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ABSTRACT: Liquid-repellent coatings with rapid self-healing and
strong substrate adhesion have tremendous potential for industrial
applications, but their formulation is challenging. We exploit
synergistic chemistry between donor−acceptor self-assembly units
of polyurethane and hydrophobic metal−organic framework
(MOF) nanoparticles to overcome this challenge. The nano-
composite features a nanohierarchical morphology with excellent
liquid repellence. Using polyurethane as a base polymer, the
incorporated donor−acceptor self-assembly enables high strength,
excellent self-healing property, and strong adhesion strength on
multiple substrates. The interaction mechanism of donor−acceptor
self-assembly was revealed via density functional theory and
infrared spectroscopy. The superhydrophobicity of polyurethane
was achieved by introducing alkyl-functionalized MOF nanoparticles and post-application silanization. The combination of the self-
healing polymer and nanohierarchical MOF nanoparticles results in self-cleaning capability, resistance to tape peel and high-speed
liquid jet impacts, recoverable liquid repellence over a self-healed notch, and low ice adhesion up to 50 icing/deicing cycles. By
exploiting the porosity of MOF nanoparticles in our nanocomposites, fluorine-free, slippery liquid-infused porous surfaces with
stable, low ice adhesion strengths were also achieved by infusing silicone oil into the coatings.
KEYWORDS: liquid-repellent coating, donor−acceptor self-assembly, metal−organic frameworks, rapid self-healing, substrate adhesion,
anti-icing

1. INTRODUCTION
Liquid-repellent surfaces, including superhydrophobic surfaces
(SHS) and slippery liquid-infused porous surfaces (SLIPS),
have the potential to improve anti-icing, water collection, and
antifouling properties remarkably for industrial applications.1−4

Although there are several fabrication methods and materials,
their robustness and durability5−9 leave a huge scope for
improvement. To develop robust liquid-repellent surfaces, the
combination of abrasion-resistant materials and elastic
supporting polymers is commonly applied to reduce the
damage to the surface passively.7,10 Generally, coatings with
low surface energy adhere poorly to most substrates, with a few
specific exceptions.11,12 Even with high substrate adhesion,
surfaces are often exposed to high-speed liquid impact,
mechanical abrasion, chemical degradation, and so forth.5,7

Such challenging conditions can easily exceed the inherent
strength and toughness of most materials. Hence, it is desirable
to incorporate self-healing properties to help the surfaces
recover from mechanical damage and thus prolong their
durability.13−17 A major hurdle to self-healing ability in most
materials is the requirement of external stimuli with high
temperatures (even > 100 °C) and/or long recovery times
(∼102 to 103 min), thus limiting their practical applica-

tions.14,18 For example, a recently developed polydimethylsi-
loxane (PDMS)-based SHS, crosslinked by dynamic hydrogen
bonds and coordination bonds, required high-temperature
heating (120 °C) for healing within minutes from physical
damages.19 The combination of rapid self-healing (<10 min)
SHS with high substrate adhesion remains a challenge. This
requires at least two sets of advances: the first around the self-
healing polymer matrix and the second around an appropriate
choice of filler nanoparticles, which can enable robust self-
healing while enhancing the liquid repellence. Here, we
introduce donor−acceptor (D−A) self-assembly into a stand-
ard polyurethane matrix and metal−organic framework
(MOF) nanoparticles to address these key requirements.
The reversible and repeatable self-healing capability of

polymer materials is usually achieved by introducing repairable
chemical bonds or noncovalent interactions.20−22 Over the
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past decade, self-assembled supramolecular polymers23 have
exploited noncovalent interaction, such as aromatic π−π
stacking,24 metal−ligand interactions,25 hydrophobic effects,26
and so forth, to achieve rapid self-healing in response to stimuli
and adjustability of tensile strength. Due to the low surface
energy of organosilicon molecular chains, PDMS-based
supramolecular polymers have been developed for self-healing
SHS through mechanisms, including N-coordinated borox-
ines,27 dynamic hydrogen bonds, and metal−ligand coordina-
tion bonds.19 However, due to the limited migration and
mobility of polymer chains, high-temperature stimuli are still
required to heal polymer from damages.19 Recently, a
polyurethane (PU) based on donor−acceptor self-assembly
(DA-PU) with remarkable thermal reparability and self-healing
capabilities was reported.28 In comparison to other non-
covalent interactions, the interaction between the naphthalene
ring (as donor) and the imide group (as acceptor) in DA-PU
enables greater toughness and faster thermally activated
healing properties. Self-assembly of D−A inter- and intrachain
may help improve the microstructure of polymeric materials,
essentially following a mechanism that mimics the reversible
breakage and refolding of secondary interactions within the
skeletal muscle proteins which induce recovery after damage.29

Through interchain self-assembly, polymers with electron
donors or acceptors units at the chain ends have also been
reported to achieve markedly improved mechanical character-
istics and self-healing capability.24 However, the enhancement
of PU adhesion strength, which is due to a known feature of
the aromatic group stacking during D−A self-assembly,30,31 has
not been investigated. Furthermore, despite its attractive
properties, nonwetting surfaces based on this PU have also
not been investigated.
In the current work, we crucially introduce a number of

notable advances by incorporating MOF nanoparticles in this
polymer. First, the mechanism of D−A self-assembly featuring
a hierarchy of multiple hydrogen bonds, and the overlap of the
associated electrostatic potential (ESP) surfaces was inves-
tigated by density function theory (DFT) and confirmed by
Fourier transform infrared spectroscopy (FTIR). Ultrafast self-
healing (<1 min) of a notched DA-PU film was achieved by
modest heating at 80 °C. In addition to the excellent
mechanical properties with elongation at break of 818% and
toughness of 132.8 MJ/m3, DA-PU also showed remarkable
universal adhesive properties on different substrates, such as
glass, metals (e.g., copper and aluminium), and even
polytetrafluoroethylene (PTFE). These excellent mechanical,
interfacial adhesion, and self-healing properties emerge from
the stacking molecular conformation of the D−A complex,
which has a low energy barrier (−4.52 kcal/mol) for the self-
assembly. Second, fluorine-free hydrophobic nanohierarchical
MOF nanoparticles with remarkable thermochemical stability
and scratch resistance were incorporated into DA-PU to
introduce a robust nanohierarchical texture32 for SHS. A
hydrophobic alkyl-functionalized zirconium-based MOF
(alkyl-UiO-66) was synthesized using known techniques,33

and the superhydrophobic coatings were fabricated by spraying
a solution of DA-PU and MOF nanoparticles, followed by
silanization. Only this zirconium-based MOF was used in this
work due to its hydrolytic, thermochemical, and mechanical
stability.33 A systematic consideration of different MOF
particles is beyond the scope of the current work. The fine
surface asperities of MOF nanoparticles and the flexibility of
the polymer hosted in the resulting nanocomposite coating are

expected to lend robustness and impalement resistance to the
SHS.7,32,34 Resistance to high-speed liquid impact (up to ∼35
m/s, Weber number ∼ 42,500) and low ice adhesion were
confirmed for the as-prepared coatings. Lastly, by exploiting
the high porosity of MOF in the coatings, SLIPS could be
prepared simply by infusing silicone oil into the SHS.35

Benefiting from the nanohierarchical texture and/or the
enhanced interaction between functionalized MOF nano-
particles and the lubricant, both SHS and SLIPS show low
ice adhesion over 50 icing/deicing cycles, which should have
widespread uses in low-temperature applications.36

2. MATERIAL AND METHODS
2.1. Materials. Hexamethylene diisocyanate (HDI), polycapro-

lactone diol (PCL-OH, Mn ∼ 2000 g mol−1), pyromellitic
dianhydride (PMD), dibutyltin dilaurate (DBTDL), ethanolamine,
zirconium oxychloride octahydrate (ZrCl2·8H2O), 2-aminoterepthalic
acid (ATPA), octanoic acid, sodium hydroxide, acetic acid, trichloro-
(octadecyl)silane (OTS), dimethyl formamide (DMF), chloroform,
acetone, toluene, isopropanol, hexane, and silicone oil (20, 100, 500,
and 1000 cSt) were purchased from Sigma-Aldrich. 1,5-Diisocyana-
tonaphthalene (NDI) was purchased from Tokyo Chemical Industry
UK Ltd. All the chemicals were used without further purification.
Commercial NeverWet coating components, used as a control for
comparison, were obtained from the Rust-Oleum.
2.2. Instrumentations and Characterization. Surface mor-

phologies were imaged using a scanning electron microscopy (SEM)
(EVO25, Carl Zeiss, Germany), following a thin gold film sputtering,
at 5 kV voltage and 5 pA current. FTIR spectra was recorded with a
spectrophotometer (Spectrum Two, PerkinElmer, ATR mode). A
digital microscope (Keyence, VHX-7000) and a GXML3200B
compound microscope were used to observe the self-healing process
and examine the damage to coatings following liquid impact tests. The
powder X-ray diffraction (PXRD) of the MOF powder was recorded
on a Stoe STADI-P spectrometer with tube voltage of 40 kV, tube
current of 40 mA in a stepwise scan mode (5° min−1). The
transparency was assessed using an Orion AquaMate UV−vis
spectrophotometer. The contact angles and the contact angle
hysteresis were measured on a custom designed goniometer setup
with at least three samples tested for statistics.32

2.3. Synthesis of DA-PU. A method reported by Ying et al.28 was
adopted to synthesize DA-PU. PMD (0.104 g) and ethanolamine
(0.058 g), dissolved in 10 mL DMF, were mixed and heated at 150 °C
for 1 h to synthesize the acceptor unit of DA-PU (PMDA-OH). The
prepolymerization reaction of PU with the donor unit was performed
in a N2 glove-box. PCL-OH (0.952 g), NDI (0.100 g), HDI (0.080 g),
and DBTDL (0.001 g) were added into glass bottle containing a
magnetic stirrer, followed by the addition of 4.526 g DMF and heating
in a 60 °C oil bath for 1 h. After prepolymerization, the acceptor unit
PMDA-OH was added in for chain extension, and the mixture was
heated at 80 °C (in oil bath) for 5 h to complete the polymerization
reaction of DA-PU. The polymer was then precipitated using excess
deionized water and washed five times to remove the impurities and
organic solvents. After that, the raw DA-PU was dried overnight in
vacuum oven at 80 °C. The synthesis method of PU was similar to the
prepolymerization reaction of DA-PU, except that no donor (NDI)
and acceptor unit (PMDA-OH) were added, and the stoichiometric
ratio of [NCO]/[OH] was used. The PU polymerization was
performed by heating at 80 °C for 6 h, followed by overnight drying
in vacuum oven at 80 °C to obtain the polymer in the form of a
sedimented film.
2.4. Synthesis of Hydrophobic MOF. Hydrophobic MOF

(alkyl-UiO-66) was synthesized through the typical condensation
reaction between amino functional groups of NH2-UiO-66 and
carboxylic acid functional groups of octanoic acid. An ambient-
temperature aqueous synthesis was adopted for NH2-UiO-66.

37

ATPA (0.181 g) and sodium hydroxide (0.08 g) were dissolved in 5
mL of deionized water at 60 °C for 10 min and then cooled to room
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temperature to obtain the sodium salt of the organic linker. Next,
ZrOCl2·8H2O (0.322 g) and acetic acid (100 mM) were solubilized
in 5 mL of deionized water. A yellow precipitate was obtained by
slowly adding one of above-prepared solutions into another dropwise.
The mixture was stirred for 12 h at room temperature to complete the
MOF synthesis reaction. The obtained crystals were centrifuged and
washed 3 times with deionized water. Lastly, the trapped water in
pores was removed with the Soxhlet method in ethanol for 16 h at
120 °C, and the resulting crystalline powder was dried overnight at
150 °C under vacuum. The pores of NH2-UiO-66 were modified
through straightforward postsynthesis functionalization to obtain
hydrophobic alkyl-UiO-66. To do this, the dried NH2-UiO-66
powders were dispersed in DMF, and 1 equivalent of octanoic acid
to organic linker (APTA) was added into the solution and stirred at
80 °C for 12 h. After that, the crystals were centrifuged and washed
with DMF and acetone twice and then in chloroform thrice, followed
by drying overnight under vacuum at 120 °C. The successful synthesis
of alkyl-UiO-66 was confirmed by FTIR spectroscopy (Figure S6a)
and PXRD (Figure S7 in Supporting Information).
2.5. Fabrication of SHS and SLIPS. Glass slides of 2.5 cm × 7.5

cm were used as substrates. The slides were cleaned with acetone and
isopropanol, followed by nitrogen purging. Hydrophobic MOF
nanoparticles were added to acetone and sonicated for 30 min to
get a well-dispersed suspension. DA-PU (0.1 g) and PU (0.1 g) as
controls were dissolved in MOF suspension, respectively. The weight
ratio between MOF nanoparticles and DA-PU or PU was kept at 1:1,
which was determined by preparing coatings with different MOF
nanoparticle loadings and testing hydrophobicity (Figure S9). The

mixture solution was sprayed with a spray gun (Iwata Eclipse,
ECL2000) at 2.5 bar pressure. The weight of coating on each glass
slide was kept ∼55 mg. After spraying, the samples were dried
overnight in a vacuum at 60 °C. Lastly, the samples were placed into a
Petri dish with 20 mL hexane and 50 μL OTS for 2 h, followed by
heating the samples at 100 °C for 30 min to achieve super-
hydrophobicity.
SLIPS were fabricated by infusing silicone oil into the DA-PU/

MOF SHS. The oil infusion was achieved using thermal diffusion at
80 °C for 12 h followed by cooling to room temperature. After
infusion, the samples were spun at 2000 rpm to get rid of excessive
lubricant. All surfaces (2.5 cm × 7.5 cm) were then subjected to
contact angle, tape peel, and self-healing tests (see Supporting
Information) and ice adhesion measurement, as explained below.
2.6. Ice Adhesion Measurement. Ice adhesion measurements

were performed by placing the samples in a custom designed bench-
top icing chamber, as reported previously.32 A schematic of the ice
adhesion measurement is shown in Figure 6e. Bare glass with an area
of 2.5 cm × 7.5 cm and commercial superhydrophobic coatings
(NeverWet) on glass were used as control samples. After the
temperature inside the chamber reached −20 °C, water was poured
into cuvettes with a base area of 1 cm × 1 cm and frozen for 1 h. A
rod connected to a force gauge was pushed laterally against the
cuvettes at a low speed. The peak force required to remove the ice was
noted. Ice adhesion strength was defined as the maximum force
required to remove ice per unit area. The average ice adhesion
strength was obtained from at least three independent measurements
on different samples.

Figure 1. Molecular structure, DFT calculation, and infrared spectroscopy of DA-PU. (a) Chemical structure of DA-PU. (b) The schematic
illustration of the self-healing process with inter- and intra-chain interactions. (c) Stress−strain curve of DA-PU (standard dumbbell shape
specimen, ASTM D412, measured in Instron, model 5969 at a constant speed of 1 mm/min). (d) ESP of the D−A complex. The negative surface
potential is indicated in blue, while the positive surface potential is indicated in red. The dotted lines mark the overlapping parts of the two van der
Waals surfaces, which are colored by ESP. Gold and cyan dots correspond to surface maxima and minima, respectively. (e) Molecular structure of
the D−A complex after optimization and its multiple hydrogen bonds. (f) FTIR spectra of DA-PU and PU, showing the peak at 1680 and 1720
cm−1 corresponding to the associated and free hydrogen bonds, respectively. (g) UV−vis spectra of DA-PU dissolved in DMF at the concentration
of 30 g/L. The characteristic peak, at 450 nm, proves the existence of interchain D−A self-assembly.28
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3. RESULTS AND DISCUSSION
3.1. Polyurethane with Donor−Acceptor Self-Assem-

bly. Figure 1a shows the molecular structure of DA-PU, with
donor (D) and acceptor (A) units distributed along the
polyurethane (PU) chain. The conceived synthesis route for
DA-PU is provided in Figure S5. The noncovalent interaction
with both intra- and interchain self-assembly (as shown in
Figure 1b) enable the PU extraordinary performance, including
enhancement of adhesive, self-healing, and excellent mechan-
ical properties (e.g., elongation at break: 818% and toughness:
132.8 MJ/m3, see Figure 1c). As opposed to the ref 28, we
replaced polytetramethylene ether glycol (PTMEG) in the
DA-PU soft segment with crystallizable polycaprolactone diol
(PCL).38 This result in an increased tensile strength of DA-PU
from reported 2528 to 30 MPa (Figure 1c). DFT and ESP
analysis was employed to study the interaction between D and
A units (see in the Supporting Information). The simulation
results indicate that the surface of naphthalene from donor is
positively charged, while the dianhydride group is the
negatively charged (Figure 1d; Figure S1, Supporting
Information). The three overlapping zones in the van der
Waals surfaces for D and A unit (demarcated by dotted lines)
attest to strong electrostatic attraction and charge-transfer
complex formation39 between them. In Figure 1d, the surfaces
are plotted using an ESP-based color map. The interaction
energy between D and A units was calculated as −4.52 kcal/
mol by the counterpoise correction method.40 A hierarchy of
four different types of hydrogen bonds in D−A complex
should increase the strength of the hard phase from
polyurethane microphase structure (Figure 1e), and the
existence of these hydrogen bonding associations was proved
by FTIR (Figures 1f and S6b). The existence of interchain D−
A self-assembly was also manifested in the UV−vis spectra,
featuring a characteristic peak around 450 nm (Figure 1g).28

3.2. Rapid Thermal Self-Healing. Figure 2a presents the
self-healing process of DA-PU at 60 °C (see Methods in the
Supporting Information). At first, a notch about 100 μm wide
and 400 μm depth divided the sample into left and right parts.
The notch disappeared almost completely with a much
narrower trace left after 3 min, and no discernible changes
were observed after 5 min. When the temperature was
increased to 80 °C, DA-PU healed quickly within 1 min (in
Figure 2b). As a comparison, the notch of common PU in
Figure 2c showed little change in 10 min at 80 °C, indicating
that the hydrogen bonding associations during D−A self-
assembly had a stronger effect on self-healing than just
hydrogen bonds in urethane links of PU. The in situ self-
healing dynamic process was also recorded with a Peltier plate
under the sample (see Movie S1). A Peltier plate (heating from
bottom) induced a bottom-to-top self-healing process due to
inevitable thermal gradient, which was different from the
uniform healing (marked by cut interfaces approaching each
other) under uniform temperature field of oven heating shown
in Figure 2a,b. DA-PU could not heal at room temperature;
however, efficient self-healing (<15 min) could be achieved
with a small thermal stimulus (40−60 °C) (Figure S2 in the
Supporting Information). Furthermore, we compared the self-
healing properties of our DA-PU with the other reported
functionalized PU in Figure 2d and Table S1. The previously
reported DA-PU was an elastomer containing PTMEG, while
others were mainly used as functional coating. Compared with
PTMEG-based DA-PU, the soft segment with higher
molecular weight, PCL-OH, applied in this work could
increase the glass transition temperature and molecular chain
mobility of DA-PU during heating, leading to the better self-
healing performance.41 Among those reported PU, our DA-PU
shows remarkable self-healing properties with shortest healing
time.

Figure 2. Self-healing properties of the notched DA-PU and PU films. (a) Optical microscope images of the notched DA-PU (left, 0 min) and
healed films after 3 and 5 min (right) at 60 °C. (b) Optical microscope images of the notched DA-PU film showing fast disappearance of the scar
during self-healing at 80 °C for 1 min. (c) Optical microscope images of the notched PU film showing slowly healing of the scar at 80 °C for 10
min. Scale bar: 100 μm. (d) Comparison of the self-healing properties of DA-PU with different repair mechanisms. (Previous work on D−A self-
assembly,28 Diels−Alder chemistry,14,44 disulphide linkage,45−47 phenolic urethane chemistry,18 microcapsule,48 segmented PU,49 and multiple
hydrogen bonding.50−53 Details are presented in Table S1 in the Supporting Information).
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The DFT was used to decipher the atomic scale under-
pinnings of the D−A self-assembly and its role in self-healing.
In the literature, broadly, either disulfide or hydrogen bonding
are exploited to introduce self-healing characteristics in a
polymer matrix.42 Due to the high energy barrier (57−91 kcal/
mol) of thermodynamic exchange reactions in disulfide
linkage43 and microphase separation induced by hydrogen
bond dissociation, both generally require high temperatures in
the range of 60−110 °C. A much weaker interaction energy
was calculated between the donor and acceptor (−4.52 kcal/
mol) using DFT simulation, which explains the excellent self-
healing at relatively lower temperature that we observed.
Overall, D−A interaction forms special hierarchal hydrogen

bonds induced by strong electrostatic attraction and lamellar
molecules stacking, resulting in rapid self-healing and high
surface adhesion, as shown in next section.
3.3. Adhesive Properties. Lap shear tests with single lap

joints were then carried out on a universal testing machine at
room temperature (see Figure 3a,b; see details in the
Supporting Information). The high adhesive strength of DA-
PU between two copper plates enabled it to carry a heavy iron
cylinder of 1.5 kg (Figure 3c), which was 104 times the weight
of the DA-PU film. Furthermore, when using glass substrates,
the lap joint bonded by the DA-PU exhibited significantly
higher peak loads and failure displacement compared to a PU
lap joint, as shown in Figure 3d. The adhesion enhancement

Figure 3. Adhesive properties. (a) Schematic of the sandwich specimen for the lap shear test and the aromatic group stacking mechanism in DA-
PU. (b) Photograph of the DA-PU bonded glass sandwich specimen loaded in a universal testing machine. (c) Copper lap joint with DA-PU
supporting 1.5 kg, that is, around 104 times the film weight. (d) Adhesion force−displacement curves for glass lap joints. (e) Lap shear strengths of
DA-PU and PU films on glass, PTFE, copper, and aluminum plates. Error bars represent standard deviation from three separate experiments (p <
0.05).

Figure 4. Surface wettability. (a) Schematic of the DA-PU/MOF SHS. (b) Water advancing contact angles (θA) and hysteresis (Δθ) of different
coatings. Error bars represent standard deviation from three separate experiments (p < 0.05). (c) Photos of PU/MOF and DA-PU/MOF coating
on glass. (d) Morphology of DA-PU/MOF. Scale bar: 30 μm. (e) Merged snapshots from high-speed recording of a water droplet bouncing off the
DA-PU/MOF surface. (f) Self-cleaning process, showing removal of contaminants (carbon powder) by water droplets rolling off the surface.
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through D−A self-assembly was further quantified by
comparing the lap shear strengths of DA-PU and PU on
different substrates (Figure 3e). There was 6.5- and 2-fold
enhancement on glass substrates and PTFE, respectively, while
an order of magnitude improvement was observed with
metallic substrates. Aromatic groups stacking between donors
and acceptors is the main reason resulting in such universal
adhesion enhancements30,31 and the drastic increase on metals,
in particular copper, could be attributed to the formation of
complex (such as Cu−O−C or Cu−N54) between the
acceptors and the metal.
3.4. Formulating Superhydrophobicity. Introducing

hydrophobicity into PU with plenty of oxygen-containing
groups is a challenge, and most studies resort to fluorinated
PU, which is harmful to the environment and toxic.55,56 To
fabricate a fluorine-free SHS, alkyl-functionalized MOF
nanoparticles with a nanohierarchical morphology were
employed. Spray-coated films of MOF nanoparticles and
DA−PU mixture were treated by OTS to achieve super-
hydrophobicity (see Figure 4a). The advancing contact angle
(θA) and hysteresis (Δθ) of different coatings based on DA-PU
and PU are shown in Figure 4b. The pure MOF coating was
prepared by spraying an acetone suspension of MOF
nanoparticles. The θA on pure DA-PU was 3° higher than on
PU, which is probably due to the lower density of hydrophilic
oxygen-containing groups (urethane groups) after introducing
the aromatic groups. The superhydrophobicity was achieved by
including the MOF nanoparticles and silanization. Immersion
in the hexane solution during the process of silanization led to
partial separation and the generation of bubbles underneath
the PU/MOF coating, while the DA-PU/MOF coatings
maintained uniformity, indicating better substrate adhesion
(Figure 4c). A SEM image of the DA-PU/MOF surface is
shown in Figure 4d. The MOF particles were uniformly
distributed in DA-PU film, and their nanoroughness is
apparent from Figure S8 in Supporting Information. A
repetitive jumping of a falling water droplet on DA-PU/

MOF surface inclined at 15° (Figure 4e and Movie S2), and
removal of surface contaminants (carbon powder) by rolling
water drops, confirm the self-cleaning nature of the surface
(see Figure 4f and Movie S3).
3.5. Robustness and Self-Healing. The robustness of the

superhydrophobic DA-PU/MOF surface was tested using tape
peel (Figure 5a,b) and high-speed liquid impact (Figure 5c)
tests. No significant change in θA or Δθ was observed after 50
tape peel cycles using a high-tack 3M tape pressed by a 2 kg
roller (Figure 5b). In contrast, owing to the low adhesive of
PU with glass, the PU/MOF coating peeled completely after
one or two cycles (see Figure 5a). Next, the liquid impalement
resistance was tested using the high-speed water jet impact
method.7,32 The DA-PU/MOF surface resisted impalement
even after impact by jets >35 m/s, corresponding liquid Weber
number ∼ 42,500 (see Methods in the Supporting
Information). This was also confirmed by contact angles (the
inset in Figure 5c shows a droplet) and rebounding a low-
speed water jet at the impacted site (see Figure 5d and Movie
S4). The excellent robustness is due to the high adhesion and
mechanical properties of DA-PU, and the expected high
impalement resistance of MOF nanoparticles is due to sub-nm
scale pores. At high end of jet speeds, the impact location
showed noticeable mechanical deformation (the cross-section
of impacted surface in Figure S4 shows ∼300 μm indentation).
The indent dimension is much smaller than the jet diameter
(∼2.5 mm), due to the pressure peaks being localized near the
point of impact (see ref 57). The smaller size of the
indentation should make it easier for self-healing to repair
the surface.
Accidental damage or scratch of a superhydrophobic coating

usually lead to local droplet pinning and loss of super-
hydrophobicity. These damaged spots can also form sites to
initiate scaling, fouling, and ice formation by enabling
nucleation. The self-healing feature of the DA-PU/MOF
surface can avoid these. We demonstrate this by introducing a
manual cut. Figure 5e shows a droplet stuck at the cutting line

Figure 5. Robustness and the self-healing process of the DA-PU/MOF surface. (a) Top: Schematic of the tape peel test, middle: the PU based
coating failing after one/two cycle, bottom: DA-PU/MOF coating remaining intact after 50 cycles. (b) Variation in the advancing water contact
angle and hysteresis with tape peel cycles on DA-PU/MOF coating. Error bars represent standard deviation from three separate experiments (p <
0.05). (c) Water jet impacting at ∼35 m/s. Inset is droplet on the impacted site with a contact angle of 150°. (d) Photo of a low-speed water jet
rebounding from the jet impact site. Scale bar: 2 mm. (e) Droplet stuck at the cut line on the surface. The inset shows optical microscope image of
the cut. (f) Droplet mobility was recovered on the healed surface. Scale bar: 100 μm.
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of the surface tilted at 15°. A notch with ∼100 μm width can
be seen from the microscope image (Figure 5e inset). After
heating the surface at 80 °C for 2 min, the droplet resumed
rapid movement on the surface (Movie S5), and the notch had
healed (Figure 5f). Additionally, the healed area was not
smooth but rough, indicating that the creep of the DA-PU
during the healing process must have also caused the migration
of MOF nanoparticles. The simultaneous recovery of the
coating and its roughness led to the repair of the super-
hydrophobicity of the surface.
3.6. Lubricant-Infusion and Anti-icing Application.

The porous nature of MOF nanoparticles in our coatings
enables infusion of lubricants/oil to create SLIPS (see Figure
6a), which are known to be very effective at reducing ice
adhesion and thereby facilitating passive, energy-efficient icing
mitigation.58,59 Silicone oil (500 cSt) infused SLIPS enable
excellent mobility of water droplets (Figure 6b) and
slipperiness which was confirmed by measuring the dynamic
wetting angles and hysteresis values of 2 ± 1° (see Figure 6c).
500 cSt silicone oil, showing the best stability at high-speed
spinning among other viscosity oils (Figure 6d), was used for
further anti-icing tests on SLIPS. The ice adhesion strength on
different coatings was measured using a bench-top icing
chamber, shown schematically in Figure 6e. Bare glass and
commercial superhydrophobic coatings (NeverWet) were used
as references. The ice adhesion strength on bare glass is
comparable with the literature, for example, ∼220 kPa reported
by Guo et al.60 and 276 kPa reported in Zhang et al.61 The
lowest ice adhesion strength of 11.6 kPa was recorded on our
SLIPS surface, which was lower than on the SHS (16.2 kPa)
without the lubricant (shown in Figure 6f). Both of these ice
adhesion strengths were much lower than that of the
commercial SHS and also remained unchanged after self-
healing from the notch. This superior ice adhesion character-
istics should be attributed to the nanohierarchical morphology

of the MOF particles, which reduces the adhesion and the
interlocking of ice crystals with the texture.32 Surface texture,
such as a smaller length scale (50−200 nm) and higher texture
density, has been shown to have a significant effect on the
SLIPS durability, as assessed through frost formation and ice-
adhesion measurements.62−64 Compared with nanoscale
porous surfaces (>50 nm) fabricated by traditional techniques,
MOF-based coatings offer subnanometer pore size (<1 nm)
and a dense texture (solid fraction ∼ 0.432). This offers two
advantages. First, the subnanometer size makes it hard for
liquid to penetrate the pores, which leads to lower ice adhesion
on the resulting SHS. Second, the pores apply superior
capillary forces on oil to successfully combat frost and ice
nuclei wicking. This adds to the stability of the oil on SLIPS in
our work. Recent works have argued that SLIPS with finer
textures should be more stable for anti-icing application as they
retain the oil more strongly,64,65 which in turn offers low
adhesion to ice. This better retention of oil and low interfacial
forces between the oil and ice, explain the lower ice adhesion
measured on our SLIPS. The cyclic ice adhesion measurements
are shown in Figure 6g. After 50 icing/deicing cycles, the ice
adhesion strength of SHS did not deteriorate significantly,
while the ice adhesion strength of SLIPS increased slightly due
to the loss of the lubricant entrained by ice. We suspect that
the van der Waals interaction between the alkyl chains of MOF
and silicone oil must be delaying the lubricant depletion,
enabling a much higher number of icing/deicing cycles using
our SLIPS than previously reported using hydrophilic NH2-
UiO-66.35

4. CONCLUSIONS
In summary, we synthesized a supramolecular polyurethane,
featuring donor−acceptor self-assembly which exhibited
excellent self-healing capability and substrate adhesion

Figure 6. Anti-icing performance of SHS and SLIPS based on DA-PU/MOF. (a) Schematic showing our SLIPS prepared by infusing silicone oil in
SHS. (b) Image of water droplet mobility with a shedding velocity of around 1.1 cm/s. (c) Photographs capturing advancing and receding angles of
a water droplet on SLIPS. (d) Spinning stability of SLIPS infused with different viscosity silicone oils (20/100/500/1000 cSt) showing change in
Δθ tested at 2000, 4000, and 6000 rpm. (e) Schematic of the ice adhesion measurement setup. (f) Ice adhesion strengths on different treatments
measured at −20 °C. Inset shows the schematic of ice crystal above oil infused MOF. “Healed” indicates adhesion strengths measured on samples
which had undergone self-healing of a notch (ice cuvette was placed right on top of the healed notch location). (g) Change in the ice adhesion
strength of on our self-healing SHS and SLIPS for 50 icing/deicing cycles. Error bars represent standard deviation from three separate experiments
(p < 0.05).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c20636
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c20636/suppl_file/am2c20636_si_006.mp4
https://pubs.acs.org/doi/10.1021/acsami.2c20636?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c20636?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c20636?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c20636?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c20636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


characteristics. The electrostatic interaction and hierarchal
hydrogen bonding between donor and acceptor units in the
DA-PU enabled a notched coating to heal within 1 min under
mild (80 °C) thermal activation. DA-PU also showed
remarkable adhesion to glass, metals, and even PTFE. By
blending the DA-PU with hydrophobic MOF nanoparticles
and silanization, we obtained self-healing superhydrophobic
coatings. The nanohierarchical and porous MOF particles
could be infused with silicone oil to achieve SLIPS with
excellent anti-icing characteristics, maintaining low ice
adhesion even after 50 icing/deicing cycles. Our work offers
insights in design and facile application of robust liquid-
repellent coatings with damage tolerance and self-healing
characteristics.
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P. Á. An Ambient-temperature Aqueous Synthesis of Zirconium-based
Metal-organic Frameworks. Green Chem. 2018, 20, 5292−5298.
(38) Qu, Q.; He, J.; Da, Y.; Zhu, M.; Liu, Y.; Li, X.; Tian, X.; Wang,
H. High Toughness Polyurethane toward Artificial Muscles, Tuned by
Mixing Dynamic Hard Domains. Macromolecules 2021, 54, 8243−
8254.
(39) Goetz, K. P.; Vermeulen, D.; Payne, M. E.; Kloc, C.; McNeil, L.
E.; Jurchescu, O. D. Charge-transfer Complexes: New Perspectives on
An Old Class of Compounds. J. Mater. Chem. C 2014, 2, 3065−3076.
(40) Boys, S. F.; Bernardi, F. J. M. P. The Calculation of Small
Molecular Interactions by the Differences of Separate Total Energies.
Some Procedures with Reduced Errors. Mol. Phys. 1970, 19, 553−
566.
(41) Shahrousvand, M.; Mir Mohamad Sadeghi, G.; Salimi, A.
Artificial extracellular matrix for biomedical applications: biocompat-
ible and biodegradable poly (tetramethylene ether) glycol/poly (ε-
caprolactone diol)-based polyurethanes. J. Biomater. Sci., Polym. Ed.
2016, 27, 1712−1728.
(42) Qu, Q.; Wang, H.; He, J.; Qin, T.; Da, Y.; Tian, X. Analysis of
the Microphase Structure and Performance of Self-healing Polyur-
ethanes Containing Dynamic Disulfide Bonds. Soft Matter 2020, 16,
9128−9139.
(43) Jursic, B. S. Computation of Bond Dissociation Energy for
Sulfides and Disulfides with ab initio and Density Functional Theory
Methods. Int. J. Quantum Chem. 1997, 62, 291−296.
(44) Lin, C.; Ge, H.; Wang, T.; Huang, M.; Ying, P.; Zhang, P.; Wu,
J.; Ren, S.; Levchenko, V. A Self-healing and Recyclable Polyur-
ethane/halloysite Nanocomposite Based on Thermoreversible Diels-
Alder Reaction. Polymer 2020, 206, 122894.
(45) Ying, W. B.; Yu, Z.; Kim, D. H.; Lee, K. J.; Hu, H.; Liu, Y.;
Kong, Z.; Wang, K.; Shang, J.; Zhang, R.; Zhu, J.; Li, R. W.
Waterproof, Highly Tough, and Fast Self-Healing Polyurethane for
Durable Electronic Skin. ACS Appl. Mater. Interfaces 2020, 12,
11072−11083.
(46) Li, C.; Wang, P.; Zhang, D.; Wang, S. Near-infrared Responsive
Smart Superhydrophobic Coating with Self-healing and Robustness
Enhanced by Disulfide-bonded Polyurethane. ACS Appl. Mater.
Interfaces 2022, 14, 45988−46000.
(47) Chen, K.; Liu, H.; Zhou, J.; Sun, Y.; Yu, K. Polyurethane
Blended with Silica-nanoparticle-modified Graphene as a Flexible and
Superhydrophobic Conductive Coating with a Self-healing Ability for
Sensing Applications. ACS Appl. Nano Mater. 2022, 5, 615−625.
(48) Mahajan, M. S.; Gite, V. V. Self-healing Polyurethane Coatings
of Eugenol-based Polyol Incorporated with Linseed Oil Encapsulated
Cardanol-formaldehyde Microcapsules: A Sustainable Approach. Prog.
Org. Coat. 2022, 162, 106534.
(49) Montano, V.; Vogel, W.; Smits, A.; van der Zwaag, S.; Garcia, S.
J. From Scratch Closure to Electrolyte Barrier Restoration in Self-

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c20636
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

I

https://doi.org/10.1021/acs.macromol.8b00583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b00583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b00583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b15491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b15491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b15491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cej.2019.05.077
https://doi.org/10.1016/j.cej.2019.05.077
https://doi.org/10.1021/acsami.2c06447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c06447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c06447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/polym11111849
https://doi.org/10.3390/polym11111849
https://doi.org/10.3390/polym11111849
https://doi.org/10.1016/j.cej.2020.124834
https://doi.org/10.1016/j.cej.2020.124834
https://doi.org/10.1016/j.mattod.2021.01.009
https://doi.org/10.1016/j.mattod.2020.10.026
https://doi.org/10.1016/j.mattod.2020.10.026
https://doi.org/10.1146/annurev-matsci-070909-104532
https://doi.org/10.1021/cr990125q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja104446r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja104446r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4CS00327F
https://doi.org/10.1039/C4CS00327F
https://doi.org/10.1039/C4CS00327F
https://doi.org/10.1039/C3CC38949A
https://doi.org/10.1039/C3CC38949A
https://doi.org/10.1039/C3CC38949A
https://doi.org/10.1016/j.cej.2020.126504
https://doi.org/10.1016/j.cej.2020.126504
https://doi.org/10.1016/j.cej.2020.126504
https://doi.org/10.1002/adfm.202009869
https://doi.org/10.1002/adfm.202009869
https://doi.org/10.1002/adfm.202009869
https://doi.org/10.1038/nmat4090
https://doi.org/10.1038/nmat4090
https://doi.org/10.1038/nmat4090
https://doi.org/10.3390/polym13142244
https://doi.org/10.3390/polym13142244
https://doi.org/10.3390/polym13142244
https://doi.org/10.1021/acsami.6b01851?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b01851?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b01851?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c00157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c00157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c00157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.9b00955?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.9b00955?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.9b00955?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apsusc.2021.152305
https://doi.org/10.1016/j.apsusc.2021.152305
https://doi.org/10.1016/j.apsusc.2021.152305
https://doi.org/10.1021/acsami.9b16181?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b16181?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/admt.202101032
https://doi.org/10.1002/admt.202101032
https://doi.org/10.1039/C8GC02312C
https://doi.org/10.1039/C8GC02312C
https://doi.org/10.1021/acs.macromol.1c01098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.1c01098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C3TC32062F
https://doi.org/10.1039/C3TC32062F
https://doi.org/10.1080/00268977000101561
https://doi.org/10.1080/00268977000101561
https://doi.org/10.1080/00268977000101561
https://doi.org/10.1080/09205063.2016.1231436
https://doi.org/10.1080/09205063.2016.1231436
https://doi.org/10.1080/09205063.2016.1231436
https://doi.org/10.1039/D0SM01072C
https://doi.org/10.1039/D0SM01072C
https://doi.org/10.1039/D0SM01072C
https://doi.org/10.1002/(sici)1097-461x(1997)62:3<291::aid-qua7>3.0.co;2-r
https://doi.org/10.1002/(sici)1097-461x(1997)62:3<291::aid-qua7>3.0.co;2-r
https://doi.org/10.1002/(sici)1097-461x(1997)62:3<291::aid-qua7>3.0.co;2-r
https://doi.org/10.1016/j.polymer.2020.122894
https://doi.org/10.1016/j.polymer.2020.122894
https://doi.org/10.1016/j.polymer.2020.122894
https://doi.org/10.1021/acsami.0c00443?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c00443?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c08496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c08496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c08496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.1c03414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.1c03414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.1c03414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.1c03414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.porgcoat.2021.106534
https://doi.org/10.1016/j.porgcoat.2021.106534
https://doi.org/10.1016/j.porgcoat.2021.106534
https://doi.org/10.1021/acsapm.1c00323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c20636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


healing Polyurethane Coatings. ACS Appl. Polym. Mater. 2021, 3,
2802−2812.
(50) Sun, W.; Luo, N.; Liu, Y.; Li, H.; Wang, D. A New Self-Healing
Triboelectric Nanogenerator Based on Polyurethane Coating and Its
Application for Self-Powered Cathodic Protection. ACS Appl. Mater.
Interfaces 2022, 14, 10498−10507.
(51) Ma, J.; Lee, G. H.; Kim, J. H.; Kim, S. W.; Jo, S.; Kim, C. S. A
Transparent Self-Healing Polyurethane-Isophorone-Diisocyanate
Elastomer Based on Hydrogen-Bonding Interactions. ACS Appl.
Polym. Mater. 2022, 4, 2497−2505.
(52) Zhuo, Y.; Hak̊onsen, V.; He, Z.; Xiao, S.; He, J.; Zhang, Z.
Enhancing the Mechanical Durability of Icephobic Surfaces by
Introducing Autonomous Self-healing Function. ACS Appl. Mater.
Interfaces 2018, 10, 11972−11978.
(53) Zhuo, Y.; Xiao, S.; Hak̊onsen, V.; Li, T.; Wang, F.; He, J.;
Zhang, Z. Ultrafast Self-healing and Highly Transparent Coating with
Mechanically Durable Icephobicity. Appl. Mater. Today 2020, 19,
100542.
(54) Lee, W.-J.; Lee, Y. S.; Rha, S. K.; Lee, Y. J.; Lim, K. Y.; Chung,
Y. D.; Whang, C. N. Adhesion and Interface Chemical Reactions of
Cu/polyimide and Cu/TiN by XPS. Appl. Surf. Sci. 2003, 205, 128−
136.
(55) Gu, X.; Gao, T.; Meng, X.; Zhu, Y.; Wang, G. Enhanced
Hydrophobicity of Polyurethane with the Self-assembly of Perfluor-
opolyether-based Triblock Copolymers. Prog. Org. Coat. 2022, 162,
106561.
(56) Xia, W.; Zhu, N.; Hou, R.; Zhong, W.; Chen, M. Preparation
and Characterization of Fluorinated Hydrophobic UV-crosslinkable
Thiol-ene Polyurethane Coatings. Coatings 2017, 7, 117.
(57) Maitra, T.; Tiwari, M. K.; Antonini, C.; Schoch, P.; Jung, S.;
Eberle, P.; Poulikakos, D. On the Nanoengineering of Super-
hydrophobic and Impalement Resistant Surface Textures below the
Freezing Temperature. Nano Lett. 2014, 14, 172−182.
(58) Wang, F.; Zhuo, Y.; He, Z.; Xiao, S.; He, J.; Zhang, Z. Dynamic
Anti-Icing Surfaces (DAIS). Adv. Sci. 2021, 8, 2101163.
(59) Kim, P.; Wong, T. S.; Alvarenga, J.; Kreder, M. J.; Adorno-
Martinez, W. E.; Aizenberg, J. Liquid-infused Nanostructured Surfaces
with Extreme Anti-ice and Anti-frost Performance. ACS Nano 2012, 6,
6569−6577.
(60) Guo, W.; Liu, C.; Li, N.; Xi, M.; Che, Y.; Jiang, C.; Zhang, S.;
Wang, Z. A highly transparent and photothermal composite coating
for effective anti-/de-icing of glass surfaces. Nanoscale Adv. 2022, 4,
2884−2892.
(61) Zhang, L.; Guo, Z.; Sarma, J.; Dai, X. Passive Removal of
Highly Wetting Liquids and Ice on Quasi-liquid Surfaces. ACS Appl.
Mater. Interfaces 2020, 12, 20084−20095.
(62) Rykaczewski, K.; Anand, S.; Subramanyam, S. B.; Varanasi, K.
K. Mechanism of Frost Formation on Lubricant-impregnated
Surfaces. Langmuir 2013, 29, 5230−5238.
(63) Subramanyam, S. B.; Rykaczewski, K.; Varanasi, K. K. Ice
Adhesion on Lubricant-impregnated Textured Surfaces. Langmuir
2013, 29, 13414−13418.
(64) Wong, W. S.; Hegner, K. I.; Donadei, V.; Hauer, L.; Naga, A.;
Vollmer, D. Capillary Balancing: Designing Frost-resistant Lubricant-
infused Surfaces. Nano Lett. 2020, 20, 8508−8515.
(65) Laney, S. K.; Michalska, M.; Li, T.; Ramirez, F. V.; Portnoi, M.;
Oh, J.; Thayne, I. G.; Parkin, I. P.; Tiwari, M. K.; Papakonstantinou, I.
Delayed Lubricant Depletion of Slippery Liquid Infused Porous
Surfaces Using Precision Nanostructures. Langmuir 2021, 37, 10071−
10078.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c20636
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

J

https://doi.org/10.1021/acsapm.1c00323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c00881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c00881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c00881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.1c01799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.1c01799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.1c01799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b01866?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b01866?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apmt.2019.100542
https://doi.org/10.1016/j.apmt.2019.100542
https://doi.org/10.1016/S0169-4332(02)01016-4
https://doi.org/10.1016/S0169-4332(02)01016-4
https://doi.org/10.1016/j.porgcoat.2021.106561
https://doi.org/10.1016/j.porgcoat.2021.106561
https://doi.org/10.1016/j.porgcoat.2021.106561
https://doi.org/10.3390/coatings7080117
https://doi.org/10.3390/coatings7080117
https://doi.org/10.3390/coatings7080117
https://doi.org/10.1021/nl4037092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl4037092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl4037092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/advs.202101163
https://doi.org/10.1002/advs.202101163
https://doi.org/10.1021/nn302310q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn302310q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2NA00151A
https://doi.org/10.1039/D2NA00151A
https://doi.org/10.1021/acsami.0c02014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c02014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la400801s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la400801s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la402456c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la402456c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c02956?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c02956?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.1c01310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.1c01310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c20636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

