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High-performance coatings with advanced functions such as long afterglow luminescence and self-
healing have attracted great interest around the world, but the integration of these desirable multiple
functions into a single composite system still remains a great challenge. Herein, an intelligent coating
based on epoxidized soybean oil and modified long afterglow powders is presented for a self-healing
intelligent coating. By constructing a dynamic hydrogen bonding network between natural polyphenols
and epoxidized soybean oil, the obtained composites show desirable adhesive performances and self-
healing ability: the shear strength of the obtained coating is able to reach 313.96 kPa while the self-
healing efficiency was about 81.29% after a damage—healing process. Moreover, the introduction of SiO5,-
modified SrALO4:Eu?*,Dy*" powders endows the intelligent coating with long afterglow ability, which
greatly benefits the visualized monitoring of small cracks. Meanwhile, the obtained bio-sourced compo-
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sites could be degraded under anaerobic composting conditions within 5 days, and after degradation the
long afterglow powders could be separated and recycled with almost consistent performance (lumines-
cent intensity remains 95.19%) in contrast to the original powders. This study offers valuable examples

rsc.li/polymers and new insights for the high-value utilization of bio-based materials.
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Introduction

A coating on the surface of metal and polymer materials is a
key method to effectively protect the material from corrosion
and damage.”” When the coating layer is in excellent con-
dition, it offers excellent physical shielding against a corrosive
medium, protecting the substrate from corrosion and
damage.>™ Most existing synthetic coatings are formulated
with petrochemical resins, but their weak adhesion to metals
and polymer material, inevitable interfacial debonding and
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micro-crack propagation significantly affect their shielding
protection ability, as the development of electrochemical cor-
rosion and microscopic damage may cause an overall process
of domino-like corrosion damage.®® In addition, petroleum-
based coatings, due to their non-biodegradable nature, may
lead to further microplastic pollution after being
damaged.’®"® Therefore, high-performance, advanced-func-
tionality and environmentally-friendly matrices are one of the
most important development trends in next-generation coat-
ings, and as a result high-adhesion, self-healing and bio-
degradable smart coatings have attracted extensive attention
from researchers worldwide."*">

Bio-based and bio-degradable materials are gradually
becoming another new leading industry driving scientific and
technological innovation and economic development in the
contemporary world due to their green, environmentally
friendly, and low-carbon characteristics."®'” An elaborate
multi-scale structural design to endow bio-based materials
with the desired comprehensive performance which can match
or even exceed that of petroleum-based coatings is a highly
attractive topic, but it remains a formidable challenge.'*"%"°
For example, Yang et al. isolated water-insoluble lignin from
biomass and obtained a simple bio-based wood adhesive.
Through the self-cross-linking of lignin during the hot-press-
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ing process, a high-performance wood adhesive was achieved
after 100 °C for 2 min, and the adhesive strength could reach
the Chinese National Standard GB/T 9846-2015.*° Sun et al.
prepared a novel bio-based supramolecular adhesive based on
castor oil, melevodopa and Fe*' ions. Owing to the strong
coordination interaction between melevodopa-functionalized
castor oil and Fe*" ions, as well as the catechol units of melevo-
dopa, the obtained adhesives achieved adhesion strengths of
14.6 MPa at room temperature and 9.5 MPa at —196 °C, which
is the highest value reported for bio-based adhesives and
supramolecular adhesives.>® Among widely used bio-sourced
polymer materials, epoxy soybean oil is an ideal candidate for
the development of commercially viable environmentally
friendly bio-based coatings because of its characteristics of
inexpensiveness and readily availability.”*>* However, the low
cohesion energy and weak reactivity of non-polar epoxy
soybean oil have always led to unsatisfactory adhesion and
mechanical properties. Until now, how to design environmen-
tally friendly cross-linking systems for high-performance epoxy
soybean oil-based coating applications is still a crucial
research direction.”*?*

Optical signals account for 70% of the information received
by humans, so the construction of luminous behaviour offers
new opportunities for intelligent applications of organic coat-
ings.”® Long afterglow materials, which are able to store the
acquired light energy and release it in the form of light con-
tinuously and slowly after removing the external light source,
have attracted increasing attention for advanced applications
in emergency lighting, traffic signs, interior decoration,
display, anti-forgery and other fields.”’>° For example, Liu
et al. designed a novel near-infrared-persistent luminescence
material (Sr,Ba)(Ga,In);,0,4:Cr** with efficient ultraviolet
(UV)-red light charging capacity. After mixing with acrylic acid
the obtained afterglow coating could be applied to metal for
infrared tagging, for which the image can last more than
12 hours in the dark.>® Zhou et al. prepared hour-scale ultra-
long afterglow polymer films by a molecular doping strategy.
The afterglow of transparent and flexible polymer films can
last for 11 h in air at room temperature and can be used for
efficient flexible display, including information writing and
erasure.’ As a typical afterglow material, SrAl,0,:Eu”**,Dy**
possesses advantages including long and strong visible after-
glow, which is able to endow the composite coatings with
battery-free illumination during the night and is expected to
increase the added value of the coatings.”® However, the widely
used SrAl,O.:Eu®",Dy** powder undergoes hydrolysis in
contact with water, which may lead to serious degradation of
the polymer matrix and limit its application.??

As mentioned above, the propagation of micro-cracks and
the infiltration of small molecules (like water, oxygen, and
ions) can accelerate metal corrosion through the electro-
chemical process, so early warning and spontaneous repair of
micro-cracks are of crucial significance.’*> By introducing
modified long afterglow SrAl,0,:Eu®",Dy** powder, the lumine-
scence intensity and distribution of the obtained coatings will
change under stress and defect conditions, which is expected

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

to be applied to the non-contact and dynamically visualized
monitoring of stress concentration and small cracks, and a
warning technique can be achieved through the development
of new analysis and identification technologies.’*® In
addition, the design with multiple hydrogen bonds endows
the coating with self-healing ability to repair small cracks,
which could be able to significantly delay the corrosion
process of metals and damage problems of polymer materials,
providing a feasible strategy for the realization of green and
long-life intelligent coatings.”

Herein, this paper presents an environmentally friendly,
recyclable, long afterglow smart coating using natural bio-
based materials and long afterglow materials for self-healing
intelligent coatings. Epoxidized soybean oil (Soy) was first
cured with malic acid (Mal) and tannic acid (Ta), and the
obtained Soy-Mal-Ta (SMT) bio-sourced polymer with a large
number of hydrogen bonds and polyphenol hydroxyl groups
for the metal-polyphenol network (MPN) endows the coating
with strong adhesion, and the ability to repair small cracks
after damage. By incorporating SrAl,O4uEu®",Dy*" powder
modified with a silane coupling agent containing epoxy
groups, the long afterglow powders were composited with the
bio-sourced matrix through strong covalent-noncovalent inter-
facial cross-linking, which greatly benefits the achievement of
a visualized warning system for capturing the crack situation.
Furthermore, the bio-sourced matrix could be bio-degraded in
the soil while the modified powders could be reused through a
simple density sorting process, which better conforms to the
trend of a low-carbon future. This strategy is designed to meet
the demand for advanced functional coatings with high
adhesion, flexibility and damage warning functions for the
prevention of steel cracking, which offers important examples
and ideas for the high-value utilization of bio-based materials.

Experimental
Materials

Tannic acid (>96.0%) was purchased from Jiangsu Aikang
Biomedical R&D Co., Ltd (China). Malic acid (98.0%) was pur-
chased from Shanghai Boka Chemical Technology Co., Ltd
(China). Epoxy soybean oil (ESO, 95.0%) was purchased from
Guangzhou Suixin Chemical Co., Ltd (China). SrAl,O4:Eu®",
Dy** powder was purchased from Chuangrong Chemical
Technology Co., Ltd (China). Anhydrous ethanol (AR, >99.7%)
was purchased from Shanghai Titan Technology Co., Ltd
(China). Hydrochloric acid (HCl, AR) and sodium chloride
(NaCl, AR, >99.5%) were purchased from Xilong Science Co.,
Ltd (China). 3-(Glycidoxypropyl)triethoxysilane (GC, >96.0%)
was purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd (China). Urea (AR, 99.0%), tetraethyl
orthosilicate (TEOS, GC, 99.0%) and ammonium bicarbonate
(AR) were purchased from Shanghai Yien Chemical
Technology Co., Ltd (China). All the reagents were used as
received without further purification. The water used in all
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experiments was deionized and ultrafiltered to 18.2 MQ-cm
with an Ulupure ultrapure water system (China).

Preparation of modified SrAl,0,:Eu**,Dy*" powder

First, 0.40 mL of TEOS was dissolved in a 200 mL mixture of
distilled water and ethanol (volume ratio 1:1). Then a suitable
amount of hydrochloric acid was added to adjust the pH value
to 1, and it was kept under these conditions for 30 min until
the solution was clarified and transparent. Then, ammonium
bicarbonate was added to set the pH value to 6. After stirring
for 5 min and increasing the temperature to 65 °C, 15 g of
urea and 15 g of SrAl,O4:Eu**,Dy’" powder were added to the
solution; the continuous addition of urea brought the pH to
about 10 and it was kept under stirring for 2 h. After that, the
suspension was kept at room temperature for 1 h; then the
powder was separated by filtration and washed with deionized
water. Finally, the obtained SiO,-modified powder was dried in
an oven at 90 °C for 2 h. A mixture of dried modified SiO,
powder and  3-(glycidoxypropyl)triethoxysilane  solution
(volume ratio 1:0.2) was added to 100 mL of distilled water.
After stirring for 10 min and increasing the temperature to
65 °C, it was kept under stirring for 2 h. Then the powder was
separated by filtration and washed with deionized water.
Finally, the powder was dried in an oven at 90 °C for 2 h.

Preparation of modified SrAl,0,:Eu**,Dy*" SMT coatings

One gram of epoxy soybean oil was added to a round-bottomed
flask and heated to 70 °C in an oil bath. After sufficiently
heating to decrease viscosity, 1 mL of a 0.5 ¢ mL™" tannic acid/
ethyl alcohol solution was added to the epoxy soybean oil and
mixed for about 5 min. Next, 0.4 g of malic acid was slowly
added to the solution until completely dissolved. The reactants
were heated overnight, removed from the oil bath and cooled
to room temperature. The reactant was poured into a disposa-
ble Petri dish, the modified SrAl,O,:Eu**,Dy*" was added, and
the SMT coating was obtained by mixing it evenly with glass
rods.

Lap shear tests

Lap shear tests were conducted on SMT-coating-adhered sub-
strates using a WDW-1 microcomputer-controlled electronic
universal testing machine from Jinan East Testing Machine
Co., Ltd, China, with a testing speed of 500 mm min~' and a
substrate overlap area of 12.0 x 20.0 mm?®. Lap shear strength
(or adhesive strength) is defined as the maximum debonding
force obtained through lap shear tests divided by the overlap-
ping area of adhesive.

Electrochemical impedance spectroscopy (EIS) tests

The anticorrosion performance of the SMT-coated steel was
studied in 3.0 wt% NacCl solution through EIS analysis using
an electrochemical station (CHI660E, Shanghai Chenhua). The
frequency ranges were 10° to 107" Hz. The EIS measurements
were performed on 3 ¢cm” sections of pure uncoated carbon
steel samples and carbon steel samples coated with SMT coat-
ings in a three-electrode cell including a saturated calomel
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electrode (SCE) as reference electrode, a platinum rod as
counter electrode, and a coated/steel sample as a working
electrode.

SMT coating degradation and SrAl,O,:Eu**,Dy** powder
recycle test

Paint degradation experiments were performed at room temp-
erature. The above coating (2 g) was buried under wet bamboo
powder for about 2 cm. The degradation of the coating was
observed by removing the bamboo powder every other day, and
the degraded coating was irradiated with a UV torch (365 nm,
8 W), and the images were captured and saved by a camera.
After the coating was completely degraded, the mixture of
powder and bamboo powder was removed and added to
250 mL of deionized water, followed by the addition of an
appropriate amount of cellulase. After continuous stirring for
5 min, the temperature was increased to 65 °C and stirred con-
tinuously stirring for 3 to 5 h. The powder was filtered, separ-
ated and then dried in an oven at 80 °C.

SMT coating self-healing process

The process of crack self-healing was observed with an electron
optical microscope (Lingling Star 4800-B Guangzhou Xinlun
Technology Co., Ltd). The coating was evenly coated on the
steel sheet, scratches were generated on the surface of the
coating using a surgical blade (to simulate the generation of
cracks), and the SMT coating was placed under an electron
microscope, images were captured by a CCD camera, and
video was recorded.

Ultraviolet (UV) resistance test of SMT coatings

An ultraviolet (UV) dark box (length, width and height: 265,
185, 95 mm) was made of an iron box and a UV lamp (6 W).
The sample was placed in the middle of the box and a UV
lamp was placed (5 cm) directly above it. The effective
irradiation area was 117.75 x 10~ m?, when the irradiation
intensity of the UV lamp was 509.55 W m™>. The cumulative
exposure times were 36 h, 72 h, 108 h, 144 h, and 180 h,
respectively, for the UV-36 h, UV-72 h, UV-108 h, UV-144 h, and
UV-180 h SMT coatings. By measuring the surface temperature
of the sample (28 °C) (Fig. S17), the temperature was found to
increase only slightly.

Scanning electron microscopy (SEM)

The microscopic morphology of the experimental samples was
observed with a JSM-6710F SEM (Hitachi, Japan) at an acceler-
ating voltage of 10 kV. Prior to SEM observation, the samples
were sprayed with gold (10 mA, 50 s).

Fourier transform infrared (FTIR) spectroscopy

FTIR analysis was undertaken with an FTIR spectrometer
(model Frontier Dual Ranger, PerkinElmer, Waltham, MA,
USA) in attenuated total reflectance (ATR) mode from 400 to
4000 cm™" at room temperature, at 4 cm™ "' resolution with 32
scans. FTIR data was then normalized and analysed using
OriginPro 2021.

This journal is © The Royal Society of Chemistry 2024
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Laser confocal microscopy Raman spectroscopy

Laser confocal microscopy Raman spectroscopy (HORIBA, HR
Evolution, France) with a 532 nm laser line was performed to
characterize the spatial distribution of the different
components.

Afterglow attenuation test

The time-resolved contour photoluminescence (PL) maps of
SMT coatings were collected on an FLS-1000 spectrofluorom-
eter (Britain, Edinburgh Instrument) equipped with an Xe
lamp as the excitation source, with excitation time of 1200 s,
and collection time of 5800 s.

Results and discussion
Design principle and preparation

Most existing coatings are based on petroleum-based chemical
engineering products, and the inevitably occurring cracks
during service life may lead to serious metal corrosion and
microplastic pollution. It is of great significance to develop
green, bio-sourced, and bio-degradable coatings with advanced
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functions like self-healing and crack monitoring. However, the
repair of tiny cracks and visualized monitoring still remain a
challenge. In this study, bio-based materials enriched with
multiple reversible hydrogen bonds combined with long after-
glow materials were designed for intelligent coating. As shown
in Fig. 1, a bio-sourced intelligent coating was designed, made
from epoxidized soybean oil, malic acid, and tannic acid
(Fig. 1a). The epoxidized soybean oil (Soy) was cured by malic
acid (Mal), and tannic acid (Ta), endowing the obtained Soy-
Mal-Ta (SMT) bio-sourced polymer with a dynamic cross-
linked network (Fig. 1b). The cross-linking network involved
covalent bonding (an epoxy-ring opening reaction with the car-
boxyl group of malic acid) and noncovalent bonding (hydrogen
bonding between phenolic hydroxyl groups of Ta and carboxyl
groups of malic acid). Such a covalent-noncovalent cross-
linking network, could significantly benefit the mechanical
properties and is expected to endow the materials with re-
cycling, reprocessing, and self-healing abilities.*>*' Moreover,
long afterglow SrAl,O4:Eu®",Dy’" powders were modified to
increase the compatibility of the powder in functional coat-
ings. By utilizing the luminescent properties of SrAl,0,:Eu*",
Dy** powders, a crack visualization and early warning system

Tannic acid Malic acid
(Adhesion enhancing (Dicarboxylic crosslinking i
reagent) reagent) 7

Degrade in
bamboo powder,

Recycle

SrAl,0,: Eu?*, Dy** powder

Fig. 1 (a) Soy-Mal-Ta (SMT) products are obtained by the reaction of bio-sourced epoxy soybean oil (Soy), tannic acid (Ta), and malic acid (Mal); the
molecular structure formulas of the reactants are shown. (b) Molecular network of Soy binding to Mal and Ta in SMT products, and rich non-
covalent interactions involving hydrogen bonds and phenolic hydroxyl groups. (c) The modified SrAl,O4:Eu®*,Dy** powders are simply mixed into
the SMT product; the SMT coating is applied to the substrate, where the metal matrix interacts with the polyphenol; the coating is degraded and the

powder recycled.
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can be enabled. At the same time, the system is rich in a
variety of reversible hydrogen bonds and coordinate inter-
action between tannic acid and metal substrate (Fig. 1c), so
that the crack could be able to heal in a short time.***?
Obviously, this study uses natural bio-sourced materials as raw
materials, which is in line with the concepts of sustainable
development and environmental protection. At the same time,
these materials are biodegradable, and the SrAl,O4Eu**,Dy**
powder can be recycled after degradation of the coating
(Fig. 1c). The design of high-performance, multi-functional
composite long afterglow coatings with reversible dynamic
cross-linked networks can provide valuable advice for early
warning of coating cracks and for sustainable materials.

Characterization of SMT coating structure and mechanical
properties

According to the reported literature, SrAl,0,:Eu’’,Dy*"
powders undergo hydrolysis in contact with water, and the pH
value increases significantly, which greatly limits their appli-
cation in functional coatings.** As shown in Fig. 2a, in order
to prepare SMT composite coatings, the SiO, protective layer
was successfully constructed and epoxy groups were grafted
onto the surface of the protective layer to prevent the hydro-
lysis of SrAl,O4:Eu”**,Dy*", and facilitate better compatibility
with the SMT coating. In Fig. 2b, compared with unprocessed
SrAl,0,:Eu”*,Dy’" powder, the silica-modified SrAl,0,:Eu*",
Dy*" powder exhibits an obvious peak at around 1098 cm™,
which is ascribed to Si-O bonding. At the same time, there is a
clear peak near 958 cm™', which is attributed to the epoxy
group in the modified SrAl,0,:Eu”**,Dy*" powder. These results
indicate that the SiO, layer has been successfully constructed.

View Article Online
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Due to the presence of the silica layer, the obtained powder
can be dispersed in water without hydrolysis, and the pH of
the modified powder suspension is about 7, while the pH of
the unmodified SrAl,0,:Eu®",Dy** powder suspension is
almost 8-9 after being dispersed in water for 1 h (Fig. S27). In
order to explore the influence of the SiO, protective layer on
the PL intensity of the powder, comparative analysis shows
that the SrAl,O4Eu”*",Dy’" powder with the SiO, protective
layer exhibits a higher attenuation degree than the unmodified
powder after the excitation source is removed (Fig. S31).

The chemical structure of the SMT coatings was analysed
by Fourier transform infrared spectroscopy (FTIR). In Fig. 2d,
for the epoxy soybean oil, a peak at 950 cm™" can be observed
that correlates with the presence of epoxy groups.””> In the
FTIR spectrum of the product, termed SMT, the stretching
vibration peaks of ester group -C=O and C-O-C were
observed at 1738 cm™' and 1090 cm™', respectively. The
characteristic peak at 3165 cm™" is attributed to hydrogen
bond interaction between the phenolic hydroxyl group and the
carboxylic acid group.*®*” Furthermore, the intensity of the
C=O0 characteristic peak of malic acid decreases and the
characteristic peak for O-H disappears. These changes can be
attributed to the reaction between the epoxy group in Soy and
-COOH in malic acid.”**® The reaction temperature between
the phenolic hydroxyl group of tannic acid and the epoxy
group was above 200 °C under the catalytic conditions.*® In
this study, it reacted slowly but also participated in the cross-
linking reaction of the whole system. SMT is an extensively
cross-linked matrix and all three components are involved in
covalent bond formation and the system is characterized by a
large number of hydrogen bonding interactions.>®
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Fig. 2 (a) Schematic diagram of SrALO4:Eu®*,Dy** powder modification. (b) Comparison of FTIR spectra before and after SrAl,O4:Eu®*,Dy**
powder modification. (c) Afterglow attenuation curve of the modified SrAl,O4:Eu*,Dy** powder. (d) FTIR spectra of Tan, Mal, Soy, and the SMT
product. (e) The SEM images of fracture surfaces for the SMT coating. (f) 2D Raman intensity mapping of the obtained SMT coating.

4986 | Polym. Chem., 2024, 15, 4982-4992

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4py00857j

Published on 02 mis Du 2024. Downloaded on 02/11/2025 03:26:14.

Polymer Chemistry

In Fig. 2e, the SEM image can be observed in white for the
modified SrAl,O4:Eu®**,Dy’" powder with an average particle
size of 0.5 pm. When cracks occur under stress, and the lumi-
nance at the crack area differs from other regions, it may be
used for early warning. In Fig. 2f, laser confocal Raman micro-
spectroscopy with a near-infrared (532 nm) laser and 3D
Raman mapping was used to demonstrate the spatial distri-
bution of the different components. Peaks around 2514 cm™*
(yellow-shaded region) belong to the characteristic region of
modified SrAl,04:Eu”*,Dy*" powders (Fig. S41), and the green
to blue areas reveal the spatial distribution of the selected
powders. The powder has been successfully loaded into the
SMT polymer to form an SMT composite coating.

In order to evaluate the applicability and bond strength
between the coating and substrate of SMT coatings, lap shear
tests were performed on bonded sheets made of different
materials using SMT coatings. In Fig. 3a, it can achieve
bonding functions for different materials (such as glass, PP,
PVC, PS, or PTFE). Fig. 3b illustrates a shear experiment in

a Glass™
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which the material is subjected to forces parallel to the
coating. As shown in Fig. 3c and d, SMT coatings can be
tightly bonded to various materials, and the bonding strengths
of PTFE, Fe, PET, PI, PVC, and PC are 99.33, 164.70, 219.30,
221.83, 297.46, and 313.96 kPa, respectively. The SMT coating
is able to not only achieve adhesion to metal but also shows
ideal adhesion ability to polymer materials. The wide applica-
bility of SMT coatings is due to the fact that catechol units can
interact with different materials through hydrogen bonding,
metal-ligand coordination, hydrophobic effects, etc.’’ As
shown in Fig. 3e and f, a shear test was carried out using PC
material at different tensile speeds. When the tensile speeds
were 500, 100, 50, 10, 1, and 0.1 mm min~’, the shear
strengths of PC were 313.96, 110.33, 40.62, 25.45, 9.18, and
1.18 kPa, respectively. It can be concluded that as the tensile
speed increases, the bond strength becomes larger, and the PC
material exhibits strain rate dependence. As shown in Fig. 3g,
the shear toughness at different tensile velocities is obtained
by further calculating the stress-strain curves of the shear

313.96
297.46
219.30221.83
164.70
99.33
SMT coating
Force 0 10 20 30 40 50 60 70 PTFE Fe PET PI PVC PC
e f Strain (%) g Material
~350 = 350 o 4
g — 0.1 mm/min o 313.96 7]
x 300 — 1 mm/min 8 3.1081
V250 = 10 mm/min = 3
£ —— 50 mm/min o
D200 = 100 mm/min 3 E
S — 500 mm/min o 352
£ 150; =
7] c 1.1006
? 100 S 4]
= < 0.6043 -
@ 504 ”n 0.1a77
% o] 1 010.01070.0537
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Fig. 3 Mechanical properties of SMT coatings. (a) SMT coatings adhering to different materials. (b) Schematic diagram of SMT coatings in shear
experiments. (c) Stress—strain curves of SMT coatings on materials of different shear strength. (d) Shear strength of SMT coatings on different
materials. (e) Stress—strain curve of the shear strength of SMT coating bonded to PC material at different strain rates. (f) The maximum shear
strength of PC at different strain rates. (g) The fracture energy of PC at different strain rates. (h) The self-healing process of a surface crack of an SMT

coating at 35 °C.
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strength in Fig. 3e. The shear toughness for tensile speeds of
500, 100, 50, 10, 1, and 0.1 mm min~" were 3.1081, 1.1006,
0.6043, 0.1477, 0.0537, and 0.0197 MJ m>, respectively. The
results show that the shear toughness of SMT coatings
increases with an increase in tensile speed. To verify the effect
of cross-linking density on SMT coatings, different amounts of
tannic acid (which primarily provide hydrogen bond inter-
actions) were utilized. As shown in Fig. S5, with an increase
in tannic acid the mechanical properties increase at first and
then decrease, and the highest shear strength was observed in
the samples with a tannic acid content of 0.5 g. The effect of
strain rate strengthening exhibited by the coatings is more
beneficial for materials to withstand high-speed loading con-
ditions such as impacts, improving the protective properties of
the metal substrate material. Excellent self-healing ability is
massively important for actual applications of a coating. To
verify the self-healing ability of our SMT coating, the surface of
the sample was scratched with a surgical blade, and the
samples were self-healed at 35 °C. Since SMT coating is non-
transparent, continuous observation with an electron optical
microscope showed that samples with scratches can recover to
their original state under 35 °C and the scar at the damage site
almost completely disappears, and the whole process lasts for
90 min (Fig. 3h and Movie S1}). The healed coating was sub-
jected to a lap shear test. The lap shear test results show the
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excellent self-healing performance of the SMT coating, which
possesses a relatively high shear strength of 255.23 kPa after
the healing process (Fig. S61), and the shear strength was
maintained above 81.29% after self-healing. The self-healing
ability of the SMT coating comes through the polyphenol-
metal coordination bond and a large number of hydrogen
bonds, where the reversible dynamic non-covalent bonds are
restructured to restore the damaged structure and state.*>*°2
The achievement of self-healing also relies on the segmental
motion of macromolecules, which provides possibilities for
the sufficient dissociation and reconstruction of H-bonds.
Differential scanning calorimetry (DSC) was carried out
(Fig. S71) and the glass transition temperature (7g) of SMT
coating is —1.1 °C, which indicates that at room temperature
the chain segments possess the desired motion ability to
support the self-healing behaviors.

Application of photoluminescence (PL) behaviour in crack
detection and analysis

The luminescence performance of SMT coating was investi-
gated. Fig. 4a shows the PL intensity and afterglow attenuation
behaviour. The SrAl,0,:Eu*",Dy*" powder and SMT coating
were evenly mixed and excited by a Xe lamp for 20 min. The
overall afterglow decay behaviours with time show a quick
downward trend within 60 min and then level off until 90 min.
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Fig. 4 (a) Photoluminescence (PL) intensity with time for SMT coating. (b) PL intensity with time for UV-36 h SMT coating. (c and d) Demonstration
images of the SMT coating on a model of an airplane and a submarine alloy model: (c) shows the Chinese J-20 aircraft model; (d) shows the submar-
ine alloy model. (e) Nyquist plots of pure carbon steel (none) and SMT coating coated carbon steel electrodes immersed in 3.0 wt% NaCl solution.
(f) 3D CIE RGB chromaticity diagram of SMT coating. (g) Heat map generated based on the green intensity of the aircraft model.
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Fig. 4b shows the afterglow decay curve after 36 h of cumulat-
ive UV lamp irradiation. Similarly, the afterglow decay beha-
viours are similar to that of SMT, with small fluctuations in
amplitude. After 180 h of cumulative UV irradiation, the
attenuation rates of PL intensity in different periods were
measured. Fig. S8t shows a comparison of the attenuation
rates of SMT coating, UV-36 h, and UV-180 h SMT coating. In
the time periods of 5-10 and 10-20 min, the attenuation rates
gradually increase, but the range of fluctuation is small.
However, in the following time periods, their afterglow decay
rates have changed to different extents. In order to explore the
relationship between the doping ratio of powder and polymer,
four groups of coatings containing varying amounts of modi-
fied SrAl,O4:Eu®",Dy*" powder were placed under a UV lamp
(Fig. S8t). When the doping ratio reached 40%, the lumines-
cent intensity remained almost constant with increasing
doping ratio. After cumulative exposure for 180 h, the samples
still retained a brightness that was recognizable by the naked
eye in the dark (Fig. S10t). This indicates that the SMT coating
maintained its luminescent properties under prolonged UV
irradiation, allowing for visibility in low-light or dark con-
ditions. Furthermore, under the ultraviolet lamp, the state and
luminance of the SMT coating were recorded with the camera
every 36 h (Fig. S11f). It can be concluded from the obser-
vations that there is no significant difference in the lumine-
scence brightness of the coating as the cumulative exposure
time of the ultraviolet lamp increases. This is explained by the
SMT coating possessing excellent UV weathering resistance,
which is attributed to the polyphenol structure with tannic
acid in the SMT system.’® The SMT coating was applied to the
wing of a model aircraft (Fig. 4c) and the surface of a model
submarine (Fig. 4d), and then the models were placed under a
UV lamp (365 nm). Simultaneously, cracks were artificially
induced in the coating using a surgical blade. It can clearly be
observed that the brightness of the cracks is significantly
weaker than that of other areas. Organic coating on metal sub-
strate is an effective means to delay the corrosion rate of the
metal substrate by preventing the metal substrate from coming
into contact with a corrosive medium. EIS measurements were
conducted to characterize the anticorrosion performance of
SMT-coated sheet steel. The measurements were performed
under alternating current signals with frequencies from 10> to
10" Hz. Fig. 4e shows the EIS results (Nyquist Plot) for SMT-
coated sheet steel. The coatings were coated on sheet steel,
and then the sheet steel was immersed in 3.0 wt% NacCl. In
general, a wider diameter of the semicircle in the Nyquist plot
indicates better corrosion resistance, whereas a smaller semi-
circle diameter and impedance suggest a higher corrosion
rate.>* From the Nyquist plots in Fig. 4e, the SMT coated steel
has the largest semicircle diameter and impedance value. The
impedance of SMT-coated sheet steel is 145 Q cm?, while that
of the pure steel sheet is 113 Q ¢m?, and its impedance value
is increased by 28.31%, indicating it shows anticorrosion
performance.

According to the theory of three primary colors, the lumine-
scence could be quantitatively analyzed by the intensity of

This journal is © The Royal Society of Chemistry 2024
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three basic colors: red (R), green (G), and blue (B). From the
photographs in Fig. 4c, the RGB values of the luminescent
area could be read as 97, 230 and 79, respectively, while the
values of the background are 1, 4, and 21. Here, according to
our developed 3D CIE RGB chromaticity diagram (Fig. 4f), it
can easily be found that the intensity of the green color is the
key difference in the color distributions. By extracting the
intensity of green in the image pixel by pixel and constructing
a matrix to generate a heat map, as shown in Fig. 4g, the distri-
bution of green luminescence can be presented in real time
(Movie S2t), which is expected to greatly benefit the identifi-
cation of crack areas. Moreover, by searching the boundaries
of intensity distribution pixel by pixel, the cracks could be pre-
sented more intuitively, as shown in the right-hand part, and
the theoretical analysis accuracy could approach pixel level
(Fig. S121).

SMT coating degradation and SrAl,O,:Eu**,Dy** powder
recycling

Based on the concepts of sustainable development and
environmental protection, the biodegradability of this bio-
source coating was further studied. Fig. 5a shows the degra-
dation of the SMT coating in bamboo powder with increasing
burial time. Different colored arrows were used to represent
different components, where the red circle, blue circle, green
circle, black circle, and yellow circle represent SMT coating,
bamboo powder, SrAl,0,:Eu*",Dy*" powder, coating degra-
dation, and bacteria respectively. SMT coatings can be
degraded in bamboo powder, and the degree of degradation
increases with the increase in number of days buried. After 5
days of burial, the SMT coating cannot be observed by the
naked eye. The SMT coating was exposed to an open environ-
ment (Hainan province, a tropical area of China) for six
months without degradation. As shown in Fig. S13, after six
months there is no visible difference compared to newly fabri-
cated samples, and the corresponding FTIR spectra as sup-
plied in Fig. S14f also remain consistent. Finally, bacterial
colonies were also observed in the degradation chain
(Fig. S157). The SMT coating could only be degraded under
anaerobic composting conditions with the help of specific
kinds of microorganism.*>>® Fig. 5b and c show the recycling
process of the degraded powder. A mixture of SrAl,O4Eu®",
Dy** powder and bamboo powder was placed in a container,
and further degradation of the bamboo powder was achieved
by cellulase. The modified SrAl,0,:Eu**,Dy*" powder can be
recycled. Upon subjecting the recycled powder to FTIR analysis
(Fig. S167), the characteristic peak at 1090 cm™" belonging to
the Si-O bond is evident, confirming the retention of the silica
layer on the powder surface. Fig. 5d shows a comparison of PL
intensity between recycled SrAl,O4:Eu®**, Dy’ powder and SMT
coating at different time points: the intensity of the afterglow
decreased little at these six time points of 5, 10, 20, 30, 60, and
90 min and the PL intensity of the recycled powder was main-
tained at 95.19% at the time point of 5 min. The attenuation
curve of the recycled SrAl,O4:Eu”**,Dy*" powder was compared
with that of the modified SrAl,0,:Eu**,Dy** powder (Fig. $171).
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Fig. 5 (a) Degradation process of SMT coating buried in bamboo powder. (i) represents the image of the SMT coating degradation process under
ultraviolet flashlight irradiation, and (ii) represents the image of the SMT coating degradation process under sunlight. Different colored arrows are
used to represent different components. (b) Schematic of the SrAl,O4:Eu®*,Dy*>* powder recycling process. (c) The SrAl,O4:Eu?*,Dy** powder re-
cycling process. (d) PL intensity comparison between recycled SrAl,O,4:Eu?*,Dy** powder and SMT coating. After an Xe lamp is used as an excitation
source and continuously excited for 20 min, the PL intensity for different time points is collected.

In the periods of 5-10, 20-30, and 60-90 min after the removal
of the excitation source, the attenuation degree of the PL inten-
sity of the recycled SrAl,O4:Eu®',Dy’" powder surpassed that of
the modified SrAl,O,:Eu”*,Dy** powder by 5.36%, 20.72%, and
21.91%, respectively. However, during the periods of 10-20 and
30-60 min, the attenuation rate of the recycled SrAl,O4Eu®,
Dy*" powder was found to be lower than that of the modified
SrAl,O,:Eu”*,Dy** powder, by 2.94% and 13.32%, respectively.
This indicates that the luminescence effect of the recycled
powder is slightly decreased. Compared with traditional coat-
ings, SMT coatings exhibit remarkable biodegradability, allow-
ing for faster decomposition after disposal, thus significantly
reducing pollution to the ecological environment. Furthermore,
the recycling and reuse of SrAl,04:Eu®",Dy’" powder comply

4990 | Polym. Chem., 2024, 15, 4982-4992

with the requirements of the circular economy, embodying the
green, circular, and low-carbon development philosophy.

Conclusions

An environmental-friendly and bio-degradable intelligent
coating based on bio-sourced polymers and modified long
afterglow powders has been presented. The dynamic hydrogen
bonding network endows the coating with desirable adhesive
performances (313.96 kPa) and self-healing ability (self-
healing efficiency 81.29%). By compositing with SiO,-modified
SrAl,0,:Eu”*,Dy** powder and developing a quantitative
luminescence-analysing tool, an intelligent coating with long
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afterglow ability is able to monitor small cracks by visualiza-
tion. Moreover, the obtained bio-sourced composites could be
degraded under anaerobic composting conditions within 5
days, and after degradation the long afterglow powders could
be separated and recycled with almost consistent performance
(luminescent intensity remains 95.19%) compared to the orig-
inal powders. This work not only provides a valuable example
for bio-sourced intelligent coatings, but also open up new
opportunities for the utilization of bio-sourced materials.
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