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Herein, we report the development of a self-sensing and active corrosion protection coating which incorporates
pH-sensitive multilayer chitosan/alginate-covered CaCO3; microcontainers containing 1,10-phenanthrolin-5-
amine (APhen). The microcontainers can respond to pH variation to release APhen which serves not only as a
corrosion indicator but also as an inhibitor. An epoxy coating doped with 5 wt% microcontainers exhibited
improved corrosion performance and was capable of inhibiting corrosion spreading from the damaged area in a

3.5 wt% NaCl solution. The salt spray test showed that corrosion damage can be quickly detected by the
appearance of a red color within 2 min.

1. Introduction

Corrosion can cause catastrophic failures to metallic materials with
substantial financial loss and serious negative impacts on structural
integrity of load-bearing structures, ecological environment and indus-
trial production [1,2]. Organic coatings are extensively applied to pre-
vent metal substrates from corrosion by forming a physical barrier that
isolates the metal from corrosive environments [3]. However, coating
defects such as pinholes, cavities, cracks, mechanical scrapes, and
scratches are inevitably formed during the coating preparation and
service period. If undetected and untreated timely, these defects weaken
the corrosion protection functionality of the coatings and can quickly
develop into larger coating failures [4-6].

Early monitoring of corrosion may allow workers to repair or replace
damaged coatings in time, thereby extending their lifetime of structures
and reducing the risks of corrosion failure. Existing representative
strategies to sense early under-film corrosion are mostly based on elec-
trochemical [7], ultrasonic [8], electromagnetic [9], radiographic [10],
and thermal imaging [11] systems. However, these methods are typi-
cally non-continuous, measurement techniques, costly and

time-consuming and are often limited in the capability and resolution of
detecting corrosion especially at very early stage. In recent years,
self-sensing coatings capable of showing visible coloration triggered by
mechanical or corrosion attacks have attracted increasing interest [5,
12-16]. For example, Robb et al. reported a sensitive fluorescence-based
method to automatically warn damage position in polymer materials
through aggregation-induced emission (AIE) [17]. The AIE luminogen 1,
1,2,2-tetraphenyl-ethylene (TPE) was encapsulated in
polyurethane/poly(urea-formaldehyde) microcapsules. With the addi-
tion of 10 wt% microcapsules in the epoxy coating, the clear blue local
fluorescence signals can appear within minutes when mechanical
damage of the coating occurs in air. Besides, to achieve a coloration that
can be observed with the naked eyes, a self-reactive visual microcapsule
was prepared via encapsulating crystal violet lactone (CVL) in the pol-
ymethyl methacrylate (PMMA) shell with outer-surface-attached SiO,
nanoparticles [18]. Shear, pressure and tensile forces imposed to the
coating during damaging caused the microcapsules to rupture. The CVL
flowed out of the ruptured PMMA shell to react with the SiO, to present
a blue color for damage reporting. In addition, Liu et al. [19] developed
a 1,10-phenanthrolin-5-amine modified polyurethane coating with
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intrinsic self-healing property endowed by the dynamic hydrogen bonds
in the backbone of the resulting elastomeric network. The immersion
test indicates that the occurrence of early corrosion (~5 mins) can be
visualized by the formation of APhen-Fe?" ligands with a red color and
the presence of hydrogen bonds also endowed the coating matrix with a
certain self-healing effect (60% of the tensile strength recovery) in a salt
water environment. In another study, Wilhelm et al. prepared
corrosion-sensing nanoadditives based on layered double hydroxides
(LDHs) intercalated with hexacyanoferrate [16]. The aqueous dispersion
of hexacyanoferrate-intercalated LDHs turned blue in the presence of
Fe?". When in contact with corrosive solution, the formation of the blue
precipitate was observed on the carbon steel surface after a few minutes
of exposure.

Besides damage/corrosion-sensing ability, active corrosion protec-
tion ability is also a favorable property for the development of smart
protective coatings used in harsh service environments where repair or
replacement may be difficult and/or costly. Active corrosion protection
coatings can repair the corrosion damages and/or inhibit corrosion
deterioration with minimal or no external intervention [20]. The active
protection process of these smart coatings could be achieved by the
release of healing agents such as polymerizable materials [21,22] or
corrosion inhibitors [23,24] which through various encapsulation
technologies could be conveniently released when triggered by different
conditions (light [25,26], pH [27,28], humidity [29], temperature [30]
or ions [31]). Among the encapsulation technologies for healing agents
that have been applied to the active corrosion protection coatings, the
layer-by-layer (LbL) self-assembly approach is a prominent one [32-34].
For example, Shchukin’s group had applied this technique to assemble
the nanocontainers of corrosion inhibitors for self-healing coatings via
alternate deposition of oppositely charged polyelectrolytes or inhibitors
onto the surface of silica nanoparticles [35-40]. The obtained nano-
containers can intelligently release the pre-embedded corrosion in-
hibitors during corrosion because the permeability of polyelectrolyte
multilayers can be changed by local pH variation.

In view of the benefits associated with damage/corrosion-sensing
and active corrosion protection capabilities, combining the two func-
tions into the same coating would bring about several useful features for
corrosion protection, including (1) rapid identification of corrosion
location; (2) controlled releases of healing agents as induced by envi-
ronmental stimuli; (3) active corrosion protection after damage. Herein,
this work reports a smart protective coating possessing both damage
warning and active corrosion protection abilities, enabled by pH-
sensitive chitosan/alginate@CaCO3 (CA@Ca) microcontainers contain-
ing 1,10-phenanthrolin-5-amine (APhen) molecules. When corrosion
occurs on the steel substrate, the produced Fe?' ions can quickly react
with the released APhen from CA@Ca-APhen microcontainers to pro-
duce a pronounced red color for visual early warning. Meanwhile, the
APhen molecules can adsorb on the steel substrate to suppress the
corrosion activities within the coating scratch. The chemical composi-
tion of the CA@Ca-APhen microcontainers was characterized by Fourier
transform infrared spectroscopy (FTIR). Scanning electron microscope

CaCO; microcontainer

Ca-APhen
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(SEM) and transmission electron microscopy (TEM), nitrogen adsorp-
tion isotherms and Zeta potential measurement were conducted to verify
the successful synthesis of the microcontainers. Moreover, the UV-vis
spectroscopy confirmed that the APhen molecules in the CA@Ca-APhen
microcontainers could be effectively released under increased acidity or
alkalinity. Electrochemical impedance spectroscopy (EIS) was used to
evaluate the corrosion inhibition effect of the CA@Ca-APhen micro-
containers and the active corrosion protection performance of the
coating. The corrosion sensing ability of the coating was studied by
exposure of the coated steel to the neutral salt spray test.

2. Experimental
2.1. Materials

Calcium chloride (CaCly, 99.5%), sodium carbonate (NayCOs,
99.5%), sodium dodecyl sulphate (SDS, 99.0%), sodium chloride (NaCl,
99.0%), chitosan, alginate, sodium hydroxide (NaOH), acetic acid
(99.7%), hydrochloric acid (HCl, 36.0%) and 1,10-phenanthrolin-5-
amine (APhen) (98.0%) were purchased from Aladdin industrial cor-
poration. Epoxy resin 51 (E51) and the curing agent (polyetheramine
D400) were provided by Jiangsu Heli resin Co., Ltd. All chemicals were
used without further purification. The Q235 steel (99.09% Fe, 0.21% C,
0.45% Mn, 0.18% Si, 0.03% S and 0.04% P) was selected as the substrate
for the coatings. The steel samples were abraded sequentially with 240,
400, and 800 grit abrasive papers. The steel samples were dried in air
after being washed via deionized water and ethanol.

2.2. Synthesis of the microcontainers and loading of APhen

The CaCO3 microcontainers were synthesized according to a previ-
ous study [41]. Briefly, Na;CO3 (3.5 g, 33.0 mmol) and SDS (0.5 g, 1.8
mmol) were fully dissolved in 100 mL deionized water. Then, CaCl; (3.7
g, 33.0 mmol) in 100 mL deionized water was added into the afore-
mentioned solution under stirring for 20 min at 25 °C. The mixture was
kept under stagnant conditions for 30 min and the supernatant was
removed. Afterward, the final products were washed with deionized
water and dried in a vacuum oven at 50 °C for 24 h.

For drug loading, the aqueous APhen solution (1.5 mg mL™!) was
introduced into the CaCO3 microcontainers using a vacuum loading
method (vacuum pressure of —0.1 MPa for 6 h) at 25 °C. The as-prepared
CaCO3 microcontainers containing APhen (Ca-APhen) were centrifuged
at 6000 rpm for 5 min. The Ca-APhen/water slurry was directly used for
the encapsulation process in the following section. The dry content of
the Ca-APhen in the CaCO3-APhen/water slurry, obtained by comparing
the weights of the slurry before and after drying in a vacuum oven at
50 °C, was ~72.3 wt%.

2.3. Encapsulation by chitosan/alginate multilayers

Chitosan/alginate multilayers were assembled to the Ca-APhen

layer by layer
(LBL) &

Alginate (-)
- +
k, Chitosan (+)

Lo P
=

CA@Ca-APhen
microcontainer

Fig. 1. Schematic illustration of the preparation procedure of the CA@Ca-APhen microcontainer.
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Fig. 2. SEM images of (a, a;) CaCO3 microcontainers and (b, b;) CA@Ca-APhen microcontainers; TEM images of edge position of (az) CaCO3 microcontainers and
(b2) CA@Ca-APhen microcontainers; (c¢) N, adsorption-desorption isothermal curve of CaCO3 microcontainers; (d) the pore size distribution of CaCO3 micro-
containers; (e) Changes of {-potential during the LbL deposition, Layer O: initial Ca-APhen; Layer 1: Ca-APhen/chitosan; Layer 2: Ca-APhen/chitosan/alginate; Layer

3: Ca-APhen/chitosan/alginate/chitosan.

surface via a LbL deposition method. Initially, the solutions of chitosan
(2.0 mg mL™Y) and alginate (2.0 mg mL™') were prepared in 5 wt% of
acetic acid aqueous solution and deionized water, respectively. The pH
value of the chitosan solution was adjusted to 4.8 using a 0.1 M HCl
solution, producing a positive net charge on the chitosan molecules. The
pH of the alginate solution was adjusted to 6.0 using a 0.1 M NaOH
solution to induce negative charges on alginate. For the adsorption of
the first layer, Ca-APhen dispersion liquid (50 mL, 5.0 mg mL™}) was
mixed with chitosan solution (10 mL, 2.0 mg mL ™). The Ca-APhen/
chitosan sample was washed with deionized water and collected by
centrifugation. The washing process was repeated twice to remove the
excess polyelectrolyte impurities. Next, the deposition of the alginate
layer was conducted via mixing 20 mL of 2.0 mg mL~ ! alginate solution
with the centrifuged Ca-APhen/chitosan sample. The Ca-APhen/
chitosan/alginate sample was washed with deionized water and sepa-
rated via centrifugation. Then the third layer was assembled using the
same process described for the first layer. The final structure of micro-
containers was Ca-APhen (—)/chitosan (+)/alginate (—)/chitosan (+),
marked as CA@Ca-APhen microcontainer. The CA@Ca-APhen micro-
containers were separated via centrifugation and washed with deionized
water twice. Finally, the microcontainers were collected after drying at
50 °C. Fig. 1 depicts the preparation procedure of the CA@Ca-APhen

microcontainer.
2.4. Preparation of composite coatings

Composite coatings containing 2.5, 5.0, and 7.5 wt% of CA@Ca-
APhen microcontainers were prepared on the surface of the Q235
steel substrate using a procedure as follows. The CA@Ca-APhen
microcontainers were dispersed into the E51 resin using a mechanical
agitator rotating at 500 rpm for 1 h, followed by the addition of the
D400 curing agent (molar ratio: E51/D400 = 5/3). The obtained
mixture was applied on the surface of the steel sample by a bar coater.
Then the coated samples were dried at 25 °C for 48 h to obtain the
CA@Ca-APhen epoxy composite coating (CA@Ca-APhen/EP). The neat
epoxy coating was prepared by the same method in absence of CA@Ca-
APhen microcontainers. The thickness of all coatings was approximately
60 um.

2.5. Characterization
The morphology of the samples was observed using SEM (ZEISS

Gemini 300) and TEM (FEI Tecnai G2 F20). The pore size distribution
and pore volume of the synthesized containers were investigated by
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Fig. 3. FTIR spectra of APhen, CaCO3 microcontainer, and CA@Ca-APhen microcontainer.

nitrogen adsorption isotherms (Brunauer Emmett Teller, BET, Michael
ASAP2460). The corrosion inhibition effect and surface roughness of the
CA@Ca-APhen microcontainers were investigated by Leica TCS PS8 X
confocal laser scanning microscopy (CLSM). The FTIR spectra of the
synthesized samples and APhen were performed with a Bruker Vertex 70
spectrometer from 4000 to 400 cm ', The Fe?*-APhen complex and its
distribution were determined by Raman spectroscopy (LabRam HR
Evolution). The changes of {-potential of Ca-APhen microcontainers
during the LbL deposition were monitored using a Malvern Zetasizer
Nano ZS Instrument. The loading capacity and release curves of APhen
in CA@Ca-APhen microcontainers were obtained by UV-vis spectros-
copy (PE, Lambdal050) according to the method described previously
[42,43]. Thermal analysis of samples was performed using Netisch
thermo gravimetric analysis (TGA).The tempearture ranged from 30 to
800 °C at a heating rate of 10 °C/min under Ny atmosphere to examine
the thermal degradation behavior of the APhen, CaCO3 microcontainer,
CA@Ca microcontainer, and CA@Ca-APhen microcontainer.

To investigate the corrosion protection properties, EIS measurements
were performed in a 3.5 wt% NaCl solution on the bare steel, the
scratched and the intact coatings applied on the steel. In the EIS test, the
exposed area of the coated samples was 1 cm? The EIS results were
obtained with a PARSTAT 2273 electrochemical station with a three-
electrode cell system employing the sample substrate as a working
electrode, a saturated calomel electrode (SCE) as a reference electrode,
and a platinum plate electrode as a counter electrode. The EIS data were
measured in the frequency range (1072-10° Hz) with an amplitude of
20 mV. The tests were conducted on duplicate samples to verify the
reliability and reproducibility of data. In addition, to obtain the inhi-
bition efficiency of released APhen on the bare steel substrate (testing
area: 1 cm?) in the 60 mL 3.5 wt% NaCl solution, potentiodynamic po-
larization curves were obtained in the potential region of + 250 mV
around the OCP at a scanning rate of 1 mV/s. To avoid supersaturation
of the tested solution, the content of CA@Ca-APhen microcontainers
was maintained at 100 mg/L.

The water-uptake of the coating (Xyol%) can be obtained from the
coating film capacitance, using the following equation [44,45]:

""" £910}
U % 100 )
logif0i(80)

o

Xoown =

where Cg(t) and C{0) represent the coating film capacitance at tested
time t and initial time, respectively.

To further study the self-sensing and active corrosion protection
performance of the selected coatings, the coated steels were exposed to
3.5 wt% NacCl salt spray for 720 h according to ASTM D1654.

Pull-off tests were carried out on original samples and the ones after
720 h of salt spray corrosion test to compare dry and wet adhesion

strengths. According to ASTM D4541 standard, five aluminum test
dollies were bonded onto the coating surface using a two-part Araldite
2015 adhesive (Huntsman Advanced Materials, Germany). The samples
were then left at 50 °C for 24 h to ensure the adhesive is fully cured.
Before pull-off measurements, the test area was isolated from the bulk
intact coating using a cutting tool. The pulling force was exerted nor-
mally to the coated surface until the coating was detached from the
substrate (the pulling speed was set to 10 mm/min).

3. Results and discussion
3.1. Synthesis and characterization of CA@Ca-APhen microcontainers

The morphology of the CaCOs microcontainers before and after
chitosan/alginate encapsulation are studied by SEM. In Fig. 2a, the
CaCOs3 microcontainers display a spherical shape with a diameter of
2-8 um. The high-resolution SEM image in Fig. 2a; shows the porous
surface of a single CaCO3 microcontainer. In Fig. 2a3, the TEM image
further reveals the ultrafine porous structure at the outer surface of the
CaCO3 microcontainers. Furthermore, in Fig. 2c, the isotherms of the
CaCOs microcontainers belong to the type IV isotherm with H3 type
hysteresis loop, which confirms the formation of mesoporous structures
in the microcontainers [46,47]. The pore sizes of the CaCOs micro-
containers are mostly around ~4 nm (Fig. 2d). Calculated by the Ny
adsorption/desorption isothermal curves, the average pore diameter
and pore volume of the CaCOs; microcontainers were 3.8 nm and
6.3 x 1072 ecm® g!, respectively (Figs. 2c, 2d), indicating a good
drug-loading capacity of this container. After the loading of APhen and
the encapsulation by chitosan/alginate polyelectrolyte multilayers, the
CA@Ca-APhen microcontainers present a similar size to the CaCOs
microcontainers without any agglomeration (Fig. 2b). As shown in
Fig. 2by, the modification by the polyelectrolyte resulted in a smooth
surface of the CA@Ca-APhen microcontainers. To verify the interaction
between the CaCOs; microcontainers and the chitosan/alginate multi-
layers, Fig. 2e shows the {-potential values of the microcontainers after
the assembly of each polyelectrolyte layer. The corresponding surface
morphologies of the microcontainers are shown in Fig. S1. The {-po-
tential of the initial Ca-APhen microcontainers is — 17.6 mV. After
deposition of the first chitosan layer, the surface charge of the micro-
container increased to — 1.3 mV and the microcontainer surface
(Fig. S1b) became smoother than the original surface (Fig. S1a). How-
ever, the coverage of the chitosan layer on the microcontainer surface
was probably not uniform since the potential did not become positive.
The subsequent deposition of the first alginate layer decreased the
C-potential to — 15.9 mV and resulted in a relatively smooth surface of
the microcontainer (Fig. Slc). After the final chitosan layer was
assembled, the {-potential of the microcontainers increased to 1.8 mV.



T. Liu et al.

100

80
< ]
>
w 60 78.0%
2
=
o 401
g ;

20 T

—— CaCO, microcontainer CA@Ca microcontainer
] —— APhen —— CA@Ca-APhen microcontainer
0

0 100 200 300 400 500 600 700 800
Temperature (C)
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These observations indicate that the assembly of the CaCOs micro-
containers and the chitosan/alginate polyelectrolyte multilayers is
mainly driven by the electrostatic interactions of the adjacent surfa-
ce/layers with opposite electrical charges. The TEM images (Fig. 2bs)
and SEM (Fig. S1d) further confirm that the surface of the micro-
container has been successfully covered by the chitosan/alginate poly-
electrolyte multilayers.

FTIR was employed to confirm the encapsulation of APhen. Fig. 3
shows the FTIR spectra of the CaCOs microcontainer, APhen, and
CA@Ca-APhen microcontainer. For CaCOs microcontainers and
CA@Ca-APhen microcontainers, the strong bands at 714, 878 and
1435 cm ™! are associated with the V9, v3 and v4 characteristic vibrations
of the carbonate in CaCOs, respectively [48]. Notably, two new peaks
are found at 740 and 1641 cm™! for CA@Ca-APhen microcontainers,
which are assigned to the C-H out-of-plane bending vibration and the
C=N stretching vibration of the phenyl ring in APhen molecules,
respectively [49]. Prior to the FTIR test, the synthesized CA@Ca-APhen
powder has been repeatedly washed with deionized water, which
eliminates the interference of the free APhen. This result confirmed the
successful loading of APhen in the CaCO3 microcontainers.

Thermogravimetric analysis (TGA) was used to estimate the amount
of APhen loaded in the CA@Ca-APhen microcontainers. Fig. 4 depicts
the TGA curves of APhen, CaCO3 microcontainer, CA@Ca micro-
container, and CA@Ca-APhen microcontainer. For the CaCO3 micro-
container, a weight loss of 41.9 wt% is observed between 600 °C and
700 °C, which could be attributed to the decomposition of calcium
carbonate into CaO and CO5 [50]. In the TGA curve of the CA@Ca
microcontainer, a weight loss of 1.6 wt% is observed from 283 °C to

Corrosion Science 200 (2022) 110254

600 °C, which possibly corresponds to the decomposition of the chito-
san/alginate multilayers [50,51]. Compared with the TGA curve of the
CA@Ca microcontainer, the curve of the CA@Ca-APhen shows a 15.7 wt
% weight loss at 200-700 °C which is attributed to the decomposition of
APhen molecules [52,53]. This was consistent with the results obtained
from the TGA curve of APhen. The weight loss of APhen reaches 78.0 wt
% as the temperature increases to 700 °C, and the remaining 22.0 wt%
of the weight is associated with carbon residues. Therefore, the content
of APhen in CA@Ca-APhen, estimated by dividing 15.7 wt% by 78.0 wt
%, is approximately 20.1 wt%.

Generally, a pH-sensitive smart container system is capable of
blocking corrosion inhibitor leaching in the near-neutral pH condition,
while releasing corrosion inhibitor in acidic and alkaline pH conditions.
The corrosion of the damaged area for coated steel in neutral NaCl so-
lution results in the variation of pH because of anodic and cathodic re-
actions [54]. The local pH change triggers the opening or the closure of
the chitosan/alginate polyelectrolyte shell [55]. Figs. 5a and 5b shows
the cumulative release of the APhen molecules from Ca-APhen micro-
containers and CA@Ca-APhen microcontainers under pH values from 4
to 10, which is a common pH range caused by corrosion in a coating
defect [56,57]. Without the encapsulation by the chitosan/alginate
multilayers, over 60% of the APhen molecules loaded in the Ca-APhen
microcontainers were released after 5 min under different pH condi-
tions. In particular, the cumulative release of APhen reached 82.5% after
5 min at pH = 4. This accelerated release may be attributed to the
decomposition of the CaCO3 under acidic conditions. As shown in
Fig. 5a, the APhen in the Ca-APhen microcontainers was completely
released after 3 h of immersion under all pH conditions, which suggests
that without encapsulation the APhen loaded in microcontainers is
prone to leakage at an early stage. For the CA@Ca-APhen micro-
containers (Fig. 5b), the release curves exhibit three stages including the
initial fast release (stage 1) stage, the sustainable release (stage 2) stage
and the plateau stage (stage 3). The release of APhen is dependent on the
pH value of the solution. Under neutral conditions (pH = 7), only 62.1%
of APhen was released from the microcontainers after 24 h, demon-
strating that CA@Ca-APhen microcontainers can successfully suppress
the spontaneous leaching of APhen. At the acidic pH, the release rate
and maximum amount of APhen released was significantly increased.
The accumulative amount of the released APhen was 77.9% after 24 h.
At pH = 10, the release of APhen was even more significantly acceler-
ated and increased in its maximum amount released. After 24 h im-
mersion, about 96.5% of the loaded APhen was released from the
microcontainers, revealing that the CA@Ca-APhen microcontainers can
release APhen in a highly pH-sensitive manner. These results confirm
that the CA@Ca-APhen microcontainer can provide a smart release on
demand whenever pH change occurs at localized regions as a result of
corrosion of the Q235 steel.

Stage 1 Stage 2 Stage 3
(a) 100 P om—y——— (b) 100
100 W»—o——%
= 80+ 8 — 80+ > °
3 X
Y < o0 z
g 60 § g 60 L 00900090000 <
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Fig. 5. The release curves of APhen molecules from (a) Ca-APhen microcontainers and (b) CA@Ca-APhen microcontainers at different pH conditions in 3.5 wt%

NacCl solution.
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Fig. 6. (a) The variation of |Z|¢_;omn, values versus immersion time and (b-d) the polarization curves for the steel after 12 h immersion in the 3.5 wt% NaCl solution
with different pH (no microcontainers added; CA@Ca microcontainers added; CA@Ca-APhen microcontainers added).

3.2. Corrosion inhibition by CA@Ca-APhen microcontainers

To study the corrosion inhibition effect of the APhen molecules
released from CA@Ca-APhen microcontainers on the Q235 steel sub-
strate, EIS measurements were carried out in 3.5 wt% NaCl solution in
the absence or the presence of microcontainers (Fig. S2a, b, c). It is
generally accepted that for metal substrates exposed to NaCl based

aqueous electrolytes without/with inhibitors, the impedance modulus at
10 mHz (|Z|=10mnz) of the Bode plots can be used as a semi-quantitative
indicator of the corrosion susceptibility of the metal substrate, with
higher impedance modulus values indicating a higher corrosion resis-
tance [20]. Fig. 6a shows the variation of the |Z|¢1omn values with time
for the steel specimens immersed in the solutions without micro-
containers (blank system), with the addition of CA@Ca microcontainers

(d)

—— Without microcontainers
—— With 100 mg/L CA@Ca microcontainers
—— With 100 mg/L CA@Ca-APhen microcontainers

L4 *A

Intensity (a.u.)
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600 900 1200 1500 1800
Raman shift (cm™)
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Fig. 7. Optical images of the steel surface after 24 h of immersion in the 3.5 wt% NaCl solution (not derusted) with (a) no microcontainers added, (b) CA@Ca
microcontainers added, (¢) CA@Ca-APhen microcontainers added; (d) corresponding Raman spectra of the steel surfaces.
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Fig. 8. Optical images and CLSM images of the steel surfaces after 24 h of immersion in the 3.5 wt% NaCl solution (derusted) with (a and d) no microcontainers
added; (b and e) CA@Ca microcontainers added; (c and f) CA@Ca-APhen microcontainers added.

and with the addition of CA@Ca-APhen microcontainers. It can be
observed that the presence of CA@Ca-APhen microcontainers induced a
remarkable increase of the |Z|¢—10mnz value in comparison to the blank
system or that with the CA@Ca microcontainers. This value continued to
increase from 3.23 x 10° Q ecm? to 1.15 x 10* Q em? as the immersion
time increased. Furthermore, potentiodynamic polarization test was
used to evaluate corrosion of the Q235 steel specimen and the corrosion
inhibition effect of CA@Ca-APhen microcontainers after 12 h immer-
sion in the 3.5 wt% NaCl solution at different initial pH values (4, 7, 10)
(Fig. 6b-d). Compared to the curves for the blank system or the ones for
the steels with CA@Ca microcontainers, the polarization curves
(particularly the anodic branches) for the steels with CA@Ca-APhen
microcontainers shifted to regions with lower current densities at all
pH conditions, suggesting that the anodic corrosion reactions were
suppressed. Besides, the specimens in the presence of CA@Ca micro-
containers showed similar results of the EIS and polarization tests to
those of the blank system, indicating that the corrosion inhibition effect
was indeed from APhen not the CA@Ca microcontainers (100 mg/L).

To further study the adsorption behavior and the inhibition effect of
APhen, the optical images and 3D morphologies of Q235 steel surface
after 24 h immersion in 3.5 wt% NaCl solution without microcontainers
(blank system), with the addition of CA@Ca microcontainers and with
the addition of CA@Ca-APhen microcontainers were shown in Fig. 7a-c
(not derusted). In Figs. 7a and 7b, the Q235 steel surface was covered
with a significant amount of corrosion products. In the presence of
CA@Ca-APhen microcontainers (Fig. 7c), the steel surface shows a red
color uniformly. Fig. 7d shows the chemical composition of the steel
surface after 24 h of immersion in the 3.5 wt% NaCl solution under the
different situations. For the steel without microcontainers and the steel
with the addition of CA@Ca microcontainers, the main components are
a-Feo03 (225, 292, 408, 501 and 611 cm™ 1), Fes04 (662 cm™?), and
y-FeOOH (1317 cm’l) [58,59]. In contrast, the new feature bands at
1188,1213, 1461 and 1513 cm ™! are observed on the Q235 steel surface
in the presence of the CA@Ca-APhen microcontainers and can be
attributed to the generation of the Fe?t-APhen complex ([Fe
(APhen)s]*™) [24].

To verify the corrosion inhibition effect of the CA@Ca-APhen
microcontainers, we removed the rust layer and then compared the
steel surfaces of different situations (Fig. 8). In Figs. 8a and 8b, the steel
surfaces were rough and covered with severe corrosion pits. In

comparison, only slight corrosion was seen for the steel surface when the
CA@Ca-APhen microcontainers were present (Fig. 8c). According to the
CLSM measurements, the surface roughness (S,) values of the steel
surfaces after immersion in the blank solution and the solution coating
CA@Ca microcontainers were 2.14 (Figs. 8d) and 2.21 (Fig. 8e),
respectively. In contrast, in Fig. 8f, a much lower S, value (0.44) was
observed for the steel in the presence of the CA@Ca-APhen micro-
containers. From these results, we can infer that the released APhen
from CA@Ca-APhen microcontainers can effectively inhibit corrosion of
the steel surface.

3.3. Barrier performance of the CA@Ca-APhen/EP coatings

In practice, the inherent barrier performance of the coating is critical
to the service life of the coating at intact regions. To this end, EIS ana-
lyses were used to study the electrochemical behavior and the barrier
properties of the intact coatings containing CA@Ca-APhen micro-
containers. Fig. 9a-h shows the Nyquist and Bode plots of the coatings
immersed in 3.5 wt% NaCl solution for different time. In Fig. 9a, the
Nyquist plot of the neat epoxy coating presents a rapid decrease in the
size of the semi-circle over time, indicating a weak corrosion protection
capability. Two time constants can be observed after 40 days of im-
mersion, suggesting that the corrosive species had reached the coating/
steel interface. In contrast, for all coatings incorporating CA@Ca-APhen
microcontainers, the reduction in the size of the semi-circle was signif-
icantly suppressed. Only one time constant can be found for the three
composite coatings containing CA@Ca-APhen microcontainers during
the 60 days of immersion (Figs. 9¢, e, g), indicating an improved barrier
performance. For the Bode plots, the |Z|t—1omn, values of neat epoxy
coating declined from 2.32 x 10*° Q-cm? continuously to 8.13 x 107
Q-cm?during the 60 days of immersion (Fig. 9b), which could be
attributed to the pinholes and micro-defects in the coating. For the three
composite coatings with the CA@Ca-APhen microcontainers, despite the
decreasing trends over time, the |Z|f—jomn. values of the coatings
remained higher than 10° Q-cm? even after 60 days of immersion
(Figs. 9d, f, h). Compared with the neat epoxy and the other two com-
posite epoxy coatings, the |Z|f—jomn, value of the coating containing
5 wt% CA@Ca-APhen microcontainers declined from 6.92 x 10'° to
9.77 x 10° Q-cm? during 60 days immersion (Fig. 9f), demonstrating
enhanced long-term corrosion protection performance. In addition, it is
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Fig. 9. Nyquist plots and Bode plots of intact neat epoxy coating (a and b), CA@Ca-APhen; 5 w,/EP coating (c and d), CA@Ca-APhens ,/EP coating (e and f) and
CA@Ca-APhen; s wo,/EP coating (g and h) during immersion in 3.5 wt% NaCl solution for 60 days.

worth noting that the impedance moduli of the coating containing
7.5 wt% CA@Ca-APhen microcontainers are lower than that of the
coatings with the addition of 2.5 wt% and 5 wt% CA@Ca-APhen
microcontainers (Figs. 9d and h). This may be attributed to the fact
that the addition of an excess amount of fillers could introduce addi-
tional defects as diffusional pathways for corrosion species in the coating
matrix (Fig. S3).

The EIS results of the intact coating were fitted by equivalent elec-
trical circuits. The solution resistance (Rs), pore resistance (Ry,), charge
transfer resistance (R), non-ideal film capacitance (CPE¢) and non-ideal
double-layer capacitance (CPEq) parameters are contained in the

circuits. At the early stage of immersion, the corrosion species permeate
into the coating matrix through the intrinsic porosity of the epoxy ma-
trix. This electrochemical process could be fitted by Circuit I in Fig. 10a.
When the electrolyte has reached the coating/steel interface and charge
transfer at the steel substrate occurred, a new peak shows up in the high
frequency region (Fig. 10b, the Bode plots after 40 days of immersion).
Therefore, Rt and Qg were included and Circuit II was used for fitting.
Furthermore, the water-uptake values (Xyo100) Of all coating samples
during the 60 days of immersion are calculated by the Eq. (1) and are
depicted in Fig. 10b. For the neat epoxy coating, the water uptake value
increased quickly and reached to 7.4 vol% after 60 days of immersion.
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Fig. 10. (a) Equivalent electrical circuit utilized for fitting the EIS result of the intact coatings and (b) water uptake (Xyo,) for different coated samples versus
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Fig. 11. Nyquist plots (a;-c;) and Bode plots (a-co and az-cs) of the scratched neat epoxy coating (a;, ap and az), CA@Cas wio,/EP coating (b;, by and bs), and
CA@Ca-APhens y,/EP coating (c3, ¢ and c3) during 144 h of immersion in 3.5 wt% NaCl solution; Fitted curves were added in the Nyquist plots and Bode plots

(purple lines).

However, we found that the composite coatings with microcontainers
obtain a lower Xyoo, value (4.9-5.8 vol%) after an immersion time of 60
days, revealing notably improved barrier properties.

3.4. Active corrosion protection performance of the CA@Ca-APhen/EP

coating

CA@Ca-APhens wto,/EP coating was chosen for the study of the
active corrosion protection effect considering its best barrier
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Fig. 13. Optical images of the scratched neat epoxy coating (a and b), CA@Cas wo/EP coating (c and d), and CA@Ca-APhens ,/EP coating (e and f) before and

after 144 h of immersion in 3.5 wt% NaCl solution.

performance as demonstrated in Fig. 9. Prior to EIS measurements in
3.5 wt% NaCl solution, artificial through-coating scratches (~3 mm in
length and ~50 pm in width) were made in the different coatings by a
scalpel. Fig. 11 shows the Nyquist and Bode plots of the neat epoxy
coating, the CA@Cas wto,/EP coating, and the CA@Ca-APhens yo,/EP
coating. From the phase angle plots in Fig. 11as-cs, two peaks can be
distinguished roughly. The peak in the medium-frequency region (10'-
10° Hz) is mainly attributed to the pore plugging process of the corrosion
products in the defect area [60]. The peak in the low frequency

10

(1072~10" Hz) can be assigned to the charge transfer process at the
metal surface [20]. The |Z|f—1omnz value of the coating containing the
5 wt% CA@Ca-APhen microcontainers is similar to that of the neat
epoxy coating or the one containing the empty CA@Ca microcontainers
after 1 h of immersion. The |Z|f_jomn, values of all three coatings
slightly increased after 12 h of immersion, which can be attributed to the
clogging of the scratch by corrosion products. After that, the |Z|t—1omuz
values of the neat epoxy coating and CA@Cas wto/EP coating decreased
steadily, which could be ascribed to the uninhibited corrosion in the
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between APhen and Fe?* ions.

coating damage. In contrast, the |Z|f—1omn, value of CA@Ca-APhens
o/EP coatings increased from 9.13 x 10* Q-cm? after 1 d to 1.19 x 10°
Q-cm? after 144 h due to the release of APhen as a corrosion inhibitor,
revealing an active corrosion protection effect.

The EIS results are also analyzed by an equivalent electrical circuit
shown in Fig. 12a, which is a commonly used circuit to describe
corrosion in a damaged coating region [61]. As shown in Fig. 12a, the
corrosive species penetrate into the coating’s defect and reach the metal
surface, the corrosion reaction occurs instantaneously at the metal sur-
face and rapidly generates corrosion products. Two time constants
appear to reflect the pore plugging of corrosion products and the elec-
tron transfer related to the dissolution of the metal [20]. The evolution
of Rt values represents the difficulty in electron transfer on the steel
substrate and can be used to compare the protection efficiency of
different coatings (Fig. 12b) [62]. A higher R value reflects a lower
corrosion rate and thus a higher corrosion protection efficiency for the
coating [63]. In the early stage of immersion, the R value of the neat
epoxy coating and the coating containing empty CA@Ca micro-
containers showed a slight increase. With the extended immersion time,
the R¢; value decreased because of the continuous deterioration of the
scratched area. After 144 h of immersion, the R values of the scratched
neat epoxy coating and the coating containing empty CA@Ca micro-
containers were as low as 7.51 x 10* Q em? and 7.80 x 10* Q cm?,
respectively. In comparison, the R¢; values of the CA@Ca-APhens ¢
o/EP coating showed a continuous increasing trend during the immer-
sion and reached to 1.20 x 10° Q cm? after 144 h of immersion.

Besides, Fig. 13a-f show the morphology of the coating scratches
before the immersion and after 144 h of immersion in 3.5 wt% NaCl
solution. A high degree of corrosion spreading and a large amount of
corrosion products were found in the artificial scratch on the neat epoxy
coating (Fig. 13b) or the coating containing empty CA@Ca
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microcontainers (Fig. 13d) after 144 h of immersion. In Fig. 13f, how-
ever, the scratch on the CA@Ca-APhens yt,/EP coating showed rela-
tively little rust in and around the scratch after 144 h of immersion,
indicating corrosion on the exposed steel substrate was well inhibited.
Noticeably, the scratch could show a distinct red color to report the
corrosion activities.

3.5. Self-sensing effect to corrosion damage in CA@Ca-APhen/EP coating

Fig. 14a-c shows the UV-vis spectra of 1 mM APhen aqueous solu-
tions with the addition of different amounts of FeCl, under the different
pH conditions. After mixing 0.1 mM FeCl; solution and 1 mM APhen
solution, a clear band at 520 nm was observed, which was related to the
formation of a Fe>t-APhen complex ([Fe(APhen)s] er) (Fig. 14a-c) [64].
Besides, the strength of the absorbance corresponding to [Fe
(APhen)g]ZJr enhanced gradually with a higher FeCl, concentration.
According to Fig. 14c, with a higher concentration of Fe?* ions, the color
of the APhen solution changed from light yellow to red. A prominent red
color could be observed at the Fe?™ ion concentration as low as only
0.5 mM. The colors of the mixed solutions did not show significant
difference within the range of pH 4-10, demonstrating the stability of
the Fe?"-APhen complex. These results indicated that the low concen-
tration of Fe?' ions can be readily detected in the presence of APhen at
different pH conditions. Thus, the APhen molecules may serve as an
effective sensor to probe the generation of Fe*' ions from early metal
corrosion.

To investigate the corrosion warning ability, the neat epoxy coating
and the coating with the addition of 5wt% CA@Ca-APhen micro-
containers were scratched and salt spray exposed for different periods
(Fig. 15). From Fig. 15a, there is almost no color change observed at the
scratches for the neat epoxy coating within the first hour of the salt spray
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Fig. 15. Optical images of the scratched coatings after salt spray tests (a) neat epoxy and (b) CA@Ga-APhens y10,/EP coating; (c) Raman intensity mapping for Fe**-
APhen complex at 1513 cm™ in the scratch on coated steel after 2 min of salt spray exposure; (d) The adhesion strength values of the neat epoxy and CA@Ca-

APhens y0,/EP coating before and after 720 h of salt spray exposure.

test. After 24 h, some corrosion products visible to the naked eye
appeared at the scratched area. In contrast, the damaged region of the
CA@Ca-APhens to,/EP coating exhibits a red color within only 2 min as
an early indication of the corrosion onset and the intensity of the color
significantly increased during the 1 h of salt spray testing (Fig. 15b).
This phenomenon indicated that the Fe>" ions generated from the
corrosion process (anodic reaction) in the scratched area recombined
with the released APhen molecules to form a red-color complex.
Furthermore, from the Raman spectrum at the damage position
(Fig. §4), it can be seen that the feature peaks at 1188, 1216, 1459 and
1513 cm™! are observed with the presence of the red substances, con-
firming the generation of Fe2T-APhen complex ([Fe(APhen)3]2+) [19].
According to Fig. S4, the Raman mapping signal at 1513 cm™! is one of
the main characteristic peaks of the Fe?"-APhen complex. Fig. 15¢
shows the mapping of the intensity of the peak at 1513 cm™ over the
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0.1 um? of the scratch region. The map shows a strong signal of the
FeZ*-APhen complex along the scratch after only 2 min. With the
extension of the salt spray time, the color became more pronounced at
the damaged position by visual inspection. These observations demon-
strated that the coating can locate early corrosion with a rapid response
of red color, which is highly useful for timely corrosion detection, repair
and maintenance in practice.

Furthermore, as the salt spray exposure time increased to 720 h, the
optical image showed large-scale coating delamination and a large
amount of corrosion products at the scratch for the neat epoxy coating
(Fig. 15a). In comparison, the epoxy coating that contained 5 wt%
CA@Ca-APhen microcontainers showed little corrosion product but a
prominent red color in the scratch (Fig. 15b). The colored region spreads
around the scratch underneath the intact coating region, which may be
attributed to the coating delamination. The results above demonstrate
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Fig. 16. Schematic illustration of the self-sensing and active corrosion protection process of the CA@Ca-APhen/EP coating.

that the addition of CA@Ca-APhen microcontainers can also give an
obvious alarm of the corrosion situation under the coating, which is
beneficial for accurate location and timely repairs of coating/corrosion
damages.

As a main indicator of coating performance, adhesion strength can be
measured via a pull-off test. Fig. 15d showed the adhesion strength/loss
values of intact neat epoxy coating and CA@Ca-APhens y,,/EP coating
before and after the 720 h salt spray test. Before the salt spray test, the
two samples had similar adhesion strength (neat epoxy coating:
4.73 MPa; CA@Ca-APhens w,/EP coating: 4.87 MPa), suggesting that
the introduction of 5 wt% CA@Ca-APhen microcontainers did not affect
the adhesion of the epoxy coating to the steel substrate. In practice,
coatings are often exposed to a wet corrosion environment. Therefore,
the better evaluation criteria of corrosion protection are the wet adhe-
sion strength and the adhesion loss of coating which was estimated from
the difference between the original adhesion strength and the wet
adhesion strength after salt spray test in this study. The neat epoxy
coating had a significant adhesion loss of 78.9% whereas the CA@Ca-
APhens y,/EP coating showed an adhesion loss of 38.8%. These results
demonstrate that the addition of 5 wt% CA@Ca-APhen microcontainers
could induce a more durable adhesion of the coating onto the steel in
corrosive environment, which could be attributed to the inhibition effect
of APhen towards underfilm corrosion.

3.6. Smart corrosion protection mechanism of the CA@Ca-APhen/EP
coating

Fig. 16 depicts the schematic illustration of self-sensing and active
corrosion protection mechanism of the composite coating system. When
the coating is damaged in the course of service, the steel substrate may
be exposed to various corrosive species, such as chlorides, in a wet at-
mospheric environment providing all prerequisites for corrosion to
occur. The homogeneous distribution of microcontainers encapsulated
by polyelectrolyte shells in the coating matrix ensures the adequate
presence of the microcontainers at the coating-damage interface
(Fig. S3a) in order to quickly response to the occurrence of corrosion.
The polyelectrolyte shell, composed of oppositely weakly charged
polyelectrolyte, is pH sensitive, and enables the controllable release of
corrosion inhibitors by regulating its permeability [65]. The changes in
local pH due to corrosion cause the increasing permeability of the chi-
tosan/alginate polyelectrolyte shell stimulating the release of APhen
molecules from the microcontainers. The APhen molecules released
from the microcontainers can react with Fe?* to form a red complex at
the exposed steel surface, which can not only provide an early warning
of corrosion onset but also inhibit significant corrosion propagation.
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4. Conclusions

In summary, the work reported the development of a smart coating
that integrated self-sensing and active corrosion protection capabilities
based on a novel pH-sensitive CaCO3 microcontainer containing APhen
molecules as both indicator and inhibitor of corrosion. The main con-
clusions from this study are as follows.

1) The CA@Ca microcontainer had a good drug loading capacity
(~20.1 wt%) and could release APhen in a controlled fashion
responding to pH variation. The corrosion of the Q235 steel was well
inhibited in the presence of 100 mg/L CA@Ca-APhen micro-
containers after 12 h immersion in the 3.5 wt% NaCl solutions with
the initial pH values of 4, 7 and 10. The Raman spectra confirmed
that the corrosion inhibition was attributed to the formation of Fe?*-
APhen complex.

2) The EIS results of the intact CA@Ca-APhens yto,/EP coating showed

an excellent barrier performance; The |Z|iomn; value of the com-

posite coating slightly reduced from 6.92 x 10'° to 9.77 x 10°

Q-cm? after 60 days of immersion; at this time, the water-uptake of

the coating was 4.9-5.8 vol%.

The |Z|10muz value of the scratched coating that contained 5 wt%

CA@Ca-APhen microcontainers increased from 9.13 x 10* to

1.19 x 10° Q-cm? after 144 h of immersion in 3.5 wt% NaCl solu-

tion, demonstrating an active corrosion protection effect.

From the results of salt spray test and Raman analysis, the APhen

molecules were found to rapidly release from the scratch interface of

the CA@Ca-APhens yo,/EP coating and react with the Fe?* jons to

generate a distinct red deposit within 2 min. The CA@Ca-APhens v

%/EP coating exhibited a stable coloration and little corrosion

products after 720 h of salt spray test. The adhesion loss of the

CA@Ca-APhens wto,/EP coating after the salt spray test was 38.8%,

which was much lower than that of the neat epoxy coating (78.9%).
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