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Towards weathering and corrosion resistant, self-warning
and self-healing epoxy coatings with tannic acid loaded

nanocontainers

Jinke Wang'?, Weimin Tan?, Hao Yang'?, Xingxing Rao®, Xinliang Luo®, Lingwei Ma'?*®, Chenhao Ren'?, Arjan Mol

Dawei Zhang @®'"***

? and

In this work, an active protective epoxy coating with weathering resistant, corrosion-warning, and self-healing properties was
developed by incorporating tannic acid (TA) loaded mesoporous silica (MSN-TA) nanocontainers. The introduction of MSN-TA
nanocontainers could alleviate the coating degradation via scavenging the radicals generated during UV irradiation. Compared
with the blank coating, the coating containing 5 wt.% MSN-TA nanocontainers exhibited much less degradation in surface
morphology, wettability and glossiness, and maintained a good barrier property after 384 h of accelerated weathering. Once the
coating was damaged, the released TA could react with the Fe3* ions to form a chelate that endowed the coating scratch with a
visible black coloration, i.e. triggering a self-warning capability to indicate the initial onset of corrosion. In addition, the generated
chelate could inhibit extensive corrosion propagation, offering a significant self-healing effect demonstrated by the stabilized
impedance modulus values during 28 days of immersion in NaCl solution.
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INTRODUCTION

Natural organisms have evolved different tissue barriers to protect
themselves in harsh environments and against mechanical attack,
and also to respond autonomously to sense and heal damages. In
contrast, common organic barrier coatings suffer severely when
facing prolonged weathering conditions and aggressive environ-
ments or inevitable external mechanical damage'=3. During the
service life of organic coatings, photo radiation will cause the
generation and continuous propagation of free radicals, leading to
the rupture of polymeric chains that might weaken the physical
barrier effect of the coating®®. The continuous ingress of corrosive
media will result in corrosion and subsequent accumulation of
corrosion products at the interface between metal and coating
and also delamination of coatings®’. Moreover, intrinsically
present and externally applied coating defects and cracks will
accelerate the failure of organic coatings®~'°. Without accurate
detection of coating damage and timely repairs, the metal
substrate underneath the coating will experience progressive
corrosion attack, which jeopardizes the structural integrity of
coated metals'"'2, Therefore, enhancing the weathering resis-
tance, as well as developing corrosion self-warning and self-
healing properties are three important aspects to extend the
service life of protective coatings and the underlying metal
structures.

One of the most efficient approaches to strengthen the
weathering resistance of organic coatings is the introduction of
radical scavengers, such as hindered amines and hindered
phenols'>'%, However, these synthetic radical scavengers often
exhibit potential hazards to human health and environment'>.
Recently, a variety of environmentally friendly radical scavengers

have been introduced, including graphene's, carbon dots'’,
TisC,T, MXene'®, and a series of bio-based additives, such as
chitosan'®, phytic acid®°, and plant polyphenols?'. Tannic acid (TA)
is considered as a promising green radical scavenger benefiting
from its abundant o-phenylphenol groups, which can donate
hydrogen atoms to the free radicals generated from the weath-
ering conditions and thus stop the free-radical chain reactions.
Peng et al.?® used TA and tung oil for the surface treatment of
wood. Due to the significant radical scavenging property of TA
and the barrier effect of tung oil, the surface deterioration of wood
has been successfully alleviated during 960 h of accelerated
weathering testing. Qiu et al.>* synthesized a bio-based additive
by combining the UV light absorption ability of melamine and the
radical scavenging property of TA to protect polylactic acid (PLA)
against UV degradation. The mass retention ratio of PLA with 5
wt.% additive was 88.8%, which was ~10% higher than that of the
blank PLA sample after a 100 h UV aging test, indicating that TA is
conducive to improving the weathering resistance of polymers.
Besides, the abundant o-phenylphenol groups of TA allow it to
chelate with different metal ions and generate a variety of
prominent colors?’. For instance, when TA molecules interact with
Fe3* ions, a black colored chelate compound will be rapidly
formed. During the corrosion of steel, Fe?* ions will be initially
generated from the anodic site and then be oxidized into Fe3*
ions, informing that TA can be applied as an early corrosion self-
warning color indicator for steel substrates?®. Moreover, the strong
chelation effect of TA also makes it a high potential green
corrosion inhibitor?”28, The corrosion inhibition effect of TA is
mainly attributed to the formation of ferric tannate layers on the
steel surface. Qian et al.*’ studied the corrosion inhibition effect of
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Fig. 1 The formation of MSN-TA nanocontainers and their morphologies. a The preparation schematic for MSN-TA nanocontainers; b SEM
(scale bar: 300 nm) and ¢ TEM images of MSN-TA nanocontainers, and the corresponding EDS element mapping results (scale bar: 100 nm).

TA against mild steel corrosion in seawater wet/dry cyclic
condition. TA exhibited a high inhibition efficiency of ~86%,
which could provide continuous and stable protection perfor-
mance for the mild steel under these conditions. Benefiting from
the good inhibition effect and its non-toxic property, TA has also
been introduced into organic coatings to realize a timely self-
healing function?>3°. Wu et al.?° applied a TA layer onto carbonate
(CaCOs3) microspheres loaded with benzotriazole (BTA) corrosion
inhibitors, which were then incorporated into an epoxy matrix to
establish a self-healing coating. When corrosion occurred at the
damage area of the coating, TA and BTA molecules were
simultaneously released and adsorbed on the exposed metal
surface to suppress the corrosion process.

In this work, a composite coating with enhanced weathering
resistance, as well as corrosion-warning and self-healing functions
was developed via the introduction of TA-based nanocontainers in
the coating. TA was encapsulated into mesoporous silica
nanoparticles (MSN-TA) via hydrolysis and condensation of
tetraethyl orthosilicate (TEOS) around a TA self-assembled
template under alkaline conditions. On the one hand, the
introduction of MSN-TA nanocontainers was beneficial to alleviat-
ing the weathering degradation of epoxy coating by scavenging
the free radicals and preventing the invasion of aggressive media.
On the other hand, when the coating was damaged, TA could
release from the nanocontainers and react with the Fe*" ions
generated from the underneath steel surface to form a chelate
compound. A prominent black-colored chelate adsorption layer
was formed to offer the corrosion-warning and self-healing smart
functions. The morphology and chemical composition of MSN-TA
nanocontainers were characterized via scanning electron micro-
scopy (SEM), transmission electron microscopy (TEM), Fourier
transform infrared spectroscopy (FTIR), and thermogravimetric
analysis (TGA). The weathering resistance of different coatings was
evaluated by testing their surface morphology, wettability,
glossiness, adhesion strength, and corrosion resistance during
accelerated weathering experiments. The corrosion-warning cap-
ability of the coatings was recorded by digital images to reflect
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their color changes. The corrosion resistance and self-healing
performance of the coatings were evaluated using electrochemi-
cal impedance spectroscopy (EIS) and surface characterization.

RESULTS AND DISCUSSION

Preparation and characterization of MSN-TA nanocontainers

The preparation schematic of the MSN-TA nanocontainers is
presented in Fig. 1a. Under alkaline conditions, the TA molecules
were self-assembled as the porogen®!, and the MSN shell was
formed by hydrolysis and condensation of TEOS®2. The morphol-
ogy of as-prepared MSN-TA nanocontainers was characterized by
SEM and TEM observations shown in Fig. 1b, ¢, displaying well-
dispersed near-spherical nanoparticles and narrow size distribu-
tion with an average diameter of ~227 nm. The elemental
distributions of MSN-TA nanocontainers were characterized by
energy dispersive spectroscopy (EDS) mapping in Fig. 1c. The Si
element mapping result outlined the structure of MSN. The EDS
image of carbon element demonstrated the successful loading of
TA. Meanwhile, the distribution of oxygen element can be
attributed to both the mesoporous silica structure and the loaded
TA molecules.

FTIR spectroscopy was conducted to confirm the chemical
components of MSN-TA nanocontainers. The FTIR spectra of TA,
MSN, and MSN-TA are shown in Fig. 2a. The peaks for the MSN-TA
nanocontainers at 802 and 1080 cm~' were assigned to the
symmetric stretching and asymmetric vibration of Si-O-Si respec-
tively, which originated from the mesoporous silica structure'’.
The peaks at 1453 and 1613 cm™~' corresponded to the stretching
vibrations of the aromatic ring from TAS. The peaks at 1710 and
3420 cm™" were attributable to the stretching vibration of C=0
and C-OH groups from TA, respectively®>, Figure 2b shows the N,
adsorption-desorption isotherms of MSN-TA and the MSN control
sample (obtained by calcining the MSN-TA nanocontainers to
completely remove the inside TA molecules). The MSN-TA
nanocontainers exhibited a very low adsorption amount of N,
with a Brunauer-Emmett-Teller (BET) surface area of 21.3m? g~
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Fig.2 The chemical components, mesoporous structure and release behavior of MSN-TA nanocontainers. a FTIR spectra of TA, MSN and
MSN-TA nanocontainers; b N, adsorption-desorption isotherm and pore diameter distribution (inset) of MSN and MSN-TA; ¢ TGA curves of TA,
MSN and MSN-TA nanocontainers; d the UV-Vis spectra and the corresponding standard curves (inset) of TA in 3.5 wt.% NaCl solutions; e the
UV-Vis spectra of TA released from MSN-TA nanocontainers in 3.5 wt.% NaCl solutions after different release time; f the release percentage of
TA from MSN-TA in 3.5 wt.% NaCl solutions. The insets are the TEM images of MSN-TA nanocontainers before and after 600 min of release

(scale bar: 100 nm).

and no obvious nanopores. After removing TA from MSN-TA
nanocontainers by calcination, the N, adsorption of MSN was
significantly enhanced, and its BET surface area enlarged to
3755m? g~ '. These results demonstrated that TA had been
successfully encapsulated into the mesoporous structure of MSN-
TA nanocontainers'".

Thereafter, TGA measurements were conducted to quantify the
loading ratio of TA in the MSN-TA nanocontainers®*. As depicted
in Fig. 2¢, the TGA curve of TA showed a slight decline from 30 °C
to 100 °C, which was caused by water evaporation. A sharp
decomposition of TA was observed from 100 °C to 800 °C with a
prominent weight loss of 87% (WLra), which was applied as the
temperature range to calculate the loading rate of TA. In this
temperature range, the weight loss of MSN (WLysn) and MSN-TA
nanocontainers (WLysnga) Was 3.0% and 19.5%, respectively,
which means that the weight loss caused by TA decomposition in
the MSN-TA nanocontainers was 16.5%. Therefore, the loading
rate of TA in the MSN-TA nanocontainers (n7a) can be calculated
by the following equation:

Nta = (WLMSN—TA — WLMSN) / WLTAX 100% (1)

The nta was estimated to be 19.0%, representing a relatively
high loading efficiency®.

The release behavior of TA from MSN-TA nanocontainers was
investigated using ultraviolet-visible (UV-Vis) spectroscopy mea-
surement. Figure 2d presents the UV-Vis spectra of various
amounts of TA in 3.5 wt% NaCl solution. The characteristic
absorption peak of TA appeared at 274 nm, which was selected to
build the standard UV-Vis curves (shown in the inset of Fig. 2d)
and used as the reference to calculate the amount of TA released
from the MSN-TA nanocontainers?®. Figure 2e depicts the UV-Vis
spectra of TA released from the MSN-TA nanocontainers in 3.5
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wt.% NaCl solution at different time of immersion. It can be seen
that the absorption peak at 274 nm gradually increased, informing
the continuous release of TA molecules. The time-dependent
release of TA from MSN-TA nanocontainers is plotted in Fig. 2f. TA
molecules released rapidly within the first 240 min and then
gradually slowed down, finally reaching ~65% after 600 min of
release experiment. From the TEM images of MSN-TA nanocon-
tainers (shown in the insets of Fig. 2f), a clear mesoporous
structure can be observed after 600 min of release, demonstrating
that a large number of TA molecules were released into the saline
solution.

Corrosion protection property of EP/MSN-TA coatings

EIS was conducted to explore the influence of MSN-TA addition on
the corrosion protection property of coatings. The obtained
coatings containing 2.5 wt.%, 5 wt.%, 7.5 wt.% and 10 wt% of
MSN-TA were denoted as EP/MSN-TA, 5o, EP/MSN-TAsq,, EP/MSN-
TA750,, and EP/MSN-TA;qq, respectively. The Bode impedance
modulus plots for the steels covered by different coatings at the
initial immersion stage (2 days) are illustrated in Fig. 3al. All
coatings presented a capacitive behavior in the high frequency
domain, and a resistive behavior in the low frequency domain.
When the immersion time prolonged to 28 days, the resistive
response of all coatings occupied a wider frequency domain,
indicating a decrease of the barrier property (Fig. 3a2)3¢37.
Generally, the impedance modulus value at 0.01 Hz (|Z|go11,) can
be employed to semi-quantitatively reflect the corrosion protec-
tion ability of coatings®®. As shown in Fig. 3b, the |Z|o11, values of
the blank epoxy, Epoxy/MSN-TA,se, Epoxy/MSN-TAse, Epoxy/
MSN-TA; 59, and Epoxy/MSN-TA;q, coatings were respectively
46x 102 Qcm? 6.0x 102 Qcm? 7.1 x 108 Q cm?, 44 x 108 Q cm?,
and 5.6 x 107 Q cm? after immersion in 3.5 wt.% NaCl solution for
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Fig. 3 EIS measurements for intact coatings containing different amounts of MSN-TA nanocontainers. Bode impedance modulus plots of
intact epoxy coatings containing different amounts of MSN-TA nanocontainers after (a1) 2 days and (a2) 28 days of immersion in 3.5 wt.%
NaCl solution; b the evaluation of |Z|o 011, Values for different coatings; Bode phase angle plots of intact epoxy coatings containing different
amounts of MSN-TA nanocontainers after (c1) 2 days and (c2) 28 days of immersion in 3.5 wt.% NaCl solution; d the evaluation of f,, values for

different coatings (error bars stand for the standard deviations from three independent samples).

2 days. It revealed that the MSN-TA nanocontainers possessed
desirable compatibility with the resin when the addition amount of
MSN-TA was no >7.5 wt.% in the coating. Further increasing the
MSN-TA amount to 10 wt.% caused agglomeration of nanocontai-
ners®’, resulting in the generation of detrimental microdefects and
thus sharply decreased |Z|o 011, Value. After 28 days, the |Z|o 0112
values of all coatings declined to some extent. It is worth noting
that the Epoxy/MSN-TAse, coating possessed the highest |Z|o 014,
value (4.0 x 108 Q cm?) and the minimum loss of |Z|o011, Values
among all the coatings after 28 days of immersion.

Figure 3c1 and c2 display the Bode phase angle plots for the
steels protected by different coatings after 2 days and 28 days of
immersion in 3.5 wt.% NaCl solution, respectively. The phase
angles of the blank epoxy, Epoxy/MSN-TA; 50, Epoxy/MSN-TAsq,
and Epoxy/MSN-TA;sq coatings presented little change within
28 days. A time constant at the low frequency region was
observed for the Epoxy/MSN-TA;qe coating after 28 days of
immersion, indicating that the aggressive species have reached
the steel surface to initiate the corrosion process>®. In addition, the
breakpoint frequency values (f,) at —45° from the phase angle
plots can determine the deterioration degree of coatings. Larger fi,
values usually indicate a higher degree of delamination at the
metal/coating interface and worse protective performance of
coatings®’. The variations of f,, values for different coatings during
28 days of immersion are illustrated in Fig. 3d. It can be seen that
the f,, value of the Epoxy/MSN-TA o, coating was the highest after
2 days of immersion and increased sharply after 28 days,
indicating the continuous deterioration of the corrosion protec-
tion property. In contrast, the elevation of f,, values for the other
four coating samples was much slower during the whole
immersion period, especially for the Epoxy/MSN-TAsq, coating.
Therefore, the Epoxy/MSN-TAs¢, coating with the optimal
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corrosion protection performance was applied to determine the
weathering resistant, corrosion-warning, and self-healing perfor-
mances in the following sections.

Weathering resistance of EP/MSN-TA coatings

Before investigating the weathering resistance performance of EP/
MSN-TA coatings, the radical scavenging activity of MSN-TA
nanocontainers was evaluated via the 1,1-Diphenyl-2-picrylhydra-
zyl (DPPH) radical scavenging assay®®. According to the DPPH
colorimetric assays, the color of DPPH will change from dark
purple to yellow along with the radical scavenging process, and
the UV-Vis absorption spectrum of DPPH at 517 nm will decrease
accordingly®®. The radical scavenging activity was calculated by
the following equation33:

A —A
DPPH radical scavenging (%) = (1 - M) x 100%
0

)

Where Asampie is the absorbance intensity of DPPH solution mixed
with the sample solutions containing TA, MSN, or MSN-TA
nanocontainers at different concentrations; Acontroi and Ag are
the absorbance intensities of the sample solution and DPPH
solution mixed with the same volume of DI water, respectively.
Figure 4a shows the DPPH radical scavenging activity of MSN-
TA nanocontainers at different concentrations, using TA molecules
and MSN as the control samples. TA molecules showed a
significant radical scavenging activity within 30 min of reaction,
reaching ~85.9% when the TA concentration was only 4 ppm.
Benefiting from the efficient loading of TA in the MSN-TA
nanocontainers, MSN-TA also illustrated apparent DPPH radical
scavenging activity, which was ~86.1% when the MSN-TA
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Fig. 4 The DPPH radical scavenging capability of MSN-TA nanocontainers. a The DPPH radical scavenging activity of MSN, MSN-TA and TA
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concentration was 10 ppm. In contrast, for the MSN nanocontai-
ners, no radical scavenging activity was shown due to the
complete removal of inside TA molecules. Figure 4b shows the
digital images of DPPH when reacting with different concentra-
tions of MSN-TA and TA. The color of the mixtures containing
MSN-TA nanocontainers and TA molecules turned from dark
purple to light purple and finally to yellow color with the
increasing of additive concentrations, implying a favorable radical
scavenging capability of both MSN-TA and TA.

After determining the radical scavenging capability of MSN-TA
nanocontainers, accelerated weathering experiments were con-
ducted to evaluate the weathering resistance of EP/MSN-TAsq,
coating, using the blank epoxy and EP/MSNs, coating (the
composite coating containing 5 wt.% MSN without TA) as the
control samples. Figure 5a shows the macroscopic images of
different coatings before and after accelerated weathering
exposure. It can be seen that all the coatings showed a smooth
and clean surface morphology before the weathering test.
Compared with the blank epoxy and the EP/MSNsq, coating, the
pristine EP/MSN-TAsq, coating illustrated a slight yellowish color as
a result of the natural color of TA. With weathering time, some
visible white weathering products with hydrophilic and low-
molecular chains appeared on the blank epoxy and the EP/MSNsq,
coating*®. Moreover, the color of the blank epoxy coating changed
into yellow, which can be attributed to the generation of
chromophoric groups caused by the degradation of epoxy
polymer*'. In contrast, the EP/MSN-TAsy, coating exhibited little
variation not only in surface morphology but also in coating color
appearance.

The typical microscopic morphology and surface roughness (S,)
of different coating surfaces after weathering test were evaluated
by confocal laser scanning microscopy (CLSM) analysis*?. As
shown in Fig. 5b1, a rough surface with uniformly distributed
bulge was observed on the blank epoxy coating and the S, value
was 0.449 pum, which can be attributed to the generation of
weathering products and microscale defects during the degrada-
tion of epoxy matrix. As for the EP/MSNse, coating in Fig. 5b2, the
weathering products were generated in localized region, and the
Sa value (0.329 pm) was a bit lower than that of the blank epoxy. In
comparison, the EP/MSN-TAsy, coating retained a relatively
smooth surface free of weathering products, and the S, value
was as low as 0.032 um. Moreover, FTIR measurements were
performed to study the variation of molecular conformations of
different coatings during weathering tests. As illustrated in
Fig. 5c1-c3, the difference between the FTIR spectra of the blank
epoxy coating, EP/MSNse, coating and EP/MSN-TAs, coating was
negligible before the weathering test. After 384 h of accelerated
weathering, the characteristic FTIR peaks of the C-H absorption
bands ranging from 2820 to 3010 cm~' decreased for all coatings,
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indicating that the coatings experienced degradation to some
degree®. In addition, a FTIR peak at 1728 cm~' appeared on all
coating samples, which was mainly attributed to the C=0 group
that derived from the oxidation of C-H group in the coating
matrix**. Among these coatings, the EP/MSN-TAsy coating
presented the slightest decline in the peak intensity of C-H bands
and the smallest area of the C=0 band, implying that the EP/
MSNsq, coating possessed the highest stability with the least
degradation during the weathering test.

The increase of surface roughness and the generation of polar
groups can directly influence the surface properties of coatings
such as wettability and specular gloss*. Water contact angle (WCA)
tests were carried out before and after 192h and 384h of
weathering tests to characterize the evolution of surface wetting
property for different coatings. The variation of WCA values and
the corresponding images are presented in Fig. 5d, e. Before the
weathering test, the blank epoxy, EP/MSNs,, and the EP/MSN-TAsq,
coatings all had average WCA values of 67°, indicating that the
addition of nanocantainers had negligible influence on the surface
wetting properties of coatings. After weathering tests, the WCA
values of all coatings declined gradually, which can be attributed
to the generation of hydrophilic groups and the increased surface
roughness of the coatings. The WCA values of the blank epoxy
coating and the EP/MSNsq, coating decreased separately to 36°
and 46° after 384 h of weathering exposure, while the EP/MSN-
TAsq, coating showed the lowest reduction of WCA value (from 67°
to 59°), exhibiting a significant weathering resistance. Figure 5f
depicts the gloss changes of different coatings during the
weathering test. The pristine gloss value of the blank epoxy was
98.8 GU, which decreased significantly to 86.3 GU and 67.2 GU
after 192 h and 384 h of weathering exposure, respectively. The
gloss decline trend of the EP/MSNsq, coating was slightly eased,
which could be attributed to the UV light absorbing and scattering
ability of MSN“, It is worth noticing that the EP/MSN-TAs,, coating
displayed a much smaller gloss loss, and its gloss value was
retained at 87.2 GU after 384 h of weathering exposure. The
minimal gloss loss can be ascribed to the dual functions of MSN-
TA nanocontainers, with both radical scavenging ability of TA
molecules as well as the UV light absorbing and scattering ability
of MSN.

The protection property of different coatings after 384 h of
weathering test was further evaluated by EIS and pull-off measure-
ments. Figure 6a displays the Bode plots of different coatings after
immersion in 3.5 wt.% NaCl solution for 48 h. The |Z| o014, Values of
the blank epoxy, the EP/MSNso, and the EP/MSN-TAq, coatings were
32x10°Q cm? 1.5 x 107 Q cm? and 9.7 X 107 Q cm?, respectively.
The f,, values of the blank epoxy coating, the EP/MSNsq, coating and
the EP/MSN-TAsq, coating were 235 Hz, 31 Hz, and 8 Hz, respectively.
The highest |Z | 9011, and the smallest f,, suggest the best corrosion
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(scale bar: 1 mm).

protection performance of the EP/MSN-TAsq, coating after weath-
ering exposure. Besides, Fig. 6b1-b3 present the optical pictures of
the steel surfaces underneath different coatings after 48h of
immersion in 3.5 wt.% NaCl solution. Some corrosion products were
found underneath the blank epoxy coating and the EP/MSNsq,
coating, which can be attributed to the micro-defects generated
during the weathering test that accelerated the permeation of
corrosive media. In contrast, there was no corrosion product on the
steel substrate underneath the EP/MSN-TAsq, coating. This can be
attributed to two aspects: (1) the radical scavenging ability of TA
from MSN-TA nanocontainers can effectively alleviate the degrada-
tion of epoxy network during the weathering test; (2) the uniform
dispersion of MSN-TA nanocontainers generates a labyrinth effect
and forms more tortuous pathways in the coating that inhibit the
ingress of corrosive media®.

The adhesion strengths of coatings before and after weathering
exposure were measured using pull-off measurements. As shown
in Fig. 6¢, all the coatings showed similar values of the initial
adhesion strength (~8.3 MPa), suggesting that the addition of
MSN or MSN-TA nanocontainers did not have a negative effect on
the adhesion strength of the epoxy matrix. After 384h of
weathering test, the average adhesion strength values of the
blank epoxy, the EP/MSNsq, and the EP/MSN-TAsq, coatings were
4.5, 5.2, and 7.3 MPa, respectively. The adhesion strength of EP/
MSN-TAsq, displayed the least reduction, demonstrating that the
degradation of epoxy matrix was effectively alleviated®’.
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Corrosion-warning property of EP/MSN-TA coatings

The coloration response of MSN-TA nanocontainers to Fe3* ions
was investigated before assessing the corrosion-warning property
of EP/MSN-TA coatings. Figure 7a shows the UV-Vis spectra of the
mixture solution consisting of 0.2 mg mL~" MSN-TA dispersion and
different concentrations of Fe3* ions. After adding Fe>* ions into
the MSN-TA dispersion, an obvious absorption peak appeared at
570 nm and the absorption intensity elevated with the increase of
Fe*" concentration, indicating the formation of TA/Fe>* complex?®.
The corresponding optical images of the MSN-TA dispersion as well
as its mixtures with Fe3* ions are displayed in Fig. 7b. The pristine
MSN-TA dispersion and its mixture with deionized (DI) water
without Fe3* ions were almost colorless. After adding 2 mL of 1 x
10~*mol L~ Fe*" aqueous solution into the MSN-TA dispersion,
the color of the mixture changed into a light black, which
originated from the chelation effect of TA/Fe** complex. The black
color of the mixture became darker when the concentrations of
Fe*" increased from 2 x 107* to 8 x 10 *molL~". Due to the
prominent black coloration generated from the interaction
between TA molecules and Fe3* ions, MSN-TA can serve as a
sensitive corrosion indicator providing an early warning of the
presence of Fe3* ions during the corrosion initiation on the steel
surface.

Thereafter, artificial scratches were made into the blank epoxy
and EP/MSN-TAso, coating, and the coatings were exposed to a
neutral salt spray environment for 5h. The corrosion-warning
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Fig. 8 The self-healing performance of EP/MSN-TAs., coating. Bode plots of (a1-a2) the scratched blank epoxy coating and (b1-b2) the
scratched EP/MSN-TAs, coating during immersion in 3.5 wt.% NaCl solution; the variation of |Z|o 014, Of (c1) the scratched blank epoxy coating
and (c2) the scratched EP/MSN-TAsq, coating; SEM images and EDS mapping of the scratches after peeling (d1) the blank epoxy and (d2) the
EP/MSN-TAsq, coating from the Q235 steel substrates (scale bar: 40 pm); the surface compositions of the Q235 steel substrates at the scratch
areas after peeling (e1) the blank epoxy and (e2) the EP/MSN-TAsy, coating (error bars stand for the standard deviations from three

independent samples).

performance was monitored by recording the color variation
along the coating scratches using a digital camera. As shown in
Fig. 7c, there was almost no color change near the scratch of the
blank epoxy during the whole salt spray test. In contrast, a few
scattered black points were observed along the scratch of EP/
MSN-TAsq, coating within 1h, and the black coloration was
intensified with the salt spray exposure time. After 5 h of spraying,
an evident black line was generated along the scratch of the
composite coating. Therefore, the EP/MSN-TAsq, coating can
effectively enable an early corrosion activity warning for the
exposed steel surface at a damaged coating area, which is of great
significance for timely coating maintenance and structural safety
management for industrial applications.
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Self-healing property of EP/MSN-TA coatings

The strong chelation effect between TA and Fe3* ions also made it
promising for steel corrosion protection by forming a ferric
tannate inhibition layer on the steel surface. The corrosion
inhibition effect of MSN-TA nanocontainers for carbon steel was
demonstrated and discussed in the Supplementary Information.
Subsequently, the self-healing process of the scratched EP/MSN-
TAsy, coating was investigated by EIS measurement, using the
blank epoxy coating as the control sample. Figure 8a, b display the
Bode plots of different coatings during immersion in 3.5 wt.% NaCl
solution for 28 days. The phase angle at high frequency (~10° Hz)
can reflect the capacitance behavior of coatings*®*°. The EP/MSN-
TAsq, coating showed much higher phase angle values at the high

Published in partnership with CSCP and USTB



@ Fe?*ion @ Fe®*ion Cl- ion
Tannic acid (TA) 0, H,0
©
: TA-Fe* complex e radical

& Corrosion-warning

Coloratio,

. ;
. ¥ e%"

@ Weathering resistant

J. Wang et al.

npj

Simulated weathering condition

s UViight ) 4 Rain
W [ - -

@ Self-healing

P Lo
®rric tannate layer®

Fig. 9 The schematic illustration of the weathering resistant, corrosion-warning and self-healing functions for the EP/MSN-TA coating.

frequency region than the blank epoxy coating, indicating
effective suppression of corrosion activity. In addition, the EP/
MSN-TAsq, coating showed an obvious increase of the high-
frequency phase angles with immersion time, which demon-
strated its significant self-healing effect. From the impedance
modulus plots, the |Z|o 011, Of the scratched blank epoxy coating
was 3.5 x 10* Q cm? at the initial immersion stage (1 day) and
decreased gradually to 1.0 x 10* Q cm? after 28 days. In contrast,
the scratched EP/MSN-TAso, coating possessed a relatively high |
Z|o.o11z value of 1.0 x 106 Q cm? within 1 day of immersion, and
increased slightly to 1.3 x 10° Q-cm? after 28 days. The |Z|o01hz
values of the EP/MSN-TAsq, coating were two orders of magnitude
higher than those of the blank sample during the whole
immersion period (see Fig. 8c1 and c2), indicating a substantial
self-healing performance of the composite coating.

The surface morphology and elemental composition of the steel
substrates at coating damage areas after 28 days of immersion
were characterized by SEM and EDS observations. For the
substrate covered by the blank epoxy coating (Fig. 8d1), massive
corrosion products were generated at the scratch area and
resulted in the external expansion. In contrast, the EP/MSN-TAsq,
coating protected steel displayed few corrosion product near the
scratch area (Fig. 8d2). The EDS mapping result of the blank epoxy
coated steel surface presented relatively weak Fe element signals
and intense O element signals, implying the generation of a
significant amount of corrosion products due to the intense
corrosion activity at the coating defect area. The EDS mapping of
the EP/MSN-TAsy, coating showed increased Fe signals and
decreased O signals, which indicated that the generation of
corrosion products was effectively inhibited. In addition, the EP/
MSN-TAsq, coating protected steel showed lower ClI levels
compared with those for the blank epoxy coating protected steel,
indicating that the interaction between chloride ions and metal
substrate has been restricted thanks to the surface inhibitive
layer®®. The SEM and EDS mapping results are well aligned with
the EIS results, manifesting the effective self-healing performance
of the EP/MSN-TAs,, coating.

Mechanism of weathering resistant, corrosion-warning and
self-healing functions for EP/MSN-TA coating

Figure 9 describes the weathering resistant, corrosion-warning
and self-healing functions for the EP/MSN-TA coating. On the one
hand, the introduction of MSN-TA nanocontainers can trap the
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radicals generated during weathering conditions and scavenge
the radicals by donating the hydrogen atoms of o-phenylphenol
groups from TA?2, which effectively improves the weathering
resistance of the epoxy resin. On the other hand, when the
coating is damaged, the TA molecules released from the scratched
coating will react with the Fe3* ions generated from the corroding
steel surface, forming an apparent black chelate product to
provide early corrosion warning ability on the corrosion initiation.
Simultaneously, the TA/Fe3* chelate formed over the steel surface
can serve as a protective layer to suppress extensive corrosion
propagation. Therefore, the introduction of MSN-TA nanocontai-
ners can not only enhance the weathering resistance of epoxy
resin, but also endow the coating with timely corrosion-warning
and effective self-healing functionalities.

METHODS

Materials

TA (ACS, 98%) was purchased from Alfa Aesar Chemical Co., Ltd.
Bisphenol A diglycidyl ether (DGEBA, GC, =85%), TEOS (AR, 99%),
neopentyl glycol diglycidyl ether (NGDE, GC, >40%), FeCl3-6H,0
(AR, 99%), and Jeffamine D230 (average Mn ~230) were purchased
from Aladdin Chemical Co., Ltd. Concentrated ammonium
hydroxide (NH4OH, ACS, 28%), sodium hydroxide (NaOH, AR,
97%), and DPPH (96%) were purchased from Shanghai Macklin
Biochemical Co., Ltd. Other reagents and solvents were obtained
from Sinopharm Chemical Reagent.

Preparation of MSN-TA nanocontainers

The MSN-TA nanocontainers were prepared by an one-pot
method®'. Typically, 1.1g TA was thoroughly dissolved in
100 mL ethanol under stirring at 500 r min—', followed by adding
50 mL NH,4OH. After 1 min of stirring, 0.6 mL TEOS was added into
the mixture and stirred for additional 2 h. The MSN-TA nanocon-
tainers were obtained through centrifugation at 10,000 r min~" for
10 min, washed with DI water twice, and finally freeze-dried for
24 h. For the control experiment, the MSN sample was obtained by
calcining the MSN-TA nanocontainers at 500 °C for 4h to
completely remove the inside TA molecules.
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Preparation of composite coatings

Q235 carbon steel was used as the metal substrate, which was
ground with 150 and 240 grit SiC abrasive papers, and then
washed thoroughly with ethanol before use. The epoxy coating
formulation consisted of two aspects: epoxy resin component and
curing agent. Firstly, 1.43g DGEBA and 0.91g NGDE were
thoroughly mixed as the epoxy resin component, followed by
the addition of different weight percentages of the MSN-TA
nanocontainers relative to the total weight of polymer matrix (2.5
wt.%, 5 wt.%, 7.5 wt.%, and 10 wt.%). The mixtures were stirred at
500 r min~' for 4h to ensure a uniform dispersion of MSN-TA
nanocontainers. After that, 0.97 g Jeffamine D230 was added and
stirred for an additional 10 min. Thereafter, the obtained mixture
was spread over the metal surface using a rod applicator and
cured at room temperature for 12 h and then at 55 °C for 24 h''.
For the control experiment, the blank epoxy coating without fillers
and the composite coating containing 5 wt.% MSN without TA
(EP/MSNsq,) were similarly prepared. The dry coating thickness for
all samples was ~80 pum.

Characterization of MSN-TA nanocontainers

The structure of the MSN-TA nanocontainers was characterized by
SEM (G300, ZEISS) and TEM (JEM-2100F, JEOL) equipped with EDS.
The chemical components of TA, MSN and MSN-TA nanocontai-
ners were characterized by FTIR (VERTEX 70, Bruker). BET
(AUTOSORB 1Q, Quantachrome) technique was applied to
determine the specific surface area and pore size distribution of
MSN-TA nanocontainers based on the nitrogen adsorption-
desorption isotherms. To calculate the loading ratio of TA in the
MSN-TA nanocontainers, TGA (STA449F5, Netzsch) was conducted
during heating from 30 °C to 800 °C under nitrogen atmosphere
protection.

The release behavior of TA from MSN-TA in NaCl solution was
characterized using a UV-Vis spectrometer (LAMBDA 750, Perki-
nElmer)'". To begin with, 5 mg MSN-TA was dispersed into 2 mL of
3.5 wt.% NaCl solution and stored in a dialysis bag (MW = 1000),
which was then immersed into a beaker containing 48 mL of 3.5
wt.% NaCl solution under stirring at 400 r min—". After preset time
intervals, 3mL of solution in the beaker was collected and
measured using UV-Vis spectroscopy from 200 to 600 nm. After
each test, the collected solution was poured back into the beaker
and the release test started again. The released amount of TA was
calculated based on the obtained UV-Vis spectra and the
corresponding standard UV-Vis curves of TA in 3.5 wt.% NaCl
solution.

Radical scavenging capacity of MSN-TA nanocontainers

The radical scavenging performance of MSN-TA nanocontainers
was assessed by the DPPH radical scavenging activity test383°,
using TA and MSN as control samples. Typically, 2 mL of sample
solutions at different concentrations (0 2, 4, 6, 8, 10, and 25 ppm)
were mixed with 2 mL of DPPH solution (0.04 mg mL™") in ethanol,
and then kept in the dark at 25 °C for 30 min. The UV-Vis intensity
of the mixture at 517 nm was measured under dim light.

Chelation effect between MSN-TA nanocontainers and Fe3*
ions

UV-Vis spectroscopy was used to study the interaction between
MSN-TA nanocontainers and Fe3* ions?®®. To begin with,
0.2 mg mL~" MSN-TA dispersion and the Fe** containing aqueous
solutions with different concentrations of 1 x 1074, 2 x 1074, 4 x
1074, 6 x 1074 and 8 x 10~*molL~" were pre-prepared. Then
2mL of the MSN-TA dispersion was mixed with 2 mL of the Fe3*
aqueous solutions at different concentrations, and the UV-Vis
absorption spectra were measured from 200-800 nm. The optical
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images of different mixture solutions were recorded by a digital
camera.

Corrosion resistance of the EP/MSN-TA coatings

To evaluate the corrosion resistance property of EP/MSN-TA
coatings, the EIS curves of different intact coatings immersed in
3.5 wt.% NaCl solution within 28 days were measured using an
electrochemical workstation (PARSTAT 2273, AMETEK). A three-
electrode cell was employed, with a platinum sheet as the counter
electrode, a saturated calomel electrode (SCE) as the reference
electrode, and the coating sample with an exposure area of 1 cm?
as the working electrode. EIS data were collected over a 10° Hz to
10~2 Hz frequency range under a perturbation voltage of 20 mV,
and were fitted using the ZSimpwin software®",

Weathering resistance of the EP/MSN-TA coatings

The weathering experiment was conducted using an accelerated
weathering tester (SUN-II, Shanghai Yiheng Instrument Co., Ltd.).
Different coatings were exposed to the UV radiation cycles
(300-400 nm, 65 W m~2) for 2 h (102 min of irradiation, 18 min of
irradiation + simulated spray water), followed by 2h of dark
storage®'. The coating samples were removed from the test cabin
for surface characterizations after 192 h and 384 h of accelerated
weathering.

The macroscopic morphology evolution of coatings was
recorded by a digital camera. The microscopic morphology and
roughness of coating surfaces were characterized by CLSM (VK-X,
Keyence). FTIR spectra of different coating surfaces before and
after 384 h of weathering experiment were tested to evaluate the
variation of molecular conformations. The WCAs of different
coating surfaces were characterized by the contact angle
measurement device (Dataphysics OCA20) with 5pL water
droplets. Gloss measurements were carried out to evaluate the
60° gloss of different coatings according to the GB/T
9574-2007 standard using a WGG60-Y4 glossmeter (KSJ Photo-
electrical Instruments Co., Ltd). EIS measurements were conducted
on different coatings after 384 h of weathering experiment to
assess their weathering resistance property. The corrosion state of
metal substrates was observed by CLSM when adjusting observa-
tion level to the metal/coating interface. Furthermore, pull-off
adhesion test was conducted to evaluate the variation of adhesion
strengths of different coatings during 384 h of weathering test.
Ergo glue 1690 was applied to glue the aluminum dolly (10 mm in
diameter) onto different coating surfaces. The dolly was pulled off
by an adhesion tester (PosiTest AT-M) until the coating was
detached from the substrate. Each test was performed three times
to verify reproducibility and consistency, and to allow statistical
analysis of the results.

Corrosion-warning performance of EP/MSN-TA coatings

To demonstrate the corrosion-warning behavior of EP/MSN-TA
coatings, through-coating artificial scratches were applied to
mimic representative coating damages. The scratches were
penetrated through the coating to reach the metal substrate. Salt
spray test was carried out on the scratched coatings at 25 °C with
a 5 wt% NaCl solution environment. The color evolution of
different coating surfaces was monitored and recorded by a digital
camera.

Self-healing performance of EP/MSN-TA coatings

The corrosion inhibition effect of MSN-TA nanocontainers was
assessed before evaluating the self-healing performance of
coatings. The abraded steel plates were immersed into 3.5 wt.%
NaCl solutions in the absence and presence of 2.0 mgmL~" MSN-
TA nanocontainers within 72 h. EIS measurements were carried
out to characterize the corrosion inhibition performance of MSN-
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TA nanocontainers. After immersion for 72h, the surface
morphology and roughness of steel surfaces were analyzed by
CLSM. For analysis of the self-healing performance of EP/MSN-TA
coatings, an artificial through-thickness scratch with ~80 pum in
width and ~5 mm in length was made in different coatings using a
razor blade, followed by immersing in 3.5 wt.% NaCl solution and
carrying out the EIS measurement. All EIS measurements were
repeated three times to ensure repeatability. SEM observation and
EDS mapping were implemented to reflect the corrosion behavior
of steel substrates in coating defect areas.
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