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external chemical attack, self-healing upon 
damage, and self-cleaning upon contami-
nation. A well-established approach to 
realize self-healing in synthetic coating 
materials is the incorporation of micro-
capsules (MCs) that contain a healant 
into the matrix with a catalyst (a two-part 
formula) or without a catalyst (a one-part 
formula). [ 7–11 ]  Although protective coat-
ings are always exposed to harsh envi-
ronments in which they are subject to 
temperature fl uctuations and attack from 
water and chemicals, little attention has 
been given to enhancing shell structures 
for long-term service and even for storage 
of the capsules themselves. Existing strate-
gies for improving the resistance of MCs 
have primarily focused on fabricating a 
multi-layered shell structure, [ 12 ]  intro-
ducing inorganic nanofi llers into the 
shell, [ 7 , 13 ]  and increasing the shell thick-
ness for chemically and physically stable 
core materials. [ 14 ]  Thus, the design and 

preparation of MCs with superior shell tightness to contain 
reactive species remain extremely challenging for self-healing 
anticorrosion coating applications. 

 Coatings are the outermost layer of structures and are there-
fore continuously subjected to fouling and contamination. The 
use of micro- and nano-engineered superhydrophobic surfaces 
can mimic the lotus leaf effect in materials with self-cleaning 
features. [ 15–18 ]  A general and successful approach has involved 
combining specifi c surfaces with a suitably designed hierar-
chical structure and low surface-energy materials. [ 19 ]  However, 
most of the relevant reports typically involve expensive mate-
rials (e.g., perfl uoroalkyl silane and nanotubes), [ 20,21 ]  harsh 
treatments (such as harsh chemical etching, plasma treat-
ment, chemical vapor deposition, electrodeposition, templating, 
etc.), [ 22–26 ]  and multi-step procedures, [ 27,28 ]  all of which limit the 
practical applications of these coatings. In addition, the supe-
rhydrophobicity of these self-cleaning antifouling surfaces is 
easily compromised by chemical and physical attack from the 
surrounding environment. Imbuing long-lasting self-cleaning 
antifouling coatings with self-restoring superhydrophobicity 
upon degradation may represent an effective solution to these 
challenges. Some superhydrophobic coatings or surfaces 
with healable or regenerative superhydrophobicity have been 
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 Numerous microencapsulation techniques have been developed to encase 
various chemicals, for which specifi c processing parameters are required to 
address the widely differing features of the encapsulated materials. Micro-
encapsulation of reactive agents is a powerful technique that has been 
extensively applied to self-healing materials. However, the poor solvent com-
patibility and insuffi cient thermal stability of microcapsules continue to pose 
challenges for long-term storage, processing, and service in practical applica-
tions. Here, an easily modifi able and highly versatile method is reported for 
preparing various chemicals fi lled poly(urea-formaldehyde) microcapsules 
that exhibit superior tightness against solvents and heat and that possess 
widely tunable, repetitiously self-restorable, and solvent-proof superhydro-
phobicity. In addition, the low-cost fabrication of biomimetic multifunctional 
smart coatings is demonstrated for self-healing anticorrosion and self-
cleaning antifouling applications by directly dispersing the superhydrophobic 
microcapsules into and onto a polymer matrix. The methodology presented 
in this study should inspire the development of multifunctional intelligent 
materials for applications in related fi elds. 

  1.     Introduction 

 Even the simplest biological system has complex and multi-
functional features for autonomous sensing, coordination, reac-
tion, regeneration and healing upon stimulation. Bioinspired 
materials that exhibit these remarkable smart functions have 
undergone considerable development recently due to rapid 
advances in materials science and nanoengineering. [ 1–6 ]  Among 
these materials, coatings occupy a special position because they 
function as an interface between the protected substrate and 
the external environment and are therefore uniquely suited to 
multifunctionalization, such as for corrosion protection from 
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fabricated. [ 29–35 ]  However, the reported methods primarily rely 
on the migration or rearrangement of expensive low-surface-
energy components, which are pre-deposited/adsorbed using 
harsh treatments or multi-step procedures on porous materials, 
and essential triggering stimuli (i.e., moisture or temperature) 
for the processes. [ 36 ]  

 Although monofunctional self-healing anticorrosion coat-
ings and self-cleaning antifouling surfaces have been studied 
extensively, considerable challenges remain for developing 
bioinspired multifunctional smart coating materials using fea-
sible techniques. [ 37–40 ]  Herein, we report a facile and low-cost 
one-pot microencapsulation approach that can be used to effi -
ciently and conveniently prepare multifunctional robust MCs 
with superior shell tightness and widely tunable, repetitiously 
self-restorable, and solvent-proof superhydrophobicity for self-
healing anticorrosion and self-cleaning antifouling applica-
tions. We used in situ polymerization in an oil-in-water emul-
sion under gentle reaction conditions to successfully prepare a 
broad range of various reactive or nonreactive liquid cores in 
resorcinol-modifi ed poly(urea-formaldehyde) (PUF) MCs. The 
dense and cross-linked shells provided MCs, particularly those 
with highly reactive liquid cores, with excellent resistance to 
various organic solvents with low or non-existent polarities and 
high thermal stabilities up to 150 °C. Notably, the MCs that 
contained hexamethylene diisocyanate (HDI) as a moisture-
sensitive healant [ 10 ]  possessed an excellent superhydrophobicity 
that could be widely tunable, self-restorable multiple times, and 
solvent-proof. Dispersing these HDI-fi lled MCs into and onto 
a polymer matrix yielded a multifunctional single coating with 
concurrent self-healing and self-cleaning features for anticorro-
sion and antifouling applications; this is the fi rst time that such 
a coating has been realized.  

  2.     Results and Discussion 

  2.1.     Versatile One-Pot Microencapsulation Method for Preparing 
MCs with Various Liquid Cores 

 PUF MCs can be fabricated by a simple preparation procedure 
and possess a moderate mechanical strength; therefore, PUF 
MCs have been widely used in the storage of chemical agents with 
relatively high chemical and physical stabilities under common 
conditions. [ 41–43 ]  However, the encapsulation of unstable chemi-
cals with high reactivity and/or volatility by PUF shells remains a 
challenge. Here, we have successfully achieved a highly effi cient 
microencapsulation of fi ve types of chemical agents using resor-
cinol-modifi ed PUF as a shell ( Figure    1  ). In particular, two highly 
reactive and volatile liquid agents, HDI and 1H,1H,2H,2H-per-
fl uorooctyltriethoxysilane (POTS), were encapsulated. HDI and 
POTS are commercial moisture-sensitive chemicals. Thus, the 
conventional approach of direct in situ polymerization of urea 
and formaldehyde cannot be employed to encapsulate these two 
chemicals because of the unstable emulsion that results from 
their hydrolysis as well as other side reactions occurred between 
these chemicals and the raw shell materials (e.g., urea and for-
maldehyde). A UF pre-polymer aqueous solution was fi rst pre-
pared by a commonly used method, [ 43 ]  and the initial pH of the 
microencapsulation system was adjusted to 1.55 ± 0.02 with an 

aqueous solution of citric acid. These two steps accelerated the 
UF polymerization, [ 42,44 ]  thereby stabilizing the emulsion by 
quickly forming an inner shell that isolated the core materials 
in a water phase and terminated the side reactions. The time for 
shell formation was reduced from 4 to 1 h. [ 42 ]   

 The resulting MCs were all free-fl owing white powders 
(Figure  1 ). Scanning electron microscopy (SEM) revealed 
that the MCs with different cores had very similar structures 
( Figure    2  ). Common structural features included a regular 
spherical shape (Figure  2 a1, b1, c1, d1, and e1), an approxi-
mately 100–350 nm thick dense inner shell (Figure  2 a5, b5, c5, 
d5, and e5), and a hierarchical outer surface structure similar 
to a lotus leaf surface 18  (Figure  2 a2, a3, b2, b3, c2, c3, d2, d3, 
e2, and e3). According to the mechanism of the in situ poly-
merization of urea and formaldehyde in water, [ 42 ]  the formation 
of hierarchical lotus-leaf-like surface structure is attributed to 
spontaneous aggregation and deposition of PUF nanoparticles 
on the capsule surface as the PUF molecular weight increases. 
In addition, statistical data from 250 MCs in SEM images 
(Figure S1, Supporting Information) showed that the mean 
diameters of the MCs with HDI, POTS, wax, and xylene cores, 
denoted HDI-MCs, POTS-MCs, Wax-MCs, and Xylene-MCs, 
respectively, were in the 180–200 µm range, whereas the mean 
diameter of the MCs with HDI dimer core, denoted HDI-D-
MCs, was greater than 250 µm and could be attributed to the 
higher viscosity (152 ± 65 mPa.s at 25 °C) of HDI dimer com-
pared to the other cores. The chemical components of the MCs 
were characterized by Fourier-transform infrared spectroscopy 
(FT-IR) (Figure S2, Supporting Information). The spectrum of 
the capsule core was completely identical to that of the respec-
tive pure agent, and clear characteristic signals of the core were 
observed in the spectra of broken MCs, thereby confi rming the 
successful encapsulation of each agent. In the spectra of the 
shells, the characteristic signals of the core were not observed, 
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 Figure 1.    Versatile preparation methods and appearances of various 
liquid cores and MCs: UF, EMA, and MS denote urea-formaldehyde, 
poly(ethylene- alt -maleic anhydride), and mechanical stirring, respectively.
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indicating that no residue of the core remained in the shell; the 
resorcinol-modifi ed PUF molecular structure was confi rmed 
from the characteristic signals corresponding to the N-H bond, 
the C = O bond, the N-O bond, and the phenyl-H bond. Thus, 
this one-pot method of preparing MCs containing various chem-
icals is simple, effi cient, versatile, and economically feasible.   

  2.2.     Solvent Resistance and Thermal Stability of MCs 

 In practical applications, MCs must be suffi ciently robust to 
survive rigorous environments during the materials processing 
cycle, such as exposure to solvents, moisture, exothermal reac-
tions, and acids/bases. [ 12–14,45 ]  However, there are rare reports 
in the literature of enhanced shell tightness of self-healing 
microcapsules to solvents and thermal attacks. [ 7 ]  In this study, 
the HDI-MCs displayed excellent resistance to weakly polar 
(xylene and chloroform) and nonpolar (hexane) organic sol-
vents but poor resistance to highly polar solvents (acetonitrile 
and acetone) at a 2 wt.% concentration over a specifi ed period 
of time at room temperature.  Figure    3  a shows that the relative 
released percentage of HDI, as determined by titration, reached 
a plateau after 48 h of immersion and that the fi nal values after 
16 days of immersion in hexane, xylene, and chloroform were 
4.13 ± 0.12 wt.%, 3.13 ± 0.12 wt.%, and 10.13 ± 0.12 wt.%, 
respectively. However, after 24 h of immersion in acetonitrile 
and 8 h of immersion in acetone, the fi nal value exceeded 
90 wt.%. Thus, the solvent resistance was inversely dependent 
on the solvent polarity, with the exception of acetone. After 
16 days of immersion in hexane, xylene, or chloroform, the 
dried HDI-MCs retained the same structure as the original 

HDI-MCs (Figure S3, Supporting Information) with a high 
core content (Figure S4, Supporting Information).  

 The thermal stability of the resulting MCs was investigated 
using thermal gravimetric analysis (TGA). The initial evapora-
tion temperature (which was defi ned at a 5% weight loss) of 
136 °C for the freshly prepared HDI-MCs (denoted HDI-MCs-
0D) was obviously higher than that of pure HDI (86 °C). The 
primary weight loss of the HDI-MCs-0D occurred at approxi-
mately 250 °C, which corresponded to the fi rst-stage pyrolytic 
temperature of the shell (Figure  3 b), indicating that the MCs 
possessed excellent thermal stability. The residual weight of 
the HDI-MCs-0D after this primary weight loss was approxi-
mately 10%, corresponding to an encapsulated HDI content of 
approximately 90%. However, for the broken HDI-MCs-0Ds, 
the primary weight loss corresponding to the release of HDI 
was approximately 82%. These results indicate that the actual 
content of encapsulated HDI was in the 82–90% range, in good 
agreement with that determined by titration (approximately 
85%). After storing the fresh HDI-MCs in a covered glass vial 
at room temperature for 45 days, the core content was slightly 
reduced to approximately 78% (Figure  3 b), the core component 
was almost no change (Figure S5, Supporting Information), 
indicating the long shelf life of the MCs in the sealed vessel. In 
addition, isothermal experiments with HDI-MCs in a N 2  atmos-
phere revealed that the residual weights were 89.7% and 73% 
after heating the MCs for 5 h at 100 °C and 150 °C (Figure  3 c), 
respectively, and the primary weight loss still occurred at 
approximately 250 °C, indicating a signifi cant improvement 
in the thermal stability of HDI in the tight-shell capsules 
compared to pure HDI (Figure S6, Supporting Information). 
The TGA experiments confi rmed the excellent thermal stability 
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 Figure 2.    SEM images of MCs with various cores: a1–a5) HDI-MCs; b1–b5) POTS-MCs; c1–c5) Wax-MCs; d1–d5) Xylene-MCs; and e1–e5) HDI-D-MCs.
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of MCs with different cores, such as POTS-MCs and Wax-MCs 
(Figure  3 d). This tremendous improvement in the thermal sta-
bility was primarily attributed to the highly crosslinked shell, 
which had a superior tightness that prevented the leakage of 
the liquid core upon heating. The hierarchical surface structure 
of MCs may also have retarded heat transfer, thereby improving 
the thermal stability. Differential scanning calorimetry (DSC) 
experiments clearly demonstrated that the melting range of 
the Wax-MCs was signifi cantly wider than that of pure wax 
and increased with the increasing heating rate (Figure S7 and 
Table S1, Supporting Information).  

  2.3.     Tunable, Self-Restorable, and Solvent-Proof Superhydropho-
bicity of MCs 

 Self-cleaning superhydrophobic surfaces can be produced by 
combining specifi c surface features with low-surface-energy 
materials. [ 19 ]  The SEM observations demonstrated that the 
resulting MCs had a hierarchical structure (ranging from 
microns to nanometers in size) on a surface that resembled a 
lotus leaf. For the POTS-MCs and HDI-MCs, spherical droplets 
of fl uorescein-colored water formed stably on the surfaces of the 
MCs at room temperature ( Figure    4  a1 and b1), and their water 
static contact angles (CAs) were 159.5 ± 1.2° and 155.3 ± 0.4° 
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 Figure 4.    Photos of fl uorescein-colored water droplets on the surface of 
various MCs: a1) POTS-MCs, b1) HDI-MCs, c1) Wax-MCs, and d1) Xylene-
MCs. Still images from contact angle (CA) measurements: a2) POTS-MCs, 
b2) HDI-MCs, c2) Wax-MCs, and d2) Xylene-MCs. MCs were well-dis-
persed and bonded to the glass slide using double-sided adhesive tape.

 Figure 3.    a) Relative released percentage of HDI after immersing HDI-MCs in various organic solvents for different times. b) Thermal gravimetric analysis 
(TGA) weight loss curves of pure HDI, shell, and HDI-MCs after 0 days (HDI-MCs-0D), 15 days (HDI-MCs-15D), and 45 days (HDI-MCs-45D) of storage 
and associated broken MCs. c) TGA weight loss curves of HDI-MCs from an isothermal process at 100 °C (� weight loss as a function of time; � weight 
loss as a function of temperature) and 150 °C (� weight loss as a function of time; � weight loss as a function of temperature). d) TGA weight loss curves 
of pure POTS, pure wax, POTS-MCs, Wax-MCs, and associated broken MCs. All TGA tests were performed at a heat rate of 10 °C min −1  in a N 2  atmosphere.
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(Figure  4 a2 and b2), respectively, demonstrating the superhydro-
phobicity of the surfaces. However, the Wax-MCs and Xylene-
MCs were wetted by water droplets (Figure  4 c1 and d1) with 
the water CAs of 60.8 ± 0.5° and 52.1 ± 0.5° (Figure  4 c2 and 
d2), respectively, demonstrating that the surfaces were hydro-
philic. These results are unprecedented; remarkable differences 
among the water wetting behaviors of these four types of MCs 
were observed even though their surface features were similar 
and most of the MCs had low-surface-energy core materials. 
Note that the POTS and HDI were reactive and volatile, whereas 
the wax and xylene were nonreactive. Thus, we attributed the 
generation of superhydrophobicity to inside-out diffusion of 
the low-surface-energy reactive and volatile core materials and 
subsequently their spontaneous chemical modifi cation on the 

MCs surface at room temperature. Indeed, the fresh HDI-MCs 
were found to be intrinsically hydrophilic due to the presence of 
abundant hydrophilic groups (e.g., amino and hydroxyl groups) 
on the PUF particle surface during the formation of PUF MCs 
( Figure    5  a), [ 43 ]  as was the case for the other MCs. The surface 
gradually changed from hydrophilic to superhydrophobic with 
time because of the effect of the chemical modifi cation of the dif-
fused HDI, which consumed the hydrophilic groups. After 12 h 
of ageing at room temperature, the HDI-MCs were typically 
still hydrophilic, with a CA of 76.1 ± 0.9° (Figure  5 b). When 
the ageing time was prolonged, the CA of the HDI-MCs 
increased continuously and reached a plateau of approximately 
156° after 68 h, corresponding to the time at which superhy-
drophobicity was achieved. FT-IR attenuated total refl ectance 
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 Figure 5.    a) Schematic of the mechanism of the reversible hydrophilic-superhydrophobic transition of HDI-MCs. b) Variation in CA with ageing time at 
room temperature; insets: still CA images of HDI-MCs after 12 h of ageing (bottom left) and 108 h of ageing (top right). c) FT-IR spectra of pure HDI 
and HDI-MCs shells after ageing at different times. d) Reversible superhydrophobic to hydrophilic transition after plasma-etching and self-restoration 
cycles at room temperature; insets: still CA images of HDI-MCs after plasma-etching (bottom) and self-restoration (top). e) Superhydrophobicity of 
HDI-MCs after 16 days of immersion in various organic solvents.
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(FT-IR-ATR) spectroscopy of the HDI-MC shell was used to con-
fi rm the chemical modifi cation effect. The signals at 2935 cm −1  
and 2860 cm −1  in the spectra, which correspond to the C-H 
stretching vibration of methylene in the hexyl chains, were 
enhanced as the ageing time increased (Figure  5 c and Figure S8, 
Supporting Information), implying that HDI diffused out of the 
shell and reactively bound the shell surface gradually.   

 The aforementioned mechanism for the creation of supe-
rhydrophobicity can be used to explain the differences in the 
water wetting behavior of the four types of MCs. The PUF 
shells were intrinsically hydrophilic. The hydrophilic groups of 
the shell surfaces of the Wax-MCs and Xylene-MCs could not 
be consumed by nonreactive low-surface-energy core materials. 
By contrast, for the POTS-MCs and HDI-MCs, the hydrophilic 
groups of the shell surfaces can be consumed by highly reac-
tive low-surface-energy core materials. Thus, the Wax-MCs 
and Xylene-MCs can be wetted by water, whereas the surfaces 
of the POTS-MCs and HDI-MCs thoroughly repelled water. In 
addition, the superhydrophobicity of the MCs vanished upon 
removal of the diffused HDI and was self-restorable upon sub-
sequent ageing. To confi rm the self-restorability of superhy-
drophobicity, superhydrophobic HDI-MCs with CA of approxi-
mately 156° were etched by O 2  plasma for 2 min, after which 
the surface became hydrophilic with a CA of approximately 10° 
(Figure  5 d, bottom inset). Then the plasma-etched HDI-MCs 
were aged at room temperature for 72 h, the superhydropho-
bicity was restored with a CA of approximately 156° (Figure  5 d, 
top inset). The etching-restoring process could be repeated 
multiple times without an obvious decrease in the superhydro-
phobicity (Figure  5 d), demonstrating excellent self-restorability. 
In addition, the superhydrophobicity of the HDI-MCs was 
maintained after 16 days of immersion in various organic sol-
vents (Figure  5 e) with similar CA, indicating excellent solvent 
stability of the superhydrophobic surfaces. 

 The superhydrophobicity of the MCs could be easily tuned by 
adjusting the level of hierarchy of the surface structure. HDI-
MCs with low-level, mid-level, and high-level hierarchical struc-
tures and smaller diameters were denoted l-HDI-MCs, m-HDI-
MCs, h-HDI-MCs, and s-m-HDI-MCs, respectively. These 
MCs were prepared by varying the formation time and agita-
tion rate of the emulsion ( Table    1   and Figure S9, Supporting 
Information). The infl uence of the emulsifying conditions on 

the levels of hierarchy of the surface structure was attributed 
to the change of aggregation and deposition of PUF nanopar-
ticles in emulsion. Actually, a long time agitation offering the 
continuous shearing action was unfavorable for the aggregation 
and deposition of PUF nanoparticles. Thus, by controlling agi-
tation time in the emulsifi cation stage, the levels of hierarchy 
of the surface structure can be controlled. The diameters of 
the l-HDI-MCs, m-HDI-MCs, h-HDI-MCs, and s-m-HDI-MCs 
were 198.0 ± 28.4 µm, 198.5 ± 32.4 µm, 198.0 ± 31.9 µm, and 
105.1 ± 22.4 µm, respectively (Figure S10, Supporting Infor-
mation). Among these MCs, the l-HDI-MCs had the lowest, 
thinnest hierarchical structure ( Figure    6  a4 and a5), whereas 
the h-HDI-MCs had the highest, thickest hierarchical struc-
ture (Figure  6 c4 and c5). For the l-HDI-MCs, m-HDI-MCs, 
and h-HDI-MCs, the increase in the level of the hierarchical 
structure resulted in an increase in the CA from 138.4 ± 0.2° to 
160.4 ± 0.9° (Figure  6 a1, b1, and c1) and induced a transition in 
the water wetting state from the Wenzel (penetration) state [ 46 ]  to 
the Cassie-Baxter state (suspension) [ 47 ]  (Figure  6 a2, a3, b2, b3, 
c2, and c3), indicating that the superhydrophobicity of the HDI-
MCs could be controlled over a wide range of states. In addi-
tion, the levels of the hierarchical structure of the m-HDI-MCs 
and the s-m-HDI-MCs were similar (Figure  6 b4, b5, d4, and 
d5), but the decrease in the capsule diameter lead to a slight 
increase in the CA from 155.3 ± 0.4° to 156.6 ± 0.2° (Figure  6 b1 
and d1) and no change in the water wetting state (Figure  6 b2, 
b3, d2, and d3), indicating that the capsule diameter did not 
play an important role in controlling superhydrophobicity. 
Overall, when the size of the HDI-MCs was fi xed, increasing 
the level of the hierarchical structure on the surfaces of the 
HDI-MCs (Figure  6 a6, b6, and c6) dramatically increased the 
CA and changed the water wetting state from the Wenzel state 
to the Cassie-Baxter state, whereas for HDI-MCs with similar 
surface hierarchical structures (Figure  6 b6 and d6), the differ-
ence in size had no obvious effect on the CA.    

  2.4.     Self-Healing and Self-Cleaning Multifunctional Coating 
Based on HDI-MCs 

 HDI reacts with water or moisture to generate unstable inter-
mediate carbamic acids that decompose to amines, which in 
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  Table 1.    Processing parameters for MCs with different core materials and structures. a)   

MC Code Core material Emulsifi cation agitation rate 
[rpm]

Emulsifi cation time 
[min]

Mean diameter 
[μm]

POTS-MC POTS 700 20 185.5 ± 25.2

Wax-MC wax 800 20 184.5 ± 25.6

Xylene-MC xylene 600 20 183.2 ± 24.8

HDI-D-MC HDI dimer 1000 20 251.0 ± 81.8

l-HDI-MC b) HDI 600 30 198.0 ± 28.4

HDI-MC/m-HDI-MC b) HDI 600 20 198.5 ± 32.4

h-HDI-MC b) HDI 600 10 198.0 ± 31.9

s-m-HDI-MC b) HDI 800 20 105.1 ± 22.4

    a) For all of the MCs, the chemical dosage, reaction conditions and processing procedures were completely identical to those for HDI-MC;  b) l, m, and h in the MCs denote 
the hierarchical structure on the MC surface corresponded to a low, medium, and high level, respectively, s denotes a small MC.   
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turn react with other HDI molecules to form polyureas. Thus, 
the design and development of multifunctional coatings based 
on HDI-MCs are of signifi cant technical and economic impor-
tance for anticorrosion and antifouling applications. 

 Herein, a unique multifunctional coating that seamlessly 
integrates antifouling and anticorrosion features was facilely 
prepared by embedding HDI-MCs into an epoxy matrix coated 
onto a 50 mm × 50 mm steel panel and binding HDI-MCs 
powders onto this cured epoxy surface ( Figures    7  a and b1 left). 
Epoxy coating with embedded HDI-MCs solely and pure epoxy 
coating of the same thicknesses covering steel panels of the 
same size were prepared as controls (Figure  7 b1, middle and 
right, respectively). The CAs of the control specimens were less 
than 90°, clearly indicating hydrophilic surfaces. However, the 
CA of the multifunctional coating was 163.6 ± 0.3°, revealing 
that a remarkably superhydrophobic surface. Water droplets 
rolled off rapidly on that surface tilted by 5.5° within about 0.2 s 
(Figure S11, Supporting Information). These results demon-
strated that our multifunctional coating simultaneously had 
a very high water static CA and a very low sliding angle (SA), 
which indicated potential self-cleaning ability. Natural dusts 
used as dirt were overlaid onto the coatings that were tilted by 
less than 10°. Water was dropped at higher end and the dusts 
were then effi ciently and completely rolled down together with 
the water droplets from the multifunctional coating surface. 
However, the dirt particles on the surface of the control coatings 

were not removed (Figure  7 b1–b4 and Video S1, Supporting 
Information). This self-cleaning feature is attributed two funda-
mental mechanisms as mentioned: i.e. the weak interaction of 
the coating with the water droplets and the easy rolling of the 
water droplets containing the contaminants down the coating. 
The HDI-MCs were partially embedded in the epoxy matrix 
(Figure  7 e), and the protruding parts of the HDI-MCs provided 
a superhydrophobic rough surface that enabled the water drop-
lets in the Cassie-Baxter state to roll off freely, thereby removing 
the contaminants. This is the fi rst report of the fabrication of 
a self-cleaning coating by directly binding superhydrophobic 
MCs onto epoxy coating without any further surface treatment.  

 To evaluate the anticorrosion performance, pure epoxy 
coating and multifunctional coating were manually scratched 
using a razor blade (Figure  7 c1 and c3), followed by the immer-
sion of the specimens in a 10 wt.% NaCl aqueous solution at 
room temperature for 48 h. After immersion, the scratched 
areas of the multifunctional coating were almost completely 
free of rust (Figure  7 c4). By contrast, signifi cant amount of 
rust was observed on the control specimen (Figure  7 c2). No 
visible corrosion was observed on the steel panel after peeling 
off the self-healing coating (Figure S12b), whereas severe cor-
rosion occurred on the steel panel of the control specimen 
(Figure S12a). These results clearly demonstrate that the mul-
tifunctional coating provided excellent corrosion protection 
for the scratched steel panel. The anticorrosion performance 
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 Figure 6.    Still CA images of a1) l-HDI-MCs, b1) m-HDI-MCs, c1) h-HDI-MCs, and d1) s-m-HDI-MCs. Photos of fl uorescein-colored water droplets on 
the surface of MCs: a2) l-HDI-MCs, b2) m-HDI-MCs, c2) h-HDI-MCs, and d2) s-m-HDI-MCs. Photos of the surfaces of a3) l-HDI-MCs, b3) m-HDI-MCs, 
c3) h-HDI-MCs, and d3) s-m-HDI-MCs after removing fl uorescein-colored water droplets. Microstructures of HDI-MCs: a4, a5) l-HDI-MCs, b4, b5) 
m-HDI-MCs, c4, c5) h-HDI-MCs, and d4, d5) s-m-HDI-MCs. Illustrations of the hierarchical surface structures of the individual MCs: a6) l-HDI-MCs, 
b6) m-HDI-MCs, c6) h-HDI-MCs, and d6) s-m-HDI-MCs.
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was attributed to the multifunctional coating's self-healing 
function, which was realized by the released liquid healant 
(HDI) from the damaged areas that reacted with moisture 
or water to form a polymerized product (polyurea) to fi ll the 
crack (Figure  7 f). Thus, the crack is sealed autonomously to 
retard the diffusion of salt ions, thereby protecting the sub-
strate from corrosion. This mechanism is supported by SEM 
observations, which revealed that the cracks on the top (Fig-
ures S13a and S13b) and bottom (Figures S13c and S13d) sur-
faces of the scratched areas of the self-healing coating were 
repaired by the newly formed material. The healing behavior 
of our multifunctional coatings was completely autonomous 
and did not require any external intervention such as UV expo-
sure, heating, or the use of a catalyst or other assisting chemi-
cals, enhancing the convenience of developing self-healing 

anticorrosion coatings of considerable technical and commer-
cial importance. 

 After 48 h of immersion, the multifunctional coating was 
washed with acetone, dried in the open air, and tilted by less 
than 15° to assess the self-cleaning ability (Figure  7 d1). Natural 
dusts were overlaid on the surface of coatings (Figure  7 d2). 
Then, water was added dropwise. The dusts covered the water 
droplets and were almost completely removed from the coating 
surfaces by the rolling of the water droplets along the surface 
(Figure  7 d3 and d4, and Video S2, Supporting Information), 
indicating that the self-cleaning ability was retained. Remark-
ably, water droplets also rolled off the scratched areas, implying 
that this type of physical damage did not result in a severe loss 
of the self-cleaning ability. This is the fi rst report of the fabri-
cation of single polymer coating with both self-cleaning and 
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 Figure 7.    a) Schematic of the preparing procedure of multifunctional coatings. b1–b4) Photos of an antifouling experiment using steel panels covered 
by different epoxy coatings, in which deionized water was used as a liquid and natural dusts were used as dirt (insets in a show still images from the 
CA test on steel panels covered by different epoxy coatings): epoxy coatings with embedded/bound HDI-MCs (left), epoxy coatings with embedded 
HDI-MCs (middle), and pure epoxy coatings (right). Photos of a self-healing anticorrosion experiment using steel panels covered by different epoxy 
coatings: pure epoxy coating c1) before and c2) after 48 h immersion, epoxy coating with embedded/bound HDI-MCs c3) before and c4) after 48 h 
immersion. d1–d4) Photos of the self-cleaning antifouling experiment: the specimen was a steel panel covered with an epoxy coating with embedded/
bound HDI-MCs, which was fabricated in a self-healing anticorrosion experiment with 48 h of immersion. e) Schematic of the self-cleaning and non-
self-cleaning processes. f) Schematic of the self-healing process.
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self-healing functions for an integrated antifouling and anticor-
rosion application.   

  3.     Conclusions 

 We have presented a simple and versatile strategy for synthe-
sizing robust MCs containing various core materials with supe-
rior resistance to solvents and excellent thermal stability. Using 
a modifi ed one-pot in situ polymerization of an oil-in-water 
emulsion under a shorter reaction time (1 h at 55 °C) than that 
used in previous reports (at least 4 h at 55 °C), fi ve types of 
pure liquid agents, including highly reactive and volatile liquid 
chemicals (i.e., HDI and POTS), were encapsulated success-
fully and effi ciently in a PUF shell. The dense and highly cross-
linked PUF shell provided the resulting MCs, particularly those 
with a highly reactive liquid core (i.e., HDI), with a long shelf 
life (i.e., the core content was reduced by approximately 10% 
after the MCs were placed in a sealed vessel for 45 days), and 
the MCs exhibited excellent resistance to a variety of less polar 
and nonpolar organic solvents as well as outstanding thermal 
stability. Thus, our microencapsulation approach could be used 
to fabricate MCs containing other core materials with func-
tional fi llers with desirable properties for extensive applications. 

 The process parameters were fi nely tuned to develop a sim-
ilar approach for constructing a controllable hierarchical sur-
face structure on MCs with reactive cores (i.e., POTS and HDI) 
with tunable, multiple self-restorable, and solvent-proof super-
hydrophobicity. The FT-IR-ATR spectra and time-dependent CA 
were used to develop a mechanism of superhydrophobicity, i.e., 
the spontaneous chemical modifi cation of low-surface-energy 
reactive and volatile core materials onto the hierarchical surface 
of MCs by diffusion, which was verifi ed by the observation of 
a cyclic hydrophilic-superhydrophobic transition for plasma-
etching and ageing processes. This phenomenon opens up a 
new fi eld of acquiring regenerative superhydrophobicity. 

 Our superhydrophobic MCs with reactive cores have many 
promising energy, environmental, and biomedical applications. 
As an example, a multifunctional smart coating for anticor-
rosion and antifouling applications was developed using self-
healing and self-cleaning mechanisms, respectively, by dis-
persing an epoxy with HDI-MCs mixed into the matrix onto 
a surface. The surface MCs exhibited a signifi cant antifouling 
effect because of their superhydrophobic characteristics. The 
coated body exhibited excellent anticorrosion performance 
upon scratching due to healing by the released HDI. This is the 
fi rst report of a multifunctional single coating with the seam-
lessly combined anticorrosion and antifouling properties.  

  4.     Experimental Section 
  Materials : The following chemicals were purchased from Sigma-

Aldrich: HDI, resorcinol, 37 wt.% aqueous solution of formaldehyde, 
0.1 mol L −1  aqueous solution of hydrochloric acid, bromophenol blue, 
NaCl, anhydrous  p -xylene, anhydrous n-hexane, anhydrous chloroform, 
acetone (water <0.1%), anhydrous acetonitrile, citric acid, and fl uorescein. 
POTS was purchased from Alfa Aesar. The HDI dimer (Desmodur® N 
3400) was obtained from Bayer MaterialScience. Wax (EPISOL B 2538, 
C14-C17) was obtained from International Pte., Ltd. Ethylene-maleic 

anhydride (EMA) copolymer was purchased from MP Biomedicals. 
The epoxy resin (EPOLAM 5015) and hardener (EPOLAM 5015) 
were obtained from Axson. The sodium hydroxide aqueous solution 
(1 mol L −1 ) and the aqueous solution of hydrochloric acid (1 mol L −1 ) 
were purchased from VWR International Ltd. Glass slides (SailBoat 
Lab Co., Ltd., China) with dimensions of 25.4 mm × 76.2 mm and 
steel panels (from the local market in Singapore) with dimensions of 
50 mm × 50 mm were used as substrates. Natural dusts (<180 μm in 
size) were obtained from the NTU campus and used as dirt. All of the 
chemicals in this study were used without further purifi cation unless 
otherwise specifi ed. 

  Measurements : The structure of the MCs and the scribed areas of the 
self-healing coatings were observed by scanning electron microscopy 
(using a JEOL JSM-7600F and a JSM-5600LV, respectively). All of the 
samples were fi xed onto carbon conductive adhesive tape and coated 
with gold. The mean diameter and size distribution of the MCs were 
obtained from the statistical data for 250 MCs of SEM images analyzed 
using Image-Pro Plus 6.0. The chemical components of the MCs were 
detected by Fourier transform-infrared spectroscopy (FT-IR, Nicolet 
6700, Thermo Fisher Scientifi c Inc.) on an instrument equipped 
with an ATR accessory. Observations were made in the 500 cm −1  to 
4000 cm −1  range of the spectrum. For the FT-IR spectra of the pure 
shell and core, small amounts of MCs were crushed and washed with 
acetone 5–7 times. After fi ltering and drying the samples, pure core 
and shell samples were obtained for analysis. The thermal properties 
of the samples were characterized by thermal gravimetric analysis 
(TGA, Q500, TA Instruments) and differential scanning calorimetry 
(DSC, Q200, TA Instruments). Static contact angle (CA) and slide 
angle (SA) measurements were obtained using an Attension Theta 
system (KSV Instruments Ltd.) and recorded using a digital camera 
with the calculation software supplied. For the CA measurements, 
5 μL of deionized water was used, and every sample was measured at 
least three different points to obtain an average CA and its standard 
deviation. For the SA measurements, 10 μL of deionized water and a 
self-made tilting table were used. All photos and videos were recorded 
with a digital camera. 

  Preparation of MCs : The resorcinol-modifi ed PUF MCs with various 
cores were prepared by in situ polymerization. The typical experimental 
procedure for preparing HDI-MCs was as follows: fi rst, 6.33 g of 37 wt.% 
aqueous solution of formaldehyde (78.0 mmol) adjusted to pH 8 ± 0.02 
with 1 mol L −1  NaOH was added to 2.5 g urea (41.6 mmol) in a 20-ml 
vial. The vial was placed in a temperature-controlled water bath at a 
preset temperature of 70 °C for 60 min under magnetic stirring, after 
which the reaction was stopped, and a urea-formaldehyde pre-polymer 
aqueous solution was obtained. Second, 0.25 g of resorcinol (2.3 mmol), 
16.4 g of 2.5 wt.% EMA aqueous solution, and 45.6 g of DI water were 
added to a 250 ml beaker. The aforementioned pre-polymer solution was 
added to the mixture using a digital mixer (Caframo) driving a three-
bladed propeller at a gentle agitation rate of 200 rpm at 22 °C, resulting 
in a water phase with a fi nal EMA concentration of approximately 
0.5 wt.%. The pH of the system was then adjusted to 1.55 ± 0.02 using 
an aqueous solution of citric acid (pH � 0.86). Then, the stirring rate 
was increased to 600 rpm, and 10 g of HDI (59.4 mmol) was added 
dropwise to the solution. The system was emulsifi ed at 22 °C for 20 min 
at 600 rpm. The stirring rate was decreased to 200 rpm, and the system 
was further stirred for 40 min at 22 °C. The system was then heated to 
55 °C over approximately 30 min and further reacted for 60 min at 55 °C. 
The reaction was stopped by cooling the system to room temperature 
(RT). The MCs were washed 5 times with deionized water, fi ltered, and 
air-dried at RT for 12 h before further analysis. The resulting MCs, which 
weighed approximately 8.1 g, were denoted m-HDI-MCs.   By adjusting 
the reaction time or the agitation rate of the emulsifi cation process in 
the aforementioned experimental procedure, POTS-MCs, Wax-MCs, 
Xylene-MCs, HDI-D-MCs, and HDI-MCs with different structures were 
prepared. The detailed experimental parameters are summarized in 
Table  1 . 

  Thermal Resistance and Core Fraction of MCs : The thermal resistance 
and core fraction of MCs were characterized by TGA. The typical 
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experimental procedure was as follows: approximately 10 mg of sample 
was placed in a platinum pan and heated to a specifi ed temperature 
under a N 2  atmosphere at a rate of 10 ºC min −1  or was maintained for a 
fi xed time at 100 °C and 150 °C in an N 2  atmosphere. The core fraction 
of the MCs was roughly estimated from the peak width of the derivative 
of the weight loss curve. 

  Solvent Resistance of MCs : The resistance of the MCs with an HDI 
core to various organic solvents was assessed using an immersion test. 
The typical experimental procedure was as follows: 0.2 g of HDI-MCs 
was immersed in 10 g of anhydrous  p -xylene, anhydrous n-hexane, 
anhydrous chloroform, anhydrous acetonitrile, or acetone for a fi xed 
time at RT. Then, 2 g of the upper clear liquid was absorbed and titrated 
by a standard method, i.e., ASTM D2572–97. Each sample was titrated 
three times in parallel to obtain the average relative released percentage 
of HDI and its standard deviation. The relative released percentage of 
HDI encapsulated in the MCs (HDI RRP  wt.%) was calculated as follows:

 
HDI wt.%

m
m

100%RRP
HDI released

HDI encapsulated
= ×

( )
( )

  
(1)

  

 
m 2 m NCO%

1-NCO%HDI released solvent= × ×( )  
 (2)

  

 
NCO%

V V C 0.042
m

100%blank HCI

specimen

( )= − × × ×
  

(3)
 

 where NCO% is the weight percentage of NCO released into the solvent, 
V blank  (ml) is the volume of the standard HCl aqueous solution consumed 
by the blank, V (ml) is the volume of the standard HCl aqueous solution 
consumed by 2 g of the specimen, C HCl  (mol l −1 ) is the normality of the 
standard HCl aqueous solution, 0.042 is the milliequivalent weight of 
the NCO group, m specimen  (g) is the weight of the specimen (2 g), m (HDI 

released)  (g) is the released weight of HDI for the total weight of the MCs, 
m solvent  (g) is the weight of the solvent (10 g), and m (HDI encapsulated)  (g) is 
the total weight of HDI encapsulated in 0.2 g of MCs. 

  Plasma Treatment of HDI-MCs : The superhydrophobic HDI-MCs were 
subjected to oxygen plasma treatment using a March PX-500 plasma 
system (MARCH Instruments Incorporated). A treatment time of 2 min 
at 0.27 mbar under a power of 90 W was used. The plasma treatment 
was used to convert superhydrophobic HDI-MCs into hydrophilic 
HDI-MCs. However, the superhydrophobicity of the HDI-MCs was 
completely self-restored after 72 h of ageing at RT. 

  Preparation and Evaluation of the Multifunctional Coating : The typical 
experimental procedure for fabricating the self-healing, self-cleaning 
coating was as follows: fi rst, at RT, 5 g of epoxy resin was mixed with 
0.72 g of HDI-MCs and 1.5 g of hardener in sequence; the mixture 
was then degassed with approximately 10 wt.% of HDI-MCs for 
10 min under vacuum. Meanwhile, steel panels with dimensions of 
50 mm × 50 mm were polished using sand paper (with a grain size of 
350–400), degreased by acetone, and washed with deionized water. After 
drying, the steel panels were coated by the aforementioned degassed 
mixture to an average thickness of 300 ± 20 μm. After complete curing 
at RT, the epoxy layer embedded with HDI-MCs was recoated using 
a degassed mixture of 5 g of epoxy resin and 1.5 g of hardener to an 
average thickness of 50 ± 10 μm, after which the other HDI-MCs were 
uniformly deposited onto this fresh epoxy layer. After a second epoxy 
layer was completely cured at RT, the surface of the coatings was blown 
with an air gun to remove unbound MCs. Control specimens of pure 
epoxy coatings and epoxy coatings embedded with HDI-MCs with the 
same thicknesses and sizes were prepared and treated in the same 
manner for comparison. To evaluate self-cleaning antifouling, specimens 
with a tilt angle of approximately 8° were covered using natural dusts as 
dirt, followed by the dropwise addition of deionized water to the surface 
of the specimens. The self-cleaning process was recorded with a digital 
camera. To evaluate self-healing anticorrosion, the uncoated areas of 
the steel panels were covered by waterproof adhesive tape, and a razor 
blade was used to scratch the surface manually. These specimens were 
immersed in a 10 wt.% NaCl solution at RT for 48 h to evaluate the 

accelerated corrosion process. The corrosion characteristics were 
recorded using a digital camera. The scribed areas were inspected by 
SEM to examine the self-healing performance of the coating.  
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