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stimuli, such as UV–vis light irradia-
tion,[18,19] heating,[20,21] or special chemical 
environments,[22,23] are required to trigger 
the healing process because the substance 
migration of coatings is hindered by the 
substrates.[26]

Among intrinsic self-healing coatings, 
water-enabled self-healing coatings are 
especially promising because the healing 
is accomplished by simply soaking the 
coatings in water or exposing them 
to moisture,[27–36] without using any 
special devices or chemicals. Lyon and  
co-workers[25,36] first developed hydrogel 
thin films/coatings on polydimethylsi-
loxane by layer-by-layer (LBL) assembly of 
submicrometer-sized polyanionic gel parti-
cles and linear polycations; these films can 

rapidly heal micrometer-sized defects after exposed to water. 
Subsequently, Sun and co-workers have fabricated various 
kinds of water-enabled self-healing coatings by LBL assembly of 
polyelectrolyte multilayers.[11,27–30] Up to now, all water-enabled 
self-healing coatings are prepared by LBL assembly.[11,24–36] This 
method is advantageous in easy preparation and fine control 
over the coating structures. However, pretreatment of the sub-
strates is usually needed for the subsequent LBL assembly; the 
resulting coatings cannot bind tightly to different materials. In 
addition, it is time-consuming especially in fabricating micro-
meter-thick coatings which are required for efficient healing of 
severe damages[27] and compensation for the lost substance in 
the coatings.[30] Therefore, it is desirable to develop a universal 
approach with high time and cost efficiency to fabricate 
mechanically robust water-enabled self-healing coatings on a 
wide range of substrates.

Here we report a versatile yet facile method to fabricate water-
enabled self-healing coatings on various substrates, by pre-
cipitating hydrogen-bonded complexes of tannic acid (TA) and 
polyethylene glycol (PEG) in aqueous solution. TA, a natural 
polyphenol, endows the coatings with high binding affinity to 
different substrates[37–43] and antioxidant capacities.[38,46] TAs 
associate with PEGs into stable micrometer-sized complexes 
through intermolecular hydrogen bond in neutral or acidic 
aqueous solution.[44,45] With addition of NaCl, these complexes 
rapidly precipitate onto substrates under gravity and coalesce 
with each other to generate uniform soft coatings via hydrogen 
bonding. After drying, the hydrogen-bonding will be enhanced 
to produce mechanically robust coatings with strong adhesion 
to different substrates. However, the coatings become soft and 

Recent years have witnessed the rapid developments of self-healing coatings 
because they can protect materials from diverse risks and are able to autono-
mously heal after being physically damaged. Here, a universal yet facile 
method is reported with high time and cost efficiency to fabricate transparent 
water-enabled self-healing coatings on various substrates by precipitating 
hydrogen-bonded tannic acid (TA)-polyethylene glycol (PEG) complexes in 
aqueous solution. The precipitated complexes coalesce to form uniform and 
transparent coatings on the substrates; after drying, mechanically robust 
coatings are obtained. TA endows such coatings with strong adhesion to a 
wide range of substrates and admirable antioxidant properties. Repeatable 
self-healing of the coatings is realized by simply exposing them to water or 
humid environment. Furthermore, these coatings can be readily erased by 
soaking them in basic solution, if needed.

1. Introduction

Self-healing materials have raised increasing attentions due to 
their capacities of autonomously repairing mechanical dam-
ages, which reduce the safety risk and replacement cost of 
materials.[1–10] Among these materials, self-healing coatings 
have the unique function to protect the substrate materials 
against mechanical damage and corrosion while keeping their 
bulk properties.[11] There are generally two kinds of self-healing 
coatings, i.e., the extrinsic and intrinsic. Classical extrinsic 
self-healing coatings contain microstructures with healing 
agents;[12–14] this method is applicable to various coating 
matrices, and the resulting coatings can heal without additional 
stimuli.[15] On the other hand, intrinsic self-healing coatings are 
based on physical or chemical repairing of the coating matrices, 
so that the coatings can repeatedly heal; this approach avoids 
the pre-embedding processes and problems in the compatibility 
of healing agents in extrinsic self-healing coatings[16,17] and 
has developed rapidly in recent years.[18–25] In general, external 
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healable under water or in moist environment; they can rapidly 
and repeatedly repair micrometer-sized cuts. The TA-PEG coat-
ings also show antioxidant properties because TA can capture 
reactive oxygen species (ROS).[38,46] To the best of our knowl-
edge, this is the first self-healing coating having versatile prop-
erties, including repeatedly healing capacity, good transparency, 
high mechanical toughness, high binding affinity to various 
substrates, easy erasure on demand, and admirable antioxi-
dant properties. Furthermore, our approach provides superior 
efficiency in time and cost, when compared to the traditional 
method, in fabricating water-enabled self-healing coatings. The 
facile fabrication and multifunctions of TA-PEG coatings are pre-
sented in Scheme 1. Such coatings should find applications in 
surface modification, material protection, and 
electronic packaging.

2. Results and Discussion

2.1. Fabrication of TA-PEG Coatings

The fabrication of TA-PEG coatings is sche-
matically shown in Figure 1a. Typically, a 
polystyrene (PS) substrate was placed on the 
bottom of a 12-well plate (22 mm diameter); 
TA-PEG coatings were obtained by mixing 
TA and PEG aqueous solutions (each one 
1.5 mL, 10 mg mL−1, containing 0.5 m NaCl). 
TAs associate with PEGs to form stable, 
insoluble hydrogen bonded complexes with 
average diameter of ≈13 μm in NaCl aqueous 
solution (Figure S1, Supporting Informa-
tion). The salt-free emulsion is stable without 
precipitation in 12 h (Figure S2, Supporting 
Information). Yet, in the presence of NaCl, 
which shields the negative charges of TA, the 
assemblies rapidly precipitate and coalesce 
with each other by hydrogen bonding on 
the bottom substrate to form a soft coating 
layer. The precipitation process is visualized 
as the whitish emulsion solution gradually 

becomes transparent (Figure S3, Supporting Information). The 
as-prepared coatings are transparent. Atomic force microscopy 
(AFM) reveals that the surface of such coatings is very smooth 
(Figure S4a, Supporting Information), indicating that the pri-
mary micrometer-sized complexes have coalesced to form a 
layer with a uniform structure. After drying, robust coatings are 
obtained.

Coating formation was observed in situ under an inverted 
optical microscope (Figure 1b). The bottom of a PS 12-well 
plate was directly used as the substrate for coating. At the 
beginning of precipitation, the horizon is uniform. In 3 min, 
several TA-PEG complexes precipitated on the substrate can be 
observed. Then, more and more complexes precipitate and start 
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Scheme 1. Fabrication and multifunctions of TA-PEG water-enabled self-healing coatings on various substrates.

Figure 1. a) Scheme for the formation of TA-PEG hydrogen-bonded complexes and the fabrica-
tion of the coatings. b) Microscopic images to show the precipitating and coalescing process 
of TA-PEG complexes to form uniform coatings. Scale bar: 50 μm.
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to coalesce. As a consequence, the complexes grow in size and 
spread to form a continuous coating. After 40 min, a uniform 
coating has already formed; yet complexes in the emulsion 
continue to precipitate and coalesce immediately with the 
preformed coating. During this process, the thickness of the 
coating gradually increases. At 45 min, we captured coinciden-
tally the coalescing process of a large complex particle with the 
coating, which accomplishes within 1 s.

2.2. Optimal Condition and Tunable Thicknes

We investigated the effect of PEG molecular weight on the 
coatings. When the weight-average molecular weight, Mw, is 
0.4 kDa, the mixed solution of PEG and TA in the presence 
of NaCl is totally transparent (Figure S5, Supporting Informa-
tion), indicating that low molecular weight PEG cannot form 
complexes with TA. This is probably because the hydrogen-
bond acceptor sites on PEG chains of low Mw are too few to 
form adequate intermolecular cross-linking with TA. When Mw 
of PEG is larger than 1 kDa, robust TA-PEG coatings can be 
obtained. However, their mechanical properties are different. 
By using AFM, Young’s moduli (E) of the TA-PEG coatings 
are calculated from the indentation curves (Figure 2a).[47,48]  
E of coatings fabricated by using PEG with Mw of 1, 4, 10, and 

20 kDa is 2.2, 3.8, 5.8, and 6.4 GPa, respectively. Figure 2b 
shows that E of the coatings increases significantly with Mw 
of PEG below 10 kDa; however, there is only slight increment 
when Mw of PEG varies from 10 to 20 kDa. In the systems 
with constant amount of TA and PEG, E should increase with 
the efficiency of TA-PEG intermolecular hydrogen bonding, 
which are related to the Mw of PEG. The increase in number 
of hydrogen bonding acceptors in each PEG molecule favors 
the formation of highly cross-linked structures. Therefore, 
in the following experiments we selected 20 kDa PEG to 
fabricate TA-PEG coatings with the most robust mechanical 
properties.

Then we studied the influence of TA/PEG ratio on the 
fabrication of TA-PEG coatings. Robust and uniform coat-
ings are obtained when mass ratio (MR) of TA/PEG is 1. In 
contrast, when MR < 0.7, the hydrogen-bonded complexes 
are stable in the emulsion even with a high concentration 
of NaCl; no obvious precipitation occurs in 3 h to form the 
coating (Figure S6, Supporting Information). Thick PEG sur-
face layer of the complexes might be the main hindrance to 
the precipitation and coalescence. However, when MR > 1.5, 
macroscopic cracks are found all over the coatings after drying 

Adv. Mater. Interfaces 2016, 1600167

www.MaterialsViews.com www.advmatinterfaces.de

Figure 2. a) Deflection–displacement loading curves and b) corre-
sponding Young’s moduli of dry TA-PEG coatings composed of PEG with 
different molecular weights.

Figure 3. Thickness of TA-PEG coatings as a) a function of precipitation 
time and b) concentrations of TA and PEG. The concentrations of TA and 
PEG are fixed at 10 mg mL−1 in (a), whereas the precipitation time is fixed 
at 90 min in (b).
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(Figure S7, Supporting Information). The increase in the 
fraction of TA, a rigid molecule, results in the coatings to 
be fragile; therefore, drying leads to volume contraction and 
cracking of the coatings. In the following, MR of TA/PEG is 
kept as 1 to fabricate the coatings.

The thickness of TA-PEG coatings can be well controlled 
by tuning the fabrication conditions. The thickness is actu-
ally proportional to the total mass of complexes precipitated on 
the substrate per unit area. We can facilely fabricate coatings 
with well-defined thickness in tens of micrometers by tailoring 
the amount of complexes in the emulsion and the precipita-
tion time. The thickness (T) of coatings after drying was meas-
ured by a scanning electron microscope (SEM; Figures S8 and 
S9, Supporting Information). Figure 3a shows that T increases 
from 46.5 to 62.8 μm with the precipitation time from 60 to 
105 min, when the experiment condition is the same as that of 
Figure 2b. After 105 min, the precipitation almost completes; 
therefore, the increase in T slows down. T can also be tuned by 
changing the concentration of TA-PEG. T increases from 18.3 to 
126.6 μm with the increment in the concentration of TA-PEG 
from 5 to 20 mg mL−1, when the precipitation time is fixed at 
90 min (Figure 4b).

2.3. High Binding Affinity to Various Substrates and Easy Erasure

Besides PS, the TA-PEG coatings can also be facilely fabricated 
on other substrates without the need of special pretreatments 
(Figure S10, Supporting Information). Stainless steel, glass, 

polydimethylsiloxane, and polyethylene terephthalate (PET) 
were selected as representative inorganic and organic sub-
strates for coating. Owing to the high binding affinity of TA 
to various surfaces,[37–39] the coatings bond tightly to all these 
substrates and cannot be peeled off by an adhesive Scotch tape 
for at least ten times. Figure 4a,b shows that the cross-section 
of the coating hardly changes after peeled with an adhesive 
Scotch tape for ten times. To characterize the adhesion force, 
another substrate of the same material was placed atop the wet 
coating; after drying, the load–displacement curves of coating 
adhesion to these substrates were measured (Figure 4d).  
The adhesion strengths of the TA-PEG coatings to stain-
less steel, glass, PS, and PET substrates are 0.76 ± 0.05,  
0.59 ± 0.02, 1.08 ± 0.08, and 1.91 ± 0.14 MPa, respectively. 
These results indicate the university of our method to fabricate 
coatings with strong adhesion to different substrates. How-
ever, the coatings can be easily removed from the substrates 
if needed, for example, when the damages are too severe or 
the coatings are contaminated. The TA-PEG coatings can be 
completely dissolved in 0.01 m NaOH aqueous solution in 
10 min, which leads to the ionization of TAs and disruption 
of the intermolecular hydrogen bonds. Figure 5a shows a gen-
eral coating removal process. TAs dissolved in the alkali solu-
tion are fast oxidized[38] making the solution turn yellow. The 
PET substrate after removing the coating has identical Fourier 
transform-infrared/attenuated total reflection (FT-IR/ATR) 
spectrum with the original substrate, indicating no residual TA 
or PEG is left (Figure 5b).
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Figure 4. a,b) SEM images of TA-PEG coatings on PS substrates before 
(a) and after (b) peeled with an adhesive Scotch tape for ten times. Scale 
bar: 50 μm. d) Load–displacement curves for the adhesion of TA-PEG 
coatings to various substrates, measured by the lap shear tests. The area 
of coatings is 5 × 5 mm2.

Figure 5. a) Digital images to show the erasure process of the TA-PEG 
coatings on PET substrates by soaking it in 0.01 m NaOH aqueous solu-
tion for 10 min. Scale bar: 1.5 cm. b) FT-IR/ATR spectra of the TA-PEG 
coatings before and after removed from the PET substrates. FT-IR/ATR 
spectrum of blank PET substrates is also shown for comparison.
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2.4. Self-Healing Capabilities

The TA-PEG coatings have water-enabled 
self-healing capacities; the healing process 
can be observed by SEM or optical micro-
scopy. A cut with ≈50 μm in width was made 
to the coating with a knife, which penetrated 
to the surface of PS substrate (Figure 6a). 
After the sample is immersed in water, the 
cut partially heals after 20 s (Figure 6b) and 
completely heals within 5 min (Figure 6c) at 
room temperature. The self-healing process 
was also observed in situ under an inverted 
optical microscope (Figure 6d). When a 
water droplet is dripped on the damaged 
coating, the cut completely heals within 
5 min. In addition, the cut can also totally 
heal after being exposed to a 100% humidity 
environment for 30 min at room tempera-
ture (Figure S11, Supporting Information) 
because the coatings are softened with cer-
tain fluidity. However, the coatings are stable 
under humidity less than 93%, in which the 
coatings are not soft enough to flow under 
gravity or dewet on the substrate (Figure S12, 
Supporting Information). Damages on the 
same area of coating can repeatedly heal 
at least five times without any observable 
decline in the self-healing abilities due to 
the break and formation of hydrogen bonds 
(Figure S13, Supporting Information). The 
self-healing mechanism of the TA-PEG coat-
ings is discussed based on the modulus vari-
ation at different states. The TA-PEG coatings 
are significantly softened under water; the 
Young’s modulus of the coatings drops dra-
matically from 6.4 GPa (the dry state) to 0.89 
MPa (the swollen state) (Figure 6e). When 
the damaged dry coatings are in contact with 
water or exposed to a moist environment, 
the hydrogen bonds between TA and PEG 
are weakened, rendering the coatings with 
slight fluidity. As a result, the highly swollen 
and softened coatings can deform and fill the 
cracks[11,25] and reunite through hydrogen 
bonding. Then, the coatings adjust them-
selves to be smooth and uniform to reduce 
the surface energy. This process can also be 
clearly visualized in situ (Figure 6d).

2.5. Antioxidant Properties

Besides the water-enabled self-healing capa-
cities, the TA-PEG coatings also possess 
antioxidant properties because TA is able 
to scavenge ROS.[38,46] The antioxidant property of TA-PEG 
coatings was assessed by using 2,2-diphenyl-1-picrylhydrazyl 
(DPPH) as the model oxidant. 160 μL DPPH methanol solution 

(3 mg mL−1, containing 50 mg mL−1 PEG) was uniformly 
dripped on PET substrates (1.6 cm2 area) with or without 
TA-PEG coatings. PEG in methanol was used to form uniform 
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Figure 6. a–c) SEM images of a dry TA-PEG coating damaged with a knife (a), partially or 
completely healed after being immersed in water for 20 s (b) or 5 min (c), respectively. Scale 
bar: 50 μm. d) Microscopic images to show the healing of a damaged TA-PEG coating on a PS 
substrate. A water drop was dripped on the damaged area after 0 s; the morphology change 
was observed under a microscope in the following 300 s. Scale bar: 100 μm. e) Deflection–
displacement loading curves of dry and wet TA-PEG coatings.
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layers with DPPH on the bare PET substrates. After evaporating 
the solvent of methanol, UV–vis spectrophotometry was applied 
to analyze the state of PET substrates with DPPH (Figure 7). 
The virgin TA-PEG coatings on PET substrates are colorless 
and transparent with only slight visible absorption. Without 
the coating layers, the PET substrates with DPPH atop are dark 
purple and show a characteristic absorption peak of DPPH at 
515–520 nm.[38,49] In contrast, when the PET substrates have 
TA-PEG coatings, the purple color of DPPH fades away in  
≈10 min; there is no absorption peak at 515–520 nm, indicating 
DPPH is totally reduced by TA in the coatings. The coatings 
turn to reddish orange during this process due to the oxidation 
of TA. This result demonstrates that TA-PEG coatings can pro-
tect the substrates from being oxidized before the oxidation of 
all TA molecules. Besides, these coatings are extremely stable 
in air. No obvious changes can be observed in the transparency, 
color (Figure S13l, Supporting Information) and surface mor-
phology (Figure S4b, Supporting Information) after a sample is 
placed in air at room temperature for over five months.

3. Conclusion

In conclusion, we have presented a universal yet facile method 
to fabricate transparent water-enabled self-healing coatings on 
various substrates by the precipitation of TA-PEG complexes 
in aqueous solution. The coatings are robust after drying, yet 
swollen and softened under water or in moist environment, 
resulting in autonomic healing the mechanical damages via 
rebuilding hydrogen bonds between TA and PEG. Compared 
with the LBL approach used to fabricate self-healing coatings, 
our method has advantages in its adaption to various substrates 
as well as time and cost efficiency; thus obtained coatings can 
strongly bind to various substrates without pretreatment or 
modification. However, the coatings can be easily removed 
from the substrates after being contaminated or damaged 
too severely. Furthermore, TA endows the coatings with the 
capacity to protect the substrates against being oxidized, which 
can be used to protect biomaterials, precision instruments, 

etc. The method via precipitating soft complexes should be 
suitable to other systems to fabricate coatings with additional 
functionalities.

4. Experimental Section
Materials: Tannic acid (TA) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) 

were purchased from Sigma-Aldrich (USA) and used as received. 
Analytical-grade NaCl, KNO3, methanol, and polyethylene glycol (PEG) 
with weight-average molecular weight (Mw) of 0.4, 1, 2, 4, 10, and 
20 kDa were all obtained from Sinopharm Chemical Reagent Limited 
Corporation (China). Ultrapure water (18.2 MΩ) was produced from an 
ELGA Lab Water system (France). All the substrates used in this work 
were cleaned by subsequent sonication in 2-propanol and ultrapure 
water for 20 min, respectively, followed by washing with ultrapure water 
for three times and drying.

Fabrication of TA-PEG Coatings: In general, clean substrates for 
coatings were placed on the bottom of PS 12-well plates. The basal area 
of each well is about 4.15 cm2. Then, TA and PEG aqueous solutions 
(each one 1.5 mL, 10 mg mL−1, containing 0.5 m NaCl) were poured 
and vigorously mixed in each well. Thus formed emulsions were 
stewed for 90 min for the precipitation and coalescence of the TA-PEG 
complexes on the substrates. Finally, uniform coatings were formed on 
the substrates, which were taken out and dried at room temperature. As 
a consequence, mechanically robust coatings were obtained. Following 
a similar process, the concentration of PEG and TA, precipitation time, 
molecular weight of PEG, and substrate materials were varied to control 
the coating properties.

Characterization: Laser diffraction measurements (Beckman Coulter, 
LS-230 Coulter, USA) were used to analyze the size distribution of 
TA-PEG complexes in the emulsions. Inverted optical microscope 
(Eclipse TE2000, Nikon, Tokyo, Japan), equipped with a highly sensitive 
CCD camera (ORCA-ER, Hamamatsu Photonics, Shizuoka, Japan) 
was used to in situ observe the formation of TA-PEG coatings. In 
situ observation of the healing was also performed by utilizing this 
microscope after dripping a droplet of water on the damaged dry 
coatings. In addition, field emission scanning electron microscopy 
(FESEM, Hitachi, S4800, Japan) was used to observe the morphology 
of damaged coatings and the self-healing process; it was also used to 
measure the coating thickness prepared at different conditions on PS 
substrates. All samples were sputtered with ≈5 nm gold nanoparticles 
before SEM observation. FT-IR/ATR (Nicolet6700, USA) was used to 
analyze the chemical compositions of the TA-PEG coatings before and 
after removed from the PET substrates.

Lap Shear Experiment: The lap shear tests were performed with 
electromechanical testing systems (Instron 5540A, Instron Corporation, 
USA) in air at ambient temperature with a relative humidity of ≈60%. 
TA-PEG coatings were fabricated on various substrates (5 × 40 mm2). 
Then another piece of the same substrate was adhered to the coating 
surface with a contact area of 5 × 5 mm2. Subsequently, the samples 
were dried under room temperature. The adhesion force was measured 
by a tensile test. The adhered substrates were held by the two mechanical 
chucks and loaded to failure at 1 mm min−1. Based on the fracture force, 
the failure stress was obtained, which reflects the bonding strength of 
the coatings on the substrates.

Deflection–Displacement Loading Curve Measurement: Atomic force 
microscope (AFM, CSPM 5500, Being Nano-Instruments, Ltd., China) 
was used to measure the Young’s modulus of the TA-PEG coatings at 
different conditions. Deflection–displacement loading curves of TA-PEG 
coatings were measured in about 40% relative humidity environment for 
dry condition. As for wet condition, TA-PEG coatings were immersed in 
water for 1 min and then taken out to measure the loading curves in air. 
Calculation of Young’s moduli of the coatings is demonstrated in the 
Supporting Information.

Self-Healing Tests: Cuts about 50 μm in width were made by a knife, 
which penetrated to the PS substrates. Then the coatings were immersed 
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Figure 7. UV–vis spectra of bare and TA-PEG coated PET substrates at 
different states. a) Bare PET substrates; b) TA-PEG coated PET substrates; 
c) TA-PEG coated PET substrates dripped with DPPH solution; d) PET 
substrates dripped with DPPH solution. Insets are digital images of cor-
responding samples. Scale bar: 1.5 cm.
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in water for 20 s or 5 min for partial or complete healing of the damages, 
respectively. The healing process was observed by using inverted optical 
microscopy and SEM. The healing of coatings can also be accomplished 
by keeping the sample in a 100% humidity environment, which was 
achieved by sealing 40 mL deionized water in a 200 mL beaker for  
3 h. TA-PEG coatings were placed in a small PS culture dish, which was 
floated on the water in the beaker. After 30 min, the samples were taken 
out and dried before SEM observation.

Stability Tests under High Humidity: PET substrates with TA-PEG 
coatings were vertically placed in a sealed container with ≈93% humidity, 
which was maintained by keeping a saturated KNO3 aqueous solution 
inside. After 24 h, the samples were taken out and observed under an 
optical microscopy.

Antioxidant Tests: 160 μL of 3 mg mL−1 DPPH methanol solution 
(containing 50 mg mL−1 PEG (Mw = 1 kDa)) was uniformly dripped 
on PET substrates (1.6 cm2 area) with or without TA-PEG coatings. 
After drying, the as-treated PET sheets were subjected to UV–visible 
spectrophotometry, with an ultraviolet spectrophotometer (UV 2450, 
Shimadzu, Japan) from 350 to 700 nm in a transmission mode. Digital 
images were also obtained under this condition.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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