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Abstract Self-healing coatings for long-term corrosion
protection have received much interest in recent years.
However, most self-healing coatings rely on healants
released from microcapsules, dynamic bonds, shape
memory, or thermoplastic materials, which generally suffer
from limited healing times or harsh conditions for self-
healing, such as high temperature and UV radiation.
Herein, we present a composite coating with a self-healing
function under easily accessible sunlight by adding Fe,O,
nanoparticles and tetradecanol into epoxy resin. Tetrade-
canol, with its moderate melting point, and Fe,O, nano-
particles serve as a phase-change component and photo-
thermal material in an epoxy coating system, respectively.
Fe,O, nanoparticles endow this composite self-healing
coating with good photothermal properties and a rapid
thermal response time under simulated solar irradiation as
well as outdoor real sunlight. Tetradecanol can flow to and
fill defects by phase transition at low temperatures.
Therefore, artificial defects created in this type of self-
healing coating can be healed by the liquified tetradecanol
induced by the photothermal effect of Fe,O, nanoparticles
under simulated solar irradiation. The healed coating can
still serve as a good barrier for the protection of the
underlying carbon steel. These excellent properties make
this self-healing coating an excellent candidate for various
engineering applications.

Keywords self-healing coating, phase transition,
photothermal effect, corrosion protection

1 Introduction

Organic coatings are widely used in marine engineering
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fields such as oil platforms, sea-crossing bridges, and
shipments. However, as an effect of the harsh marine
environment, microcracks and other defects are easily
produced on the surface of organic coatings, resulting in
penetration of water and other corrosive media and
ultimately leading to coating failure. The use of self-
healing coatings (SHCs) is a promising approach to
realize long-term corrosion resistance because SHCs can
heal microcracks and damage and form a healable
physical barrier, which can significantly extend the life of
coatings. To achieve a self-healing effect, one common
approach involves adding healants or corrosion inhibitor-
loaded microcapsules into polymeric resin [1-3]. When
the coating is damaged, polymerizable healants or corro-
sion inhibitors inside microcapsules can be spontaneously
released to the defect. These healants can form a dense
film to fill the coating defect via polymerization, oxida-
tion, coordination, or precipitation in response to metallic
ions [4,5], pH [6-9], salt [10], oxygen [11-13], or UV
radiation [11], providing a barrier against corrosive
media. Another self-healing approach is based on dyna-
mic bonds of polymer resin, such as hydrogen bonds
[14-17] and disulfide bonds [18]. In this approach,
broken resin chains in the damaged coating are recon-
nected by dynamic bonding interactions to reconstruct a
physical barrier to protect the underlying metal. Such
types of coatings can repair defects without adding
external healants, showing excellent cyclic multirepair-
able performance. However, the two fractured surfaces in
coating defects need to be manually laminated within the
range of dynamic bonding action and require high
temperature or UV irradiation for the construction of
dynamic bond interactions. Other self-healing approaches
include the use of thermoplastic resin or shape-memory
materials. When the temperature exceeds the glass
transition temperature (7,), the polymer resin can change
from a glassy to a highly flexible state to repair defects.
Likewise, shape-memory materials also exhibit a high
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elastic state over a wide range of temperatures above the
T, or melting point and have a certain strength to
facilitate the implementation of deformation. Unfortun-
ately, achieving self-healing effect of these coatings also
requires a high temperature to induce thermoplastic or
shape memory properties [19]. Therefore, it is necessary
to develop a new class of coatings with self-healing
ability under relatively mild conditions.

Herein, we propose a sunlight-assisted SHC by
incorporating commercially available Fe;O, nanoparticles
and tetradecanol via a facile process. Fe,O, is a readily
available magnetic photothermal conversion material with
low cost and nontoxic properties. As a narrow bandgap
semiconductor, Fe;O, has a wide range of light
absorbance from the visible region to the near infrared
region. Most solar photon energy is higher than the bandgap
of Fe;O,, enabling the generation of above-bandgap
electron-hole pairs. During relaxation of above-bandgap
electron-hole pairs to the band edges, energy is converted
into heat. Therefore, Fe;O, is considered a safe and
universal photothermal material for photothermal
therapies [20], solar steaming [21], and biosensors [22].
Tetradecanol is an environmentally friendly and readily
accessible phase change material. It has a solid—solid
phase transition and solid—liquid phase transition in the
phase change process, allowing for a high thermal energy
storage density [23,24] and enhanced thermal
conductivity [25]. In the coating system, more
importantly, tetradecanol is able to spontaneously flow
and cover coating defects during the phase change
process. Due to the combination of photothermal Fe,;O,
nanoparticles and the filling effects of tetradecanol, the
coating reported herein demonstrates self-healing ability
under solar irradiation. Both the intact and healed coating
can protect the substrate from corrosion.

2 Experimental

2.1 Materials

Carbon steel (CS) plates were purchased from Hong
Wang Co., Ltd. Before the experiment, CS plates were
polished on 1000-grid sandpaper at a rotation speed of
250 r'min"! by a grinder polisher (VibroMet 2, Buchler
Co., Ltd.). Then, the resultant CS plates were ultrasoni-
cally cleaned in acetone and deionized water. Commer-
cial epoxy resin (E44) was purchased from Zhujiang
Paint Co., Ltd. Ethanol, acetone, and NaCl are all
analytical grade and were obtained from Sinopharm
Chemical Reagent Co., Ltd. Fe;O, nanoparticles with an
average particle size of 40 nm and tetradecanol were
obtained from Shanghai Macklin Biochemical Co., Ltd.
Deionized water was obtained from a Millipore purifi-
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cation system. All reagents were used as received without
any further purification.

2.2 Fabrication of a sunlight-assisted self-healing
composite coating

The sunlight-induced SHC was prepared via a facile
process. Specifically, different masses of tetradecanol
(0.15, 0.5, 0.7, 1 g) as healing material were ultrasoni-
cally dissolved in ethanol (2 mL), followed by the
addition of Fe;O, nanoparticles (0.1 g). The corresponding
mass fractions of tetradecanol were 4.8, 14.5, 19.1, and
25.3 wt% in the composite coatings. Then, commercial
epoxy resin (2 g) and amine curing agent (0.86 g) were
added to the mixture at ambient temperature under
vigorous mechanical stirring for 10 min with a rotation
speed of 1000 rmin!. The mixed dispersion was
subsequently coated on a CS plate at a coating speed of
50 mm-s~! controlled by a mini automatic coating appli-
cator (BEVS-1188, BEVS Industrial Co., Ltd.). Finally,
after curing at room temperature for 48 h, a self-repairing
coating was obtained. The thickness of the obtained
coating was ca. 200 um.

2.3 Characterization

The morphology of the SHC samples was observed by
scanning electron microscopy (SEM, JOEL 400F). The
attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FITR) spectrum at the wavelength
range of 4000-500 nm was measured by Fourier trans-
form infrared spectrometry (EQUINOX 6000). UV-visible
spectra were measured by a UV-vis spectrophotometer
(UV-2501PC) in the wavelength range of 200-1400 nm.
The surface temperature of samples under simulated solar
irradiation was automatically recorded every 10 s by an
infrared imager (Fluke Til0). Differential scanning
calorimetry (DSC) measurements were conducted on a
differential scanning calorimeter (Perkin-Elmer DSC-7)
under a 40 mL-min~! nitrogen flow. Samples were heated
to 80 °C at a rate of 10 °C-min~! and naturally cooled to
room temperature.

2.4 Self-healing test

Samples with a tetradecanol mass fraction of 25.3 wt%
were used for subsequent tests. In the self-healing test, the
coating sample was damaged by a scalpel to form a pit or
scratch. Then, the damaged sample was placed under a
xenon lamp for 3 min to test the healing effect. A xenon
lamp (PLSSXE300/300UV) equipped with a solar filter
was used to provide simulated solar irradiation, which
was located 18 cm above the sample. The morphology of
the coatings before and after healing was observed by
optical microscopy. The surface potential distribution of
the sample was monitored by scanning Kelvin probe
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(SKP, Ametek Inc.) in the atmosphere. During this test,
SKP was located ca. 100 um above the sample with a
scanning area of 3 mm x 4 mm.

2.5 Corrosion resistance test

Electrochemical impedance spectroscopy (EIS) was per-
formed to evaluate the anti-corrosion performance of the
coating. The test was conducted in a 3.5 wt% NaCl
aqueous solution by an electrochemical workstation
(Gamry 600). In the EIS test, coating samples serve as
working electrodes with an exposed area of 1 cm?. Pt and
saturated calomel electrodes were used as counter and
reference electrodes, respectively. Then, EIS was con-
ducted with an alternating voltage of 10 mV with frequen-
cies ranging from 103 to 1072 Hz.

2.6 Wettability test

The wettability of the SHCs was evaluated by static
contact angle, which was measured on an OCA20
instrument (Data Physics) by dispensing a 3 uL water
droplet on the coating using the sessile method at ambient
temperature (25 + 2 °C).

3 Results and discussion

3.1 Characterization of the SHC

The fabrication process and ATR-FTIR of the SHC is
illustrated in Fig. 1. The tetradecanol and Fe;O, nanopar-
ticles were uniformly dispersed in ethanol, followed by
the addition of epoxy oligomer and amine curing agent.
After adequate stirring, the mixture was rapidly coated on
CS by a coating applicator and dried at room temperature
for 48 h. A SHC was obtained after the evaporation of etha-
nol and adequate crosslinking of epoxy resin (Fig. 1(a)).
The obtained samples were used for subsequent charac-
terizations and tests.

The successful incorporation of the Fe,O, nanoparticles
and tetradecanol into the epoxy resin were verified by the
ATR-FTIR spectrum. Figure 1(b) shows that the peak
identified at 3334 cm™! corresponds to the broad O—H stret-
ching vibration in alcohol. Peaks at 2918 and 2848 cm™!
are attributed to the stretching vibration of C—H for
tetradecanol. The peak at 1062 cm™! is attributed to the
vibration of C—O, while that at 1463 cm ™' is associated
with the —OH stretching vibration [26]. In the Fe,O, spec-
trum, the broad band at 581 cm™! corresponds to Fe—O
stretching vibrations. In the case of the SHC, peaks are
observed at 3334, 1062, 2918, and 2848 cm!, which is
consistent with tetradecanol. Peaks at 1062 and 1463 cm ™!
are also found in the SHC. In addition, a
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Fig. 1 (a) Schematic illustration of the facile fabrication process
of the composite SHC; (b) ATR-FTIR spectra of the tetradecanol,
Fe;0, and the SHC.

bathohypochromic shift is observed for characteristic
peaks of Fe—O in the spectrum of the SHC compared to
that of Fe,O,, which may stem from the doping of epoxy
resin. This indicates that tetradecanol and Fe,O, were
successfully integrated with the epoxy resin.

Figure 2 shows the morphology and cross-section of
samples. The wax-like morphology of the SHC surface is
due to the presence of tetradecanol (Figs. 2(a) and 2(b)).
The cross-section of the SHC shows that tetradecanol
accumulates inside the epoxy resin (Figs. 2(c) and 2(d)).
As the mass fraction of tetradecanol increases, more
tetradecanol precipitates on the surface of the epoxy resin
(Fig. 3). The image also shows that the coating has a
dense structure with no defects at the cross-section. The
contact angle of water decreases as the content of
tetradecanol increases. This may be due to the presence of
more polar hydroxyl groups on the surface.

3.2 Photothermal-responsive performance of SHC

The photothermal performance of coatings is essential for
inducing self-healing behavior. Therefore, we conducted
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Fig.2 SEM of the SHC coating with magnifications of (a) 500 x
and (b) 5000 x; cross-sections of the SHC with magnifications of
(c) 1000 x and (d) 3000 x; white arrows refer to the position of
tetradecanol.
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Fig.3 Optical images of the surface morphology and wettability
evolution of SHCs with different mass fractions of tetradecanol:
(a) 4.8 wt%, (b) 14.5 wt%, (c) 19.1 wt%, and (d) 25.3 wt%; bars in
all images represent 150 pm.

a photothermal response test of the SHC with simulated
solar irradiation and results are shown in Fig. 4. Figure 4(a)
presents infrared images of the coating over time. It can
be seen from Fig. 4(b) that after 200 s of irradiation, the
temperature of the SHC increases and gradually reaches
approximately 70 °C because of the photothermal effect
of Fe;O, nanoparticles. In contrast, in the absence of
Fe;O, nanoparticles, the temperature of the control
sample only increases to approximately 35 °C, showing
limited photothermal efficiency. UV-vis spectral results
indicate that Fe,O, nanoparticles can absorb ultraviolet
light with a wavelength of 200 to 1400 nm, which enables
the effective absorption of sunlight (Fig. 4(c)). After
Fe;O, nanoparticles are integrated with tetradecanol
epoxy resin, the resulting SHC still has a wide light ab-
sorption range from infrared to ultraviolet. DSC analysis
shows that pure tetradecanol shows one endothermic peak
in the melting process but two exothermic peaks in the
freezing process. This is attributed to the presence of a
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metastable hexagonal orthorhombic solid phase (Sygy)
and orthorhombic solid phase (Sygt) of solid fatty alcohol
[27]. In the freezing process, the former exothermic peak
is due to the transformation from the liquid form to Sypy
while the latter exothermic peak is attributed to the
transformation from Sypy to Syrr. Nevertheless, in the
melting process, the two phase transition processes are
very close, showing only one visible endothermic peak.
The DSC curve of the SHC is very similar to that of
tetradecanol. Compared with pure tetradecanol, there is a
decrease in intensity and area in both the endothermic and
exothermic peaks due to the presence of epoxy resin. In
addition, the melting temperature (7)) and freezing
temperature (7)) of pure tetradecanol can also be
determined from DSC analysis. Tetradecanol starts to
absorb heat at approximately 37.6 °C, which is also the
melting point of tetradecanol. This indicates that tetrade-
canol starts to melt into a liquid. There is a symmetrical
peak at 40.3 °C, showing that nonpolymeric tetradecanol
has the fastest melting rate (Fig. 4(d)). In the freezing
process, tetradecanol begins to release heat at a T} of ca.
33.8 °C. The T,, and T; of the SHC are similar to those of
pure tetradecanol, which plays a major role in the phase
transition. Additionally, the photothermal properties of
the Fe;O, nanoparticles show no observable change
after five simulated solar irradiation on-off heating
cycles, as shown in Fig. 4(e).

3.3 Solar-driven self-healing property of the coatings

Self-healing is of great significance in this work. To
verify the self-healing property of the prepared coatings,
artificial defects, including perforations and scratches,
were prepared by a scalpel, as shown in Fig. 5. After
irradiation with a simulated solar lamp, the perforation is
filled with tetradecanol (Fig. 5(a)). A similar result can
also be observed from Fig. 5(b), in which the scratch is
also fixed. The self-healing mechanism of the coating is
illustrated in Fig. 5(c). Fe;0, is a metal oxide-based
semiconductor with a narrow bandgap. Above-bandgap
electron-hole pairs are formed under high-energy solar
irradiation. The relaxation of these above-bandgap
electron-hole pairs to the band edges allows conversion of
the extra energy into heat [28]. Then, the heat is
spontaneously transferred from high-temperature Fe,O,
nanoparticles to adjacent tetradecanol via heat conduction
without intermixing of any material [29], leading to the
melting of tetradecanol. Then, liquefied tetradecanol
flows and fills defects to achieve a self-healing effect.
Although the SHC can heal scratches under a simulated
solar lamp, it is still unknown whether it is effective
under real solar irradiation. To verify the performance of
this coating in practical applications, we placed a
scratched sample under outdoor sunlight. The entire self-
healing process is demonstrated in Fig. 6. The surface
potential distribution of the SHC was recorded by SKP.
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Fig. 4 (a) Infrared thermal images and surface temperature evolution of the SHC with time under simulated solar irradiation; (b)
surface temperature evolution of coatings under simulated solar irradiation with time; (c) UV-vis spectra of Fe;O, nanoparticles and
the SHC; (d) DSC curves of tetradecanol and the SHC in the 20-80 °C temperature range; (e) cyclic photothermal responsive

performance of the SHC.

Under irradiation with sunlight, the scratch was observed
to gradually disappear with time during the irradiation
process, suggesting that sunlight can serve as an effective
stimulus to induce the self-healing process (Fig. 6(a)). In
the initial stage, the surface potential distribution of the
defect has an average potential of —1600 mV, which is
higher than that of other intact regions with a potential
of —=3200 mV (Fig. 6(b)). Accordingly, the SKP potential
of the healed surface becomes relatively uniform after the
scratch is healed (Fig. 6(c)). Under solar irradiation, the
healing behavior of the SHC is completely autonomous
by the phase transition of tetradecanol without other inter-
ventions, such as pH, moisture, or other healing materials,
which is of considerable technical and commercial impor-
tance. The role of tetradecanol is vital for realization of
the self-healing effect. Pure epoxy, Fe;O,/epoxy, and
tetradecanol/epoxy coatings fail to show self-healing
properties under solar irradiation for 30 min as shown in
Fig. S1 (cf. Electronic Supplementary Material, ESM).
The Fe,O,/epoxy coating without tetradecanol fails to
heal the scratch compared with the Fe;O,/tetradecanol/
epoxy coating, because there is no liquefied phase change
material to fill the defect. In the case of the tetradecanol/
epoxy coating, there are no photothermal particles present
to heat the phase change material, also resulting in a lack
of self-healing ability. Coatings with a low content of
tetradecanol fail to adequately cover the defect and
cannot form a good barrier against corrosive media.

3.4 Corrosion resistance performance of coatings

Protective performance is one of the most important

properties of anticorrosive coatings. In this study, EIS
was conducted to evaluate the protective properties of
coatings on a metal substrate in 3.5 wt% NaCl. Figure 7
presents EIS plots of CS and epoxy-coated CS, in which
the overall anti-corrosion performance can be reflected by
the modulus impedance at low frequency (|Z], ,,5,) due to
the high relevance with charge transfer processes at the
CS/barrier layer interface. Higher values of |Z| indicate a
lower corrosion rate [30-32]. Without the protection of
the coating, |Z], 4y, Of the bare CS is ca. 10> Q-cm?. In
contrast, in the presence of the SHC, |Z], ;,,, increases to
ca. 107 Q-cm?, nearly four orders of magnitude higher
than CS (Figs. 7(a) and 7(b)). The |Z]; 5y, of the SHC is
on the same order of magnitude as that of commercial
pure epoxy resin (Fig. S2, cf. ESM). In the Bode-phase
plot, the time constant at high frequency and low
frequency represents capacitance of coatings and
corrosion response of the CS, respectively. For the bare CS,
there is only one time constant in the Bode-phase plot,
suggesting that the corrosive media are in direct contact
with CS and corrosion reactions occur. For the SHC-
coated sample, there are two time constants, but it shows
one broad peak because the epoxy coating can serve as a
good barrier to prevent penetration of O,, H,0, and CI".
To understand the corrosion process of these two cases,
equivalent circuit models were used to fit these EIS plots,
as shown in Figs. 7(c) and 7(d). Due to the intactness and
insulation of the coating, in this electrochemical system,
when alternating voltages are applied, electrolyte/coating
and coating/CS interfaces can be regarded as two series-
connected capacitors. Therefore, R(QR)(QR) was selected
to fit the EIS plot of epoxy-coated CS. The fitted electro-
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Fig. 6 (a) The self-healing process of the SHC under outdoor irradiation with sunlight; surface potential distribution of (b) the
damaged SHC and (c) healed SHC recorded by SKP.
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chemical parameters are provided in Table 1. R, R; and
R, refer to the resistance of the NaCl aqueous solution,
coating, and charge-transfer resistance, respectively. O
and Q, represent constant phase elements (CPEs)
modeling the capacitance of the coating/electrolyte
interface and the electrical double layer capacitance at the
coating layer/CS interface, respectively. The impedance
of the CPE can be expressed as [33,34]:

Zepg = Yo_](jw)_n, (1
where Y, j, and o refer to the CPE coefficient, imaginary

unit, and angular frequency, respectively, and » is the
exponent reflecting deviations from ideal capacitance due
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to roughness or surface defects. The R of epoxy resin-
coated CS is three magnitudes higher than that of bare
CS. The corrosion protection efficiency () can be
calculated by:

’

Rcl - RC;
n=———=x100%, )
RC[
where R and R, refer to the charge transfer resistance of
the CS before and after being coated by the SHC,
respectively. The as-calculated protection efficiency can
reach up to 99.83%. In addition, the O, of the SHC is
close to that of commercial pure epoxy resin (Table 1),
suggesting that the SHC has low permeability comparable
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Fig. 7 Nyquist and Bode plots of the (a) bare CS and (b) SHC-coated CS; equivalent circuits of the (c) bare CS and (d) SHC-coated CS.

Table 1 Electrochemical parameters of bare CS, epoxy resin-coated CS, and the intact SHC-coated CS

Material Re/(Qrem?) O Yy/(Frem 25" ) O n R /(Qem?) Oy~ Yy/(Frem™s") Oqn
cs _ _ - 6.33 x 10° 1.84x 1074 0.69
Epoxy resin-coated CS 2.16 x 107 4.86x 107! 0.95 119 x 107 3.36 %1070 0.93
SHC-coated CS 7.02 x 100 328 x 10711 0.98 3.84 x 10° 470 x 10711 0.89
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to a commercial coating. Additionally, O, can serve as an
indicator to describe the corrosion reaction site on the
metal interface. A higher value of @, indicates more
corrosion reactions on metal sites. It is worth noting that
the O, of the SHC-coated CS decreases to ca. 107!!
F-cm %s"!, much lower than that of bare CS, showing

decreased corrosion active sites on the underlying CS.

3.5 Self-healing performance of coatings in corrosion
protection

Figure 8 presents a comparison of the damaged coating be-
fore and after healed in corrosion resistance. Figures 8(a)
and 8(b) show EIS plots of the damaged and healed
coatings, respectively. A typical model for a defect-
containing coating is shown in Fig. 8(c). Due to the
penetration of conductive electrolyte through the coating
defect, metal is directly exposed to electrolyte. In this
electrochemical system, when an alternating voltage is
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applied, capacitors occur at electrolyte/coating and electro-
lyte/CS interfaces, which are connected in parallel. O; and
Qg refer to the capacitance at the electrolyte/coating layer
and damaged area/CS interfaces, respectively. For the
damaged SHC, |Z|, 51, 2nd R, decrease to ca. 103 Q-cm?.
This is on the same order of magnitude as bare CS
because the corrosive solution directly contacts the CS
surface at the defect region. In addition, the O, of the
SHC increases after damage (Table 2), revealing a high
coating permeability. Another piece of evidence is that
there are two visible peaks in the Bode plot (Fig. 8(a)),
which usually reflects that aggressive species have
contacted the surface of the CS during immersion.
However, after the aforementioned healing process under
simulated solar irradiation (Fig. 9), both |Z|, 4;y, and R,
increase to ca. 10% Q-cm? which is only one order of
magnitude lower than that of the original intact coating.
The R, of the healed SHC increases to ca. 10° Q-cm?,
suggesting enhanced resistance for corrosion media to
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Fig. 8 EIS plots of the damaged SHC before (a) and after (b) the self-healing process; (c) equivalent circuit of both the damaged

and healed SHC.
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penetrate throughout the defect due to the filling of
tetradecanol. The O; of the healed SHC can reach ca.
10710 F-em™2s""! (Table 2), which is close to the intact
value (ca. 107'! F-em 2:s" 1), reflecting the decreased
coating permeability. As expected, the value of Oy also
decreases from ca. 107 to ca. 1077 F-em 25", indicat-
ing that corrosion active sites are significantly reduced.
The corrosion protection efficiency of the healed coating
can reach 99.77%, which is only a small decrease comp-
ared to the intact coating.

3.6 Stability of the SHC in 3.5 wt% NaCl aqueous solution

To explore the stability of the SHC, we investigated the
corrosive behavior of the SHC-coated CS after 168 h of
immersion in a 3.5 wt% NaCl solution as shown in Fig. 10.
Figures 10(a) and 10(b) present the Bode-modulus and
Bode-phase plots of the SHC-coated CS in 3.5 wt% NaCl
solution for 168 h. In Fig. 10(a), it seems that |Z|;y,
slightly decreases with time due to the gradual
penetration electrolyte, but it remains the same order of
magnitude. During the entire immersion process, only one
broad peak is detected in Fig. 10(b), indicating that pene-
tration of the corrosive medium is insufficient to change
the corrosion process model. Therefore, R(QR)(QR) is
used for the equivalent circuit of the SHC-coated CS.
After immersion in 3.5 wt% NaCl for 48 h, the R, of the
SHC-coated CS remained at 1.15 x 10° Q-cm? (Fig. 10(d)),
revealing that the coating could still impede the current
flow from anodic to cathodic areas. As the immersion
time increases, over 168 h, the R of the coating can still
remain the same order of magnitude with a value of 2.63 x
10% Q-cm?, so the decrease in the impedance modulus at
low frequencies is nearly negligible. In fact, the R, of the
SHC-coated CS is nearly unchanged throughout the immer-
sion process. In addition, the O, values of the healed SHC
only show asmall fluctuation (> 10”7 F-cm™2-s"" 1) (Table 3),
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reflecting the low variation in coating permeability. O,
values are in the range fromca. 107 toca. 10~ 1! F-cm_z-s"_?,
lower than bare CS (ca. 10 F-cm™2-s""!), indicating less
occurrence of corrosion reactions during immersion. This
demonstrates the excellent performance of the SHC in the
corrosion protection of CS.

4 Conclusions

In this work, we successfully achieved an anti-corrosion
coating with sunlight-assisted self-healing ability by
integrating photothermal particles and a phase change
material with epoxy resin via an extremely simple method.
Fe;0, nanoparticles were used as photothermal materials
with a narrow bandgap. High-energy solar irradiation
enables the formation of above-bandgap electron—hole
pairs. With the relaxation of these above-bandgap electron—
hole pairs to the band edges, extra energy is converted
into heat, which is spontaneously transferred from high-
temperature Fe,O, nanoparticles to adjacent tetradecanol
by heat conduction, melting the tetradecanol. Therefore,
this coating shows good photothermal performance,
allowing the transition of tetradecanol into liquid, which
flows and fills coating defects under solar irradiation. Due
to this self-healing effect, the obtained coating can handle
defects, including perforations and scratches. In addition,
similar to the pure commercial coating, this coating can
provide a pronounced physical barrier to resist the
penetration of corrosive media, demonstrating good anti-
corrosion performance. The healed SHC coating can still
serve as a good barrier for the underlying CS. All
materials for SHC fabrication are commercially available,
and the entire preparation process is very facile. It is
envisioned that these benefits will allow for the mass
production of such a type of SHC for corrosion protection
of outdoor facilities.

Table 2 Electrochemical parameters of the intact, damaged and healed SHCs

Material RJ/(Q-cm?) O Yy/(F-em 25" 0;—n R J(Q-cm?) Oy Yy/(Fem 25" 1) Oy
Intact SHC 7.02 x 10° 328 x 1071 0.98 3.84 x 10° 470x 1071 0.89
Damaged SHC 1.20 x 10° 1.08 x 107 0.56 1.16 x 104 328 x107* 0.50
Healed SHC 1.15 x 10° 3.19x 10710 0.89 2.71 x 10° 5.65x 1077 0.34
H,0, CI', O, H,0, CI', O,
Damaged SHC Defect Healed SHC U Defect filling
e _0o @ e e e 0. oW e ,
° e e Y . 1.7 e . ® I:>- » O - ) - -
® e o o0 ] ® " e =
Carbon steel Carbon steel
@ Fe,0, o Irradiated Fe;O,  Tetradecanol " Liquefied tetradecanol Epoxy resin

Fig. 9 Corrosion protection mechanism of the intact, damaged and healed SHCs.
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Fig. 10 (a) Bode-modulus and (b) Bode-phase plots of the SHC with time; (c) equivalent circuit of the SHC; (d) R, evolution of the

SHC coating with time.

Table 3 Electro parameters of the fitting results of the SHC-coated CS with time

Time/h R/(Q-cm?) O Y /(F-em 25" O n R, /(Q-cm?) Qy~Yy/(Fem™2s"1) Oy n
48 4.83 x 106 7.83 x 10711 0.87 1.15 x 105 375 x 1077 0.53
96 431 % 10° 538 x 10710 0.77 2.41 % 106 7.58 x 10711 0.89
120 473 x 100 1.00 x 10710 0.83 1.93 x 10° 4.82x107° 0.70
144 1.22 x 106 558 x 1077 0.48 422 % 10° 139 x 10710 0.85
168 1.97 x 106 7.76 x 10710 0.83 2.63 x 10° 1.07 x 10710 0.89
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