32M frequency response analyser (Met
rohm) in a three–electrode setup placed inside a Faraday cage. The 
reference electrode was a silver–silver chloride electrode (Ag/AgCl), 
while the counter electrode was a platinum wire placed parallel to the 
coating surface. The working electrode was the test sample, with an 
exposed area of 2.84 cm2. The electrolyte was seawater with a pH = 8.2 

± 0.1, salinity of 37.2 psu, and electrical conductivity of 50.9 μS/cm. To 
induce corrosion response, the samples were mechanically damaged 
with an X − shaped cut of 1 cm2. After electrochemical testing, optical 
microscopy was carried out on an Eclipse LV100ND microscope (Nikon) 
to visualize the evolution of the surface of the damaged area. The CP was 
evaluated by the current density, J (mA/cm2), as a parameter of resis
tance to the applied potential, E (V). The percentage-based total CP of 
the coatings (Eq. (1)) and the SH ability (Eq. (2)) of the mechanical
ly–damaged samples were calculated according to the following 
equations: 

CP% =
(
1 −

(
Jsample

/
Jmetal

) )
× 100 (1)  

SH% =
( (

Jcontrol − Jfibres
)/

Jcontrol
)
× 100 (2)  

where Jsample stands for the current density of the sample, Jmetal for the 
current density of the stainless steel, Jcontrol for the current density of the 
control sample (i.e., topcoat without core–shell fibres), and Jfibres for the 
current density of the self–healing sample (i.e., top coat with core–shell 
fibres). After the DC voltage variation, an electrochemical impedance 
spectroscopy (EIS) was also performed. The samples were submitted to a 
frequency response analyser (FRA) measurement by applying a fre
quency variation from 105 to 10− 2 Hz with an amplitude omV. 

In order to assess the corrosion resistance properties more compre
hensively, a Neutral Salt Spray (NSS) test was conducted utilizing a SAL 
400-FL Chamber (VLM GmbH), and following the guidelines outlined in 
the ISO 9227:2006(E) – Corrosion test in artificial atmospheres – Salt Spray 

Tests [37]. Prior to the test, the specimens (in triplicates) were sub
merged in sea water for 5 min. The coated panels were positioned at a 
20◦ angle to the vertical axis and subjected to continuous spraying for a 
duration of 240 h (10 days). The outcomes were analysed through visual 
examination and optical microscopy. 

3. Results and discussion 

The synthesis of self–healing agent started with the deprotonation of 
the hydroxyl group of the oleic acid by the trimethylamine, followed by 
the nucleophilic attack on the chloro(dimethyl)octylsilane and the for
mation of triethylamine hydrochloride and the intended octyl(dimethyl) 
silyloleate. The washing process after the reaction was likely to remove 
the triethylamine hydrochloride precipitates from the solution and after 
vacuum drying, the final organosilane was obtained. The chemical 
structure of the as–synthesized material was studied using FTIR, and the 
collected spectrum mainly presents the peaks related to OH (3741 cm− 1) 
and C–H (2400–3000, 1477 cm− 1) groups (Fig. 1). The data also shows 
intense peaks associated with the desired formation of ester groups, 
namely, around 1709 and 1200 cm− 1 from the carbonyl carbon C––O, 
and at 1172 cm− 1 from the ester oxygen C–O bonds [38]. In addition, 
the spectrum shows Si vibration bands at 1396 and 806 cm− 1, which are 
characteristic of Si − CH2Cl and Si − CH3 bonds, respectively, as well as 
a peak at 1034 cm− 1 associated with Si–O stretches (Fig. 1) [35,39]. 

After confirming the obtaining of a silyl ester compound, we incor
porate the self–healing agent into polymeric PVP solution for coaxial 
electrospinning alongside polymeric PAN solution, which afforded 
straightforward access to high–quality silyl ester/PVP@PAN core–shell 
fibres. The thermal behaviour of the resultant electrospun core–shell 
fibres, analysed by TGA, revealed that the total weight loss of the cor
e–shell fibres was estimated to be ca. 67 %, exhibiting three major 
weight losses (Fig. 2). The first weight loss was observed between 125 
and 280 ◦C, which is due to the decomposition of silyl ester. Since this 
compound is decomposed in this temperature range (Fig. 2), it was 
possible to estimate that the leading of the self–healing agent in the 
core–shell fibres is ca. 3.8 %. Notably, the presence of silyl ester in the 
electrospun fibres was also confirmed by ICP–OES analysis, which 
revealed Si content in the core–shell fibres to be 0.0065 mgSi/mgfibres. 
The second weight loss around 300 ◦C was associated with the decom
position of the shell PAN polymer, while the third weight loss after 390 
◦C was attributed to the decomposition of the core PVP polymer, as 
determined by the TGA analyses of the control hollow PAN fibres (Fig. 2) 
prepared by coaxial electrospinning without silyl ester/PVP. 

TEM was used to gather information about the microstructure, size, 

Fig. 1. FTIR spectrum of the synthesized silyl ester, together with the inset 
showing its chemical structure. 
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and shape of the self–healing agent, as well as electrospun products. 
Fig. 3a shows a low-magnification TEM image of the synthesized silyl 
ester, which exhibits an amorphous–like appearance with an average 
particle size of about 170 ± 23 nm. The microstructure of the electro
spun silyl ester/PVP@PAN core–shell fibre is shown in Fig. 3c-d, while 
Fig. 3b demonstrates a low–magnification TEM image of the control 
hollow PAN fibre, electrospun without silyl ester/PVP. In the core–shell 
system, it is possible to observe that the silyl ester/PVP core is slightly 
darker than the PAN shell which presented a thickness of about 21 ± 4 
nm. At higher magnification, the nanoparticles of silyl ester are visible 
inside the electrospun material (Fig. 3d). Hence, the TEM results suggest 
that the core of the fibres consists of a silyl ester self–healing agent 
well–dispersed within the PVP matrix, and this silyl ester/PVP core is 
well–covered by a thin shell of PAN polymer. 

The nanofibers diameters were obtained through analysis of 50 
measurements derived from the SEM image of intact silyl ester/ 
PVP@PAN core-shell fibres (Fig. 4a). The mean diameter was 502 nm, 
exhibiting a standard deviation of 155 nm. We next probed the 
morphological and chemical evolutions of the electrospun silyl ester/ 
PVP@PAN core–shell fibres, as a consequence of the moisture–assisted 
hydrolysis of 3.7 % silyl ester compound encapsulated within the fibres. 
For this purpose, a piece of the fibre was placed onto carbon tape, and 
then several cuts were performed. Afterwards, the piece was exposed to 
water for a couple of minutes, dried under ambient conditions, and 
visualized by SEM. The control intact fibres (Fig. 4a) exhibit a random 
arrangement with expected tubular–like shape, without the presence of 
any beads or defects. In sharp contrast, a dense mass around fibres 
(Fig. 4b) and the appearance of the agglomerates (Fig. 4b, arrows) are 
observed for mechanically–damaged silyl ester/PVP@PAN core–shell 
fibres after their exposure to water. 

From the SEM results, it could be deduced that after the mechanical 
rupture of the thin PAN shell and subsequent exposure of the contained 
silyl ester to the moisture, the hydrolysis of the organosilane compound 
occurs, forming a silanol product alongside an oily layer. This deduction 
was further supported by the FTIR analysis of the intact and mechani
cally damaged specimens (Fig. 5). Specifically, alterations were 
observed in the peaks related to the ester groups around 1716–1731 
cm− 1, while the bands related to free OH groups at 3853–3746 cm− 1 

were not observed on the damaged core–shell fibres. The bands 
observed at 1672 and 1446 cm− 1 were addressed to the absorbed water 
on the Si–OH hydrolysis product [40], and at 1289 cm− 1 was attributed 
to Si − CH3 bonds. The characteristic peaks of Si–O stretches were 
detected at 1068 and 1037 cm− 1 [35], while the peak at 534 cm− 1 was 
most likely associated with chlorosilane compound [39], maybe rem
nants from the silyl ester synthesis. 

With these mechanistic insights, we hypothesize that our novel silyl 
ester/PVP@PAN core–shell product with 3.7 % loading of silyl ester 
could provide an efficient self–healing functionality to the corrosion 
protective coatings. To verify the hypothesis, we formulate 
two–component coating for steel protection while incorporating our 
electrospun core–shell fibres. This new coating formulation was then 
applied to steel substrates by conventional Spray–painting, and the 
resultant specimens, alongside control specimens, underwent some 
characterization technique and electrochemical testing. Cross-cut eval
uations in all the samples revealed minor flake detachment at in
tersections, indicative of robust adhesion classified at the second highest 
level on a 6-grade scale, affecting less than 5 % of the total area. 
Buchholz hardness tests, quantified in BH values, demonstrated that the 
inclusion of nanofibers led to a minor reduction in hardness by 
approximately 5 % (70 ± 3 BH, control samples and 66 ± 6 BH, self- 
healing top-coated samples). However, these values remained higher 
compared to coatings with primer alone (52 ± 2 BH). Overall, the 
characterization highlighted the coatings’ suitability for corrosion pro
tection evaluation, with no apparent compromise in performance. 

To evaluate the corrosion protection behaviour and the self–healing 
response of the novel coating, cathodic protection current density, J, 
was monitored as a function of the applied potential, E. In general, J 
increases if the coating has a defective area(s) where the electrolyte can 
penetrate to the metallic substrate underneath the protective coating, or 
if the metallic substrate is simply non–coated [15,41]. 

Fig. 6a summarizes the results of the J(E) electrochemical testing. An 
intact protective coating has a near to zero J(E) response even under 
high applied E, showing a corrosion protectiveness CP = 100 % (Fig. 6a, 
blue J(E) curve). The first control specimen of stainless steel exhibits the 
highest J, and accordingly CP = 0 % (Fig. 6a, black J(E) curve). The 
second control specimen of steel + primer coat was found to exhibit CP 
= 34 % (Fig. 6a, green J(E) curve). For the third control specimen of 
stainless steel + primer coat + topcoat, the average current density was 
measured to be 1.17 mA/cm2, resulting in CP = 57 % (Fig. 6a, cyan J(E) 
curve). The data shows that the addition of a topcoat to the steel +
primer coat system leads to an improvement in corrosion protection 
response by 23 %. The specimens of steel + primer coat + self–healing 
topcoat containing our novel electrospun silyl ester/PVP@PAN core–
shell fibres, reveals excellent corrosion protective properties of the 
newly developed formulation, as manifested by the measured average J 
of only 0.029 mA/cm2 and CP = 98.9 % (Fig. 6a, pink J(E) curve). 
Furthermore, this specimen was left immersed in the electrolyte solution 
(i.e., in seawater) for 24 h to evaluate the impact of the time on the 
corrosion protective properties. The final J was measured to be of only 
0.096 mA/cm2 with CP = 96.4 % (Fig. 6a, dark red J(E) curve), 
evidencing stable performance of the coating against the corrosion. The 
self–healing (SH) response of newly developed coating was quantified 
by contrasting the results measured for the control steel + primer coat +
topcoat and the targeted steel + primer coat + self–healing topcoat 
specimens. This comparison shows that our novel coating for corrosion 
protection of steel exhibits an immediate self–healing capability of SH =
97.5 %, which slightly decreases to SH = 91.8 % after 24 h in seawater. 

The Bode Plot (impedance modulus, |Z| × frequency) is presented in 
Fig. 6b. The higher the impedance modulus the higher is the barrier of 
protection. As expected, the original metal had the lowest modulus, and 
the intact control and the intact SH coating samples presented similar 
higher results, indicating that the presence of the nanofibers did not 
significantly affect the resistance of the initial coatings. The damaged 
samples with steel + primer coat and the damaged controls (steel +
primer coat + top coat without healing agent) had a steady |Z| at the 
order on 103 Ω cm2 even with the frequency variation. The damaged SH 
coatings (stainless steel + primer coat + top coat with healing agent) 
presented better results than the control ones, being that the samples 
immersed for 24 h had a good response, but lower values than the intact 
ones, with the increase of the impedance modulus inversely propor
tional to the frequency decrease. The SH coating immediately tested, 

Fig. 2. TGA profiles of the synthesized silyl ester and electrospun fibres (see 
Appendix for the derivative curves). 
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had a steady |Z| at the order on 104 Ω cm2 with the frequency variation. 
The highest values between the damaged primer, the damaged control 
and the damaged metal samples. 

The differences in the electrochemical behaviour of the samples can 
also be observed in the Nyquist Plots of the coated substrates (Fig. 6c). 
The intact coating curve lacked a semi-circular appearance, instead 
displaying a straight line proximate to the imaginary axis, signifying a 
high impedance response dominated by a capacitance element [42]. The 
damaged SH coating revealed a well–defined capacitance arc in the 
high-frequency range signifying the prevalence of a capacitive behav
iour [43]. However, following a 24 h immersion, the damaged SH 
coatings manifested a 45◦ line at high frequencies, indicative of a 
Warburg-like response associated with porous surfaces [44]. Concur
rently, the damaged control coating exhibited a reduced semicircle 
radius, suggesting diminished coating resistance and heightened elec
trolyte permeation [45,46]. 

To a deeper comprehension of the electrochemical dynamics and 

corrosion resistance intrinsic to the coating, the impedance results were 
subjected to an equivalent circuit fitting assisted by the Metrohm 
NOVA® 2.1 software. The simulation points from the fitting process are 
represented in Fig. 6c – continuous line. The model selected precisely 
matched the experimental data acquired from the as-prepared samples. 
The circuit comprises of a series arrangement of a resistor and a parallel 
configuration involving a constant phase element and a resistor in series 
with another constant phase element in parallel to another resistor, [R(Q 
[R(QR)])] (Fig. 6c). This model is considerate an effective route to 
simulate and interpret impedance results of steel corrosion [42,47]. Rs is 
the solution resistance, Cc is the constant phase element that represents 
the capacitive behaviour of the coating film, Rc the resistance of the 
coating, and Cdl corresponds to the localized double-layer capacitance, 
and Rct stands for the charge transfer resistance. Table 1 delineates the 
capacitance and resistance parameters of the formulated coatings, spe
cifically associated with the first time constant, serving as a represen
tative measure of the electrical and barrier characteristics of this layer 

Fig. 3. Representative TEM images of a) synthesized silyl ester, b) control electrospun hollow PAN fibre, and c) and d) targeted electrospun silyl ester/PVP@PAN 
core–shell fibre. 
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[48]. In the case of the intact coating, the resistance (Rc) was in the order 
of 106 Ω cm2, 104 Ω cm2 for the both conditions of the damaged SH 
coatings, and 103 Ω cm2 for the damaged control. Following damage, the 
SH coating demonstrated the lowest capacitance value among all spec
imens (Cc = 3.4 × 10− 5 μS/cm2 sn), surpassing even the intact coatings 
(1.3 × 10− 4 μS/cm2 sn). This reaffirms the outstanding insulating 
properties and prompt self-healing response exhibited by the SH coat
ings. As indicated by a high capacitance exponent (n = 0.92, for the 
intact coating and n = 1.00 for the damaged SH coating), these both 
coatings presented a capacitive behaviour [49]. Concerning the SH 
coating subjected to a 24 h immersion post-damage, it exhibited a 
diminished Cc values compared to the immediately immersed damaged 
coatings, with a corresponding n = 0.57, confirming the suggested 
presence of a Warburg impedance element behaviour. [47]. As the 
electrolyte solution systematically permeates the coating, there is a 
simultaneous reduction in coating resistance accompanied by an 
augmentation in coating capacitance. This precise scenario is exempli
fied by the damaged control (Cc = 2.5 × 10− 3 μS/cm2 sn and n = 0.72). 

In this context, in addition to alterations in coating resistance and 
capacitance, the fluctuations observed in phase angles (Fig. 6d) also 
indicates of the performance of coatings. The analysed samples pre
dominantly exhibited a capacitive response across the entire frequency 
spectrum. The intact coating presented a wide frequency range around 

− 90◦, indicating the strong corrosion resistance of the initial layer 
[45,50]. The damaged SH coating and damaged control presented initial 
values higher than − 40◦. Upon saturation of electrolyte permeation into 
the surface of the coating, the capacitance stabilizes and the resistance 
decreases, resulting in a swift reduction in the phase angles, particularly 
evident in high-frequency [42,51]. Within the mid-frequency range (1 to 
100 Hz), a resistive response was observed, indicating favouring current 
passage through the resistor [45]. A new peak appeared close to the 0.1 
Hz denoting the presence of a second time constant [52], with higher 
angles observed for both intact and damaged SH coatings. At low fre
quencies, the damaged control (top coating with the self-healing agent) 
curve decreased quickly with the decrease of coating resistance, once the 
current flowing through gradually increase. The resistive region at low 
frequencies indicated electrolyte diffusion and a consequent loss of 
adhesion at the interface with the substrate due to some corrosion re
actions taking place [45]. Notably, there was a diverged behaviour for 
the damaged SH coating after 24 h of immersion. Herein, with the 
presence of a Warburg element, it exhibited the maximum phase angle 
near the frequency of 1 Hz, and lower values in both higher and lower 
frequencies. The discrete appearance of the two time constant peaks 
(around 103 and 1 Hz) was challenging to distinguish. Due to the time 
immersed, the permeation process could have stabilized by the time that 
the test started, however, the phase angle distant from 0◦ suggested the 
existence of a protective layer, contributing to a corrosion-resistant 
barrier. 

From EIS it is also possible to semi− quantify the protective behav
iour of the coatings. The impedance modulus at low frequencies such as 
0.01 [53–55] and 0.1 Hz [56,57] is often used as indicative of corrosion 
resistance. Table 2 presents the mean values obtained from the sample 
tests. Once again, higher values of the impedance modulus denote 
higher barrier properties and protection. The intact complete coatings 
(control and SH coating) presented impedance modulus in the order of 
109 and 1010 Ω cm2 in the relevant frequency. The damaged control 
samples had values of 102 and 103 Ω cm2 and the damaged SH coatings | 
Z| were 105 Ω cm2 for the immediate tests and 108 and 107 Ω cm2 after 
24 h of immersion. These results corroborate with the ones obtained in 
the J(E) analysis. Thus, it was possible to observe that the incorporation 
of novel electrospun core–shell fibres into an advanced coating formu
lation affords an efficient self–healing functionality to the resultant 
corrosion protective coating. 

The electrochemically tested specimens were also inspected by op
tical microscopy. Expectedly, (intense) pitting corrosion was visualized 
in the case of all control specimens without self–healing capability: 
stainless steel (Fig. 7a), steel + primer coat (Fig. 7b), and steel + primer 
coat + topcoat (Fig. 7c). Completely different behaviour was observed 
for the newly developed coating containing core–shell fibres, which 
provide the self–healing capability. Specifically, one could see that the 

Fig. 4. Microstructure, size, and shape of the nanofibers, a) SEM image of the control intact, and fibres diameter distribution, in nm, and b) SEM image of the 
mechanically–damaged silyl ester/PVP@PAN core–shell fibres after their subsequent exposure to moisture. 

Fig. 5. Comparison of the FTIR spectra of the control intact and mechanical
ly–damaged silyl ester/PVP@PAN core–shell fibres after their subsequent 
exposure to moisture. 
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mechanical damage with an X − shaped cut is entirely healed (Fig. 7d), 
thus preventing the corrosion of the steel substrate during the electro
chemical testing. Notably, only the coating containing silyl ester/ 
PVP@PAN core–shell fibres fully protected steel against corrosion 
(Fig. 7d). 

The NSS test served as an additional evaluation tool to assess the 
corrosion resistance of the materials under investigation (Fig. 8). By 
subjecting the specimens to a controlled corrosive environment, the test 
facilitated the observation of potential weaknesses and vulnerabilities in 
the coatings protectiveness. The corrosion observed was comparatively 
lower than the one induced in the electrochemical tests; nevertheless, 
discernible differences were still evident. Both metal and primer samples 
(Fig. 8a-b), exhibited a distinct brownish discoloration around the 

artificial damaged area. Controls specimens (Fig. 8c) displayed a more 
subtle manifestation of such discoloration, yet signs of corrosion were 
still perceptible. In stark contrast, the self-healing developed coating 
(Fig. 8d), revealed an absence of exposure and corrosion of the metal 
upon microscopic examination following the salt exposure. These find
ings underscore the valuable results garnered, demonstrating the dura
bility and performance of coatings containing self-healing agents when 

Fig. 6. Electrochemical analysis, recorded at room temperature after mechanical damage with an X− shaped cut of 1 cm2 using seawater as an electrolyte, a) J(E) 
dependence data for the different specimens, b) Bode Plot, c) enlarged view of high frequency response on Nyquist plot and equivalent circuit fitting curves for the 
coated samples, and d) phase angle plot for the coated samples. 

Table 1 
Coatings’ capacitance and resistance parameters obtained through its equivalent 
circuit fitting.  

Samples Cc Rc 

Yo (μS/cm2 sn) n (Ω cm2) 

Intact coating 1.3 × 10− 4  0.92 5.7 × 106 

Damaged control 2.5 × 10− 3  0.72 4.0 × 103 

Damaged SH coating 3.4 × 10− 5  1.00 4.4 × 104 

Damaged SH coating after 24 h immersion 3.5 × 10− 3  0.57 1.5 × 104  

Table 2 
Impedance modulus at low frequencies as an indicative of corrosion resistance.  

Samples |Z|0.01 Hz (Ω cm2) |Z|0.1 Hz (Ω cm2) 

Damaged metal 
1.0 ×
101 

±5.3 ×
101 

5.6 ×
101 

±3.9 ×
101 

Damaged primer 2.0 ×
103 

±2.3 ×
104 

1.1 ×
103 

±3.6 ×
104 

Intact control sample 
4.3 ×
1010 

±4.7 ×
1010 

1.8 ×
1010 

±1.0 ×
1010 

Damaged control 
2.6 ×
103 

±1.6 ×
103 

8.1 ×
102 

±3.3 ×
103 

Intact SH coatin 
1.6 ×
1010 

±5.0 ×
1010 

7.2 ×
109 

±9.7 ×
109 

Damaged SH coating 1.7 ×
105 

±8.0 ×
107 

9.7 ×
105 

±1.1 ×
108 

Damaged SH coating after 24 h 
immersion 

1.3 ×
108 

±2.3 ×
108 

2.7 ×
107 

±4.0 ×
107  
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Fig. 7. Optical microscopy images and digital photographs (insets) of the electrochemically–tested specimens: a) stainless steel, b) steel + primer coat, c) steel +
primer coat + topcoat, and d) steel + primer coat + self–healing topcoat. Note the absence of corrosion in d) for newly developed coating with the self
–healing capability. 

Fig. 8. Optical microscopy images and digital photographs (insets) of the NSS–tested specimens after 240 h: a) stainless steel, b) steel + primer coat, c) steel + primer 
coat + topcoat, and d) steel + primer coat + self–healing topcoat. Note the absence of corrosion in the newly the developed coating with the self–healing capability. 
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subjected to challenging environmental conditions, particularly those 
simulating saline atmospheres. 

3.1. Self-healing mechanism 

An efficient corrosion protective coating with self–healing capability 
can be obtained in three steps: (i) synthesis of a silyl ester–based com
pound, which undergoes hydrolysis in the presence of moisture acting as 
self–healing agent; (ii) coaxial electrospinning of silyl ester/PVP@PAN 
core–shell fibres, wherein the silyl ester self–healing agent is well
–distributed within polymeric PVP core while being simultaneously 
well–protected from moisture by polymeric PAN shell; and (iii) formu
lation of novel corrosion protection coating based on poly
dimethylsiloxane polymers and the electrospun core–shell fibres, and 
Spray-painting application. 

Although the reported literature has evidenced that organosilane 
compounds are good candidates for self–healing functional coatings, 
interestingly, this was only realized in capsule–like systems [11,31,58]. 
In this work, to the best of our knowledge, we were able for the first time 
to incorporate an organosilane self–healing agent into core–shell fibres 
using a coaxial electrospinning technique. The main challenge here is 
the lack of the possibility for direct electrospinning of organosilane 
compounds due to their low electrical conductivity, which was suc
cessfully overcame by mixing silyl ester self–healing agent with a 
well–electrospinnable PVP polymer [59,60]. 

The corrosion protectiveness ability of the newly developed coating 
was quantified to be outstanding with CP value of 98.9 %. The self
–healing mechanism of the coating is schematically proposed in Fig. 9. 
Once the polymeric PAN shell of silyl ester/PVP@PAN core–shell fibres 
is disrupted, the silyl ester/PVP core is exposed to ambient conditions, 
and the silicon–oxygen (Si − O) bonds of silyl ester react with the water 
molecule, thus splitting into a silanol and fatty oleic acid. Further, the 
resultant groups from hydrolysis undergo a condensation that gives a 
crosslinked structure. Both silica and oleic acid products then heal the 
mechanical damage while adhering to the steel, thus preventing the 
corrosive environment from getting in contact with the substrate. 
Notably, the use of this specific silyl ester organosilane is beneficial 
because the fatty oleate groups attached to the silane additionally pro
tect this compound from unwanted reactions before mechanical damage 
[33]. 

After the damage of the coating, an excellent immediate healing 
response of SH = 97.5 % was observed, which highlights that our newly 
developed coating is capable of rapidly protecting the steel from 
corrosion. In the literature, Garcia et al. [35] achieved a plateau of 
self–healing response at SH = 75 % by applying the same type of 
organosilane in the core of poly(urea–formaldehyde) microcapsules. In 
another work, the same shell material, prepared by in situ 

polymerization, encapsulated fluorinated alkyl silane as the repairing 
agent in the core, which resulted in 64.5 % of the initial impedance 
modulus, greater than the one obtained with the control coating [54]. 
Using the nanofibers approach, Doan et al. [25] achieved 88 % corrosion 
inhibition efficiency with two complementary fibres, namely, one with 
poly(dimethylsiloxane) and poly(diethoxysiloxane), and another one 
with a curing agent. The electrospun fibres were deposited directly onto 
the substrate, alternating layer by layer of each fibre type, by intervals of 
1 h, resulting in four final layers subsequently spun cast with a silicone 
binder to obtain the composite coating. Ji et al. [27] obtained SH effi
ciencies of 95.96 % in alkaline media with core− shell electrospun 
pH–responsive fibres. The shell was based in cellulose acetate and the 
core was loaded with oleic acid and alkyd varnish resin. The final 
coating was obtained by spin coating PDMS into the fibre’s membranes. 
With another strategy, Cao et al. [61] were able to achieve a 98.4 % cure 
rate in a damaged area with one–component fibres. The nanofibers with 
1,10–phenanthroline core and poly(vinyl alcohol)/chitosan shell were 
directly electrospun into the metal substrate, and posteriorly spin-coated 
with epoxy resin and polyamide. In our approach, the core–shell nano
fibers were detached from the aluminium foil collector after the coaxial 
electrospinning and dispersed in a liquid coating formulation to be 
applied to the metallic substrate by a conventional one–step spraying 
technique, which is compatible and favourable with the application and 
maintenance of offshore structures. 

4. Conclusions 

Self–healing materials are a promising technology for protective 
coatings due to their distinguished ability to recover their properties and 
functionality after damage. Unlike the costly conventional approaches 
that use a two− component healing agent, here it was demonstrated a 
potential single− component healing agent, synthesized and incorpo
rated in the core of core–shell nanofibers. The self–healing material was 
shown to be water− reactive once damage occurs and the shell is dis
rupted. The dispersion of the nanofibers resulted in a powder− like 
material and it was successfully applied in a solvent− based formulation 
(due to the reactivity of the healing agent to water). The limitations of 
up-scaling processes for self-healing coating technologies were over
come by implementing a viable coating technique that is already widely 
applied in large-scale structures – Spray painting. The metallic sub
strates were coated combining a 2 − layer coating (primer and top 
coating). After exposure to a corrosive environment and testing for 
corrosion induction in electrochemical tests, the coatings containing the 
nanofibers presented an excellent immediate healing response of SH =
97.5 %. All the coated samples impedance data were fitted to an 
equivalent circuit and the self-healing coatings exhibited the lowest 
capacitance values, suggesting a robust protective barrier. The neutral 

Fig. 9. The proposed mechanism for the self–healing of the coating after mechanical damage.  
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salt pray test also highlighted that our newly developed coating is 
capable of rapidly protecting the steel from corrosion as a catalyst− free 
“autonomous” self–healing mechanism. 
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