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ABSTRACT: Superomniphobic surfaces that can self-repair
physical damage are desirable for sustainable performance over
time in many practical applications that include self-cleaning,
corrosion resistance, and protective gears. However, fabricating
such self-repairing superomniphobic surfaces has thus far been a
challenge because it necessitates the regeneration of both low-
surface-energy materials and hierarchical topography. Herein, a
water-responsive self-repairing superomniphobic film is reported
by utilizing cross-linked hydroxypropyl cellulose (HPC) compos-
ited with silica (SiO2) nanoparticles (HPC-SiO2) that is treated
with a low-surface-energy perfluorosilane. The film can repair
physical damage (e.g., a scratch) in approximately 10 s by
regenerating its hierarchical topography and low-surface-energy
material upon the application of water vapor. The repaired region shows an almost complete recovery of its inherent
superomniphobic wettability and mechanical hardness. The repairing process is driven by the reversible hydrogen bond between the
hydroxyl (−OH) groups which can be dissociated upon exposure to water vapor. This results in a viscous flow of the HPC-SiO2 film
into the damaged region. A mathematical model composed of viscosity and surface tension of the HPC-SiO2 film can describe the
experimentally measured viscous flow with reasonable accuracy. Finally, we demonstrate that the superomniphobic HPC-SiO2 film
can repair physical damage by a water droplet pinned on a damaged area or by sequential rolling water droplets.
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■ INTRODUCTION

A surface that can repel liquids with both high (e.g., water) and
low (e.g., oil) surface tension (γlv) has demonstrated potential
for a wide range of practical applications including oil−water
separation,1−3 self-cleaning,4,5 drag reduction,6,7 and corrosion
resistance8,9 due to its extreme liquid repellency.10 Designing
such a superomniphobic surface [i.e., a surface that displays
apparent contact angles (θ*) greater than 150° and a roll-off
angle (ω) less than 10° with virtually all liquids] involves a low-
solid-surface-energy (γsv) coating along with surface roughness.

6

Unlike a superhydrophobic surface (i.e., a surface exhibiting θ*
> 150° and ω < 10° with water), we6,8,11,12 and others13,14

demonstrated that a superomniphobic surface must possess a re-
entrant surface texture (i.e., convex or overhang topography10)
which enables a composite solid−liquid−air interface even with
a low-surface-tension liquid such as an oil. The composite
interface can be further reinforced by a hierarchical surface
topography (i.e., surface texture possessing two or more length
scales6) which often involves a microscopic coarse texture along
with finer-scale textures (i.e., typically nanometric scale).15,16

However, such a re-entrant surface texture with a hierarchical
topography often results in poor mechanical durability.6 For
example, a superomniphobic surface can be readily compro-

mised because a low-surface-energy coating may become
delaminated upon mechanical abrasion.7,17 Also, the surface
textures are delicate and tend to easily undergo physical
damage.17,18 Thus, developing mechanically durable super-
omniphobic surfaces has thus far been an active area of research.
A variety of strategies have been employed to enhance the

mechanical durability of superomniphobic surfaces. For
example, a low-surface-energy coating has been grafted or
cross-linked directly to the substrate.19,20 This strategy enhances
mechanical durability19 by eliminating the need for an
intermediate binding layer which can easily be compromised
upon external stresses. Also, inherently hard materials (e.g.,
ceramics21,22 andmetals23,24) have been employed in fabricating
durable superomniphobic surfaces. Although these surfaces can
maintain their extreme liquid repellency even after being
subjected to mechanical stress, they are also vulnerable to
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physical damage upon cyclic loading or when being subjected to
extremely high forces.25

In a new vein, superomniphobic surfaces that can repair
physical damage and restore their inherent physicochemical
properties have been reported.2 Such self-repairing super-
omniphobic surfaces require restoring both surface chemistry
(e.g., low-solid-surface-energy coating) and surface texture
geometry (e.g., re-entrant and/or hierarchical surface tex-
ture).26,27 Conventionally, these surfaces can initiate the
repairing process in response to external triggers such as
heat8,28−30 and light irradiation.31,32 For example, Zhou et al.30

fabricated self-repairing superomniphobic coatings by using a
mixture of low-surface-energy nanoparticles (e.g., polytetra-
fluoroethylene (PTFE) and DuPont Zonyl321) along with a
fluorocarbon surfactant. The coating restored its super-
omniphobic wettability upon heating due to the migration of
fluorinated alkyl chains toward the surface to lower the overall
surface free energy. Zhao et al.33 utilized a composite of epoxy
resin and perfluorodecyl polysiloxane-modified silica nano-
particles to fabricate a self-healing superomniphobic coating on
a metal substrate. The coating can recover its liquid repellency
after repairing physical damage upon an increase in the
temperature above its glass transition temperature (Tg). Dongli
et al.32 reported a self-healing superomniphobic coating
prepared by using a combination of ultraviolet (UV) light-
curable polyurethane acrylic resin and fluorinated alumina
nanoparticles. The coating demonstrated an accelerated self-
healing of physical damage under UV light irradiation. Recently,
we8 also reported a superomniphobic surface fabricated by
reacting epoxidized soybean oil, perfluorinated epoxy, citric acid,
and silica nanoparticles. The surface can repair a deep crack at a
temperature above its glass transition temperature.
While heat or light has been extensively employed as a trigger

to initiate the self-repairing process, the usage of water as a self-
repairing trigger has been barely reported for these super-
repellent surfaces despite its versatility and immediate
availability in many practical applications. For example, Bai et
al.34 fabricated a superhydrophobic surface by sequentially
spraying an epoxy resin and a mixture of poly(methyl
methacrylate), zinc stearate, and stearic acid. The surface can
repair damage when submerged in deionized (DI) water for 30
min and recover its original superhydrophobic wettability. Chen
et al.35 coated cotton fabric with layer-by-layer deposited
branched poly(ethylenimine), ammonium polyphosphate, and
fluorinated-decyl polyhedral oligomeric silsesquioxane. The

coating can restore its compromised superhydrophobicity
when exposed to an ambient environment with a relative
humidity of 35% for 4 h after being subjected to oxygen (O2)
plasma or mechanical rubbing.
Fabricating a water-responsive superomniphobic surface that

can repair physical damage requires the consideration of the
following design criteria. First, the surface should acquire
sufficient mobility when interacting with water to restore both a
low-energy coating and rough texture. Also, the repairing
process should be completed within a short period of time. This
becomes critical when water is applied in its vapor form instead
of as a liquid which can significantly retard the repairing process
due to a limited number of available water molecules for
interacting with the surface at a given condition (e.g., volume).
Finally, the repaired region should exhibit its inherent
mechanical and chemical properties. This may be particularly
challenging for a surface that absorbs water molecules (e.g.,
hydrogel) because the abundant absorption of water often
deteriorates the surface’s physicochemical properties.
By considering these design criteria, herein, a water-

responsive self-repairing superomniphobic film is developed
by utilizing cross-linked hydroxypropyl cellulose (HPC)
composited with SiO2 nanoparticles that are treated with a
low-surface-energy perfluorosilane. The film demonstrates that
it can repair a deep scratch upon exposure to water vapor for
≈10 s and restore its inherent superomniphobic wettability and
mechanical hardness. This can be attributed to the reversible
hydrogen bonds between the free hydroxyl groups of the HPC-
SiO2 film which can be readily dissociated upon exposure to
water vapor. Consequently, the HPC-SiO2 film acquires
sufficient mobility and demonstrates a viscous flow into a
scratch resulting in repairing the damage. A mathematical model
based on the glassy thin film equation is utilized to describe the
viscous flow of the HPC-SiO2 film. Finally, the film
demonstrates that it can repair damage by a water droplet
pinned on the damaged area or consecutive rolling water
droplets at ambient conditions. We envision that our film can
provide a viable solution for a protective coating against hostile
environments in the marine, automotive, and aviation
applications.

■ RESULTS AND DISCUSSION
We fabricated a self-repairing superomniphobic film by spraying
a solution of HPC, glyoxal, and SiO2 nanoparticles (average
diameter ≈250 nm) with a weight ratio of 98:1:1 (HPC:glyox-

Figure 1. (a) SEM image showing the surface of anHPC-SiO2 film that exhibits a hierarchical surface texture. The scale bar represents 20 μm. The inset
demonstrates a high-magnification SEM image of nanoscale SiO2 particles with re-entrant curvatures. The scale bar represents 1 μm. (b) Measured
advancing and receding apparent contact angles, as well as roll-off angles for liquids with a broad range of surface tension values on an HPC-SiO2 film.
(c) Photographs of four droplets including ethanol (dyed blue, γlv = 22.1 mNm−1), n-octane (dyed gray, γlv = 21.2 mNm−1), n-heptane (dyed red, γlv =
20.1 mN m−1), and n-hexane (dyed yellow, γlv = 18.4 mN m−1) on an HPC-SiO2 film fabricated on (i) stainless steel, (ii) polyester fabric, and (iii)
ceramic-resin composite; (iv) freestanding HPC-SiO2 film. The scale bar represents 3 mm.
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al:SiO2) on a glass substrate. Subsequent heat treatment at 50 °C
for 15 min (Experimental Section) results in a cross-linked
composite of HPC-SiO2 due to the hydrolysis−condensa-
tion36,37 of hydroxyl groups of HPC and SiO2 with glyoxal
(Supporting Information, Section 1). Note that glyoxal was used
as a cross-linker while SiO2 nanoparticles were used to create re-
entrant surface texture.8 The cross-linked HPC-SiO2 film with a
consolidated network enables the recovery of the original surface
topography (i.e., re-entrant texture) when the HPC gains
sufficient mobility upon exposure to water. To lower the overall
solid surface energy, the HPC-SiO2 film was vapor-deposited
with 1H,1H,2H,2H-perfluorodecyltrichlorosilane (F-silane) at
130 °C for 60 min (Experimental Section). Note that hydrolysis
of F-silane molecules results in silanol groups that can undergo
polycondensation to form a covalent bond with any unreacted
hydroxyl groups on the HPC-SiO2 film.38

The resulting HPC-SiO2 film exhibits a hierarchical texture
with re-entrant curvatures composed of micro- and nanoscale
SiO2 aggregates (Figure 1a). The HPC-SiO2 film exhibits very
high contact angles for liquids with a broad range of surface
tension (γlv) values (i.e., superomniphobic wettability) (Figure
1b and SI, Section 2). For example, the apparent advancing
(θ*adv) and receding (θ*rec) contact angles of water (γlv = 72.1
mNm−1) weremeasured as θ*adv = 164° ± 3° and θ*rec = 163° ±
2°, respectively, while those for n-heptane (γlv = 20.1 mN m−1)
were measured as θ*adv = 156° ± 3° and θ*rec = 145° ± 3°, at a
relative humidity of ≈9% ± 3%. We also measured the apparent
contact angles for water and n-heptane at a higher relative
humidity (≈98%). Note that we acquired andmaintained such a
high relative humidity by water vapor with a flow rate of ≈0.5
mL min−1 at a distance of ≈30 cm in a custom-made humidifier
(Experimental Section). The measured apparent contact angles
for n-heptane were θ*adv = 155° ± 2° and θ*rec = 143° ± 2°;
those for water were θ*adv = 159° ± 2° and θ*rec = 155° ± 2°.
Such a slight decrease in the water apparent contact angles can
be attributed to the condensation of water vapor on the surface
which may partially replace the air pockets trapped between the
solid and the contacting water droplet.39

We also measured the roll-off angles (i.e., minimum tilting
angle, ω for a surface at which a contacting droplet starts to roll-
off40) for these liquids. The results show that even a very low-
surface-tension liquid such as n-heptane can exhibit a roll-off
angle ofω = 6° ± 1° on our HPC-SiO2 film (see also Figure 1b).
We also demonstrated that a droplet of n-dodecane (γlv = 25.3
mNm−1, volume≈ 5 μL) can bounce off ourHPC-SiO2 film two
times before residing on the surface (Movie S1). Further, the
contact angle for a droplet of ethanol:water mixture (80:20
vol:vol, γlv ≈ 24.3 mN m−1)41 remained nearly unaffected while
being evaporated, which corroborates that our HPC-SiO2 film
can form a robust solid−liquid−air composite interface (SI,
Section 3). Please note that the measured apparent contact
angles and the roll-off angles varied on the HPC-SiO2 films
prepared with varied spraying times (SI, Section 4).
The HPC-SiO2 film can be readily fabricated on a variety of

substrates including metal, fabric, composite, or even free-
standing (Figure 1c). This is due to the dialdehyde chemistry of
glyoxal that can strongly anchor to virtually any substrates via an
acetalization reaction42,43 which can form a covalent acetate
linkage44 with the underlying substrate (SI, Section 5).
Physical damage such as deep scratches, cracks, and cavities

on a superomniphobic surface can irreversibly compromise its
liquid repellency.17,18 We demonstrated that our HPC-SiO2 film
can repair physical damage upon exposure to water vapor. First,

a scratch (width≈ 60.3± 2.1 μm) was engraved onto the HPC-
SiO2 film (thickness ≈ 100.1 ± 3.2 μm) by utilizing a razor
blade. Please note that the scratch was engraved such that the
underlying glass substrate was revealed (Figure 2ai). Upon

exposure to water vapor with a flow rate of ≈0.5 mL min−1 at
room temperature (≈22 °C), the scratch started to narrow down
(Figure 2aii) and eventually disappeared at t ≈ 10 s (Figure
2aiii). A movie showing the repairing of physical damage on our
HPC-SiO2 film upon the application of water vapor is provided
in the Supporting Information (Movie S2).
We calculated the self-repairing efficiency (ζ) as a function of

water vapor exposure time which is defined as ζ (%) = (1− (At/
A0)) × 100. Here, At is the time-dependent cross-sectional area
of the scratch during water vapor exposure while A0 is that of the
as-prepared scratch (SI, Section 6).
Figure 2b shows the plots of self-repairing efficiency as a

function of exposure time at different flow rates of water vapor.
The values of ζ start to rapidly increase upon exposure to water
vapor with a flow rate of≈0.5 mLmin−1 and reach ζ≈ 100% at t
≈ 10 s, which indicates that a scratch disappeared completely.
When the water vapor was introduced at a lower flow rate of
≈0.1 or ≈0.2 mL min−1, complete reparation (ζ ≈ 100%) was
observed at t≈ 36 s and t≈ 24 s, respectively. We showed that a
scratch on our HPC-SiO2 film can be repaired by ethanol vapor
(SI, Section 7).

Figure 2. (a) Time-sequence optical microscopy images showing self-
repairing of a scratch on the HPC-SiO2 film upon introducing water
vapor (flow rate≈ 0.5 mLmin−1). The scale bar represents 50 μm. The
inset shows cross-sectional optical profilometry images of a scratch
during the repairing process. (b) Time-dependent plots of self-repairing
efficiency (ζ) at different flow rates of water vapor. The inset shows
time-dependent cross-section photographs of a scratch (width≈ 59 μm
and depth ≈ 100 μm) engraved on the HPC-SiO2 film undergoing a
repairing process when exposed to water vapor with a flow rate of ≈0.5
mL min−1. The scale bar is 50 μm. (c) Measured roll-off angles (ω) for
liquids with a broad range of surface tension values placed on a repaired
region. For a comparison, theω values on the scratch are also provided.
The inset shows time-sequence energy dispersive X-ray spectroscopy
(EDS)maps for fluorine on a scratch. The scale bar is 50 μm. (d) Plot of
the measured load−displacement on the repaired region on the HPC-
SiO2 film. For a comparison, the plot for the as-prepared surface is also
shown.
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To demonstrate that our HPC-SiO2 film can recover its
inherent superomniphobic wettability, we measured the roll-off
angles for liquids after the scratch was repaired. A liquid droplet
was placed on a region where the scratch was engraved and
repaired. By comparing theω values with those measured on the
as-prepared surface, we verified that our HPC-SiO2 film
exhibited a nearly complete recovery of its inherent super-
omniphobic wettability (Figure 2c). This is a result of restoring
both its hierarchical surface texture and low-solid-surface-energy
coating in the damaged region (see also the inset images in
Figure 2c). We also demonstrated that our HPC-SiO2 film can
restore its superomniphobic wettability after repeated damage−
repairing cycles (SI, Section 8).
We conducted the nanoindentation test45 on the repaired

region of the HPC-SiO2 film (Experimental Section). The
results show that the maximum indentation load (F = 9000 μN)
resulted in a displacement (h) value of h = 2185 nm on the
repaired region which is close to that measured on the as-
prepared film (h = 2070 nm) (Figure 2d). This clearly indicates
that our HPC-SiO2 film can recover its inherent mechanical
hardness after repairing physical damage.
Our HPC-SiO2 film’s ability to repair damage and recover its

mechanical hardness can be attributed to the reversible
hydrogen bonds between the hydroxyl groups in the HPC
which can be dissociated upon exposure to water molecules.46

This enables an HPC-SiO2 film to exhibit a viscous flow into the
scratch cavity and repair it (Scheme 1). Subsequently, the

dissociated hydrogen bonds can be reformed in the absence of
water vapor which enables the HPC-SiO2 film to demonstrate
repeated damage−repairing cycles. Please note that the
absorption of water by the HPC-SiO2 film is negligible (SI,
Section 9).
By assuming that the reversible hydrogen bond is a driving

force for the repairing process, a cross-linker (i.e., glyoxal)
concentration can directly affect the extent of repair. To prove
this, we conducted damage−repairing experiments on the HPC-
SiO2 films cross-linked with various glyoxal concentrations (e.g.,

1.0%, 5.0%, and 10.0% of glyoxal with respect to HPC weight).
Please note that the SiO2 concentration remains the same (i.e.,
1.0%) with respect to HPC and glyoxal weight. The HPC-SiO2
films (thickness ≈ 100 μm) were engraved with a deep scratch
(width ≈ 60.5 ± 1.7 μm and depth ≈ 100.2 ± 2.1 μm) followed
by exposure to water vapor with a flow rate of ≈0.5 mL min−1.
Figure 3a shows the measured self-repairing efficiency values (ζ)

as a function of water vapor exposure time (Experimental
Section). The results show that the HPC-SiO2 film cross-linked
with a 1.0 wt % glyoxal reached ζ≈ 100% at t≈ 10 s whereas that
prepared with 10.0 wt % glyoxal exhibited ζ≈ 100% at t≈ 60 s. A
more rapid repairing process on a film cross-linked with a lower
glyoxal concentration is a consequence of a reduced structural
restraint and a larger free volume between the HPC chains
which facilitates the penetration of water molecules.46 This
results in an accelerated increase in the chain mobility of HPC
upon exposure to water vapor.
The time-dependent evolution of a vertical profile (H(x, t)) of

a scratch can be described by the glassy thin film equation47,48

which is given as

H x t t H H x t x( , )/ /3 ( , )/ 0m
3 4 4γ η∂ ∂ + × ∂ ∂ = (1)

where Hm, η (Pa s), and γ (mN m−1) are the height (i.e.,
thickness), viscosity, and surface tension of the HPC-SiO2 film,
respectively. It has been demonstrated47 that physical damage
engraved on a film of glassy polymer (i.e., amorphous polymers
that can demonstrate a glass transition temperature49) can
exhibit time-dependent evolution in its vertical profile (H(x, t))
when it gainsmobility. Please note that HPC has a high degree of
amorphous content50 and shows a glass transition temperature
(SI, Section 10).51 By assuming H(x, t) as an infinitesimal step
function and by utilizing a Fourier transform,52 eq 1 can be
solved for (H(x, t)). Please note that the values of η and γ
utilized in the equation are experimentally determined (SI,
Section 11). The calculated values of H(x, t) were then utilized
to determine the theoretical self-repairing efficiency according
to the relation ζmodel = (H(x, t)/Hm) × 100. The results show
that the calculated values of ζmodel by using eq 1 and the
experimentally measured ζ values match reasonably well (see

Scheme 1. Illustration of the Proposed Self-Repairing
Process of HPC-SiO2 Film upon Water Vapor Exposure by
Reversible Hydrogen Bonds between Free Hydroxyl Groups

Figure 3. (a) Measured time-dependent self-repairing efficiency (ζ)
values on the HPC-SiO2 films prepared with varying glyoxal
concentrations upon exposure to water vapor (flow rate ≈ 0.5 mL
min−1). The calculated ζmodel values by using eq 1match reasonably well
with the experimental data. The inset shows a zoomed-in plot during
the first 2 s. (b) Plot of the measured highest ζ values on the HPC-SiO2
films prepared with varying glyoxal concentrations engraved with
scratches of different aspect ratios (α). Water vapor was applied with a
constant flow rate of≈0.5 mL min−1 until either the width or the depth
of a scratch remains unchanged.
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Figure 3a). Please note that the values of η and γ of our HPC-
SiO2 film showed insignificant change upon varied water vapor
exposure time (SI, Section 12) which can be attributed to a
combinatorial effect of negligible absorption and rapid
evaporation of water vapor by the HPC-SiO2 film (see also
Section 9 in the SI). Further, we demonstrated that the adhesion
strength of the HPC-SiO2 film to the underlying substrate was
not significantly affected after being exposed to water vapor (SI,
Section 13).
Based on eq 1, it can be inferred that the viscous flow-driven

reparation on our HPC-SiO2 film can be limited when the width
or depth of a scratch is too wide or deep. For example, when a
scratch is too wide, the two edges of the HPC-SiO2 film may not
meet each other, which can result in incomplete repairing. To
study our HPC-SiO2 film’s repairing capability, we prepared
HPC-SiO2 films with varying glyoxal concentrations and
engraved a scratch with different ratios of the depth to the
width (i.e., aspect ratio, α ≈ 0.11, 0.32, 0.51, 1.12, 1.65, and
2.06). Please note that the thickness (i.e., depth of scratch) of all
HPC-SiO2 films was approximately 100 μm. All films were
subjected to water vapor with a flow rate of≈0.5 mL min−1 until
either the width or the depth of a scratch remained unchanged.
Subsequently, we calculated the self-repairing efficiency values
based on the cross-sectional area of the scratches (see also
Section 6 in the SI). Figure 3b shows the values of ζ as a function
of α values. The results show that all HPC-SiO2 films exhibited ζ
≈ 100% when α≥ 1.12 (i.e., α = 1.12, 1.65, and 2.06) while they
demonstrated incomplete repairing when α ≤ 0.51 (i.e., α =
0.51, 0.32, and 0.11). For example, when α = 0.11 (i.e., depth ≈
100 μmandwidth≈ 908 μm), the self-repairing efficiency values
were measured as ≈93%, ≈65%, and ≈38%, respectively, for
HPC-SiO2 films prepared with glyoxal concentrations of 1.0, 5.0,
and 10.0 wt %. Despite the fact that a scratch can be partially
repaired when α ≤ 0.51, a liquid droplet can still maintain the
Cassie−Baxter state53 if it forms a robust composite solid−air−
liquid interface. For example, when a liquid droplet touches the
underlying substrate (e.g., a clean glass slide), it may transition
to the “fully wetted”Wenzel state54 which often results in a loss
of super-repellency. On the other hand, when the two edges of
the dissected film come close enough, our film can exhibit its
inherent superomniphobic wettability although self-repairing
efficiency is not 100%. This is possible because our HPC-SiO2
film possesses a monolithic configuration which enables the
edges to show the same surface chemistry and topography as
those of the topmost surface.
We demonstrated that our HPC-SiO2 film can recover its

superomniphobic wettability even for a pinned water droplet
placed on a deep scratch (Figure 4a). As a water droplet (volume
= 5 μL) gradually evaporates in ambient conditions (i.e.,
temperature ≈ 22 °C and relative humidity ≈ 9% ± 3%), the
scratch (≈101.4 ± 1.9 μm deep and ≈60.3 ± 2.5 μm wide)
becomes narrower. Eventually, a water droplet abruptly departs
and rolls off the surface at t≈ 56 s (Figure 4b). Note that a water
droplet remained pinned without spreading on the HPC-SiO2
film tilted at an angle of ≈10° relative to the horizontal plane. A
movie illustrating the in situ recovery of super-repellency of our
HPC-SiO2 surface by a stationary water droplet is included as
Movie S3.
Finally, we demonstrated that consecutive rolling water

droplets can repair a deep scratch on our HPC-SiO2 film55

(Figure 4c). The water droplets with a constant volume (5 μL)
were consecutively introduced to the top of the film by using a
syringe pumpwith a constant interdroplet time interval of≈0.5 s

(Experimental Section). The film was tilted to 10° with respect
to the horizontal plane such that rolling water droplets are not
pinned on the scratch (≈100.6 ± 2.0 μm deep and ≈60.1 ± 2.6
μm wide). We measured the contact time of each rolling water
droplet with the scratch region as ≈0.1 s by using a high-speed
camera image analysis. An optical microscopy image confirms
that the region of a scratch subjected to rolling water droplets
disappeared at t≈ 72 s (see the inset in Figure 4c).We varied the
interdroplet interval time and measured the self-repairing
efficiency (Figure 4d).55 The water droplets introduced at a
shorter interdroplet interval can result in a more rapid
reparation. A movie illustrating the self-repairing of a scratch
by consecutive rolling water droplets on our HPC-SiO2 film is
included asMovie S4. Self-repairing by consecutive rolling water
droplets is highly desirable in real-world applications. For
example, when a vehicle is coated with a water-responsive self-
repairing coating with super-repellency, physical damage can be
readily repaired by rain droplets.
Despite promising results, the reliance on environmental

conditions is a shortcoming of our water-responsive self-
repairing HPC-SiO2 film. For example, when the film is
subjected to an extremely cold environment, the applied water
vapor can be deposited as ice or frost on the surface. As a
consequence, the water molecules cannot be readily accessible
to the HPC-SiO2 film, which can retard the self-repairing
process.

■ CONCLUSIONS
We have developed a water-responsive self-repairing super-
omniphobic film by utilizing a cross-linked HPC-SiO2
composite treated with a low-surface-energy perfluorosilane.
The HPC-SiO2 film can repair a deep scratch and restore its
inherent superomniphobic wettability and mechanical hardness
upon exposure to water vapor. Our film’s self-repairing
capability can be attributed to the reversible hydrogen bonds

Figure 4. Schematic (a) and time-sequence snapshots (b) illustrating a
pinned water droplet that repairs a scratch on an HPC-SiO2 film and
subsequently departs and rolls off after the completion of the
reparation. The scale bar in part b represents 2 mm. The inset shows
cross-sectional images of a scratch undergoing self-repairing by a
pinned water droplet. The scale bar in the inset is 100 μm. (c)
Schematic illustrating the self-repairing of a scratch on an HPC-SiO2
film by sequential rolling water droplets. The inset shows optical
microscopy images of a scratch region in contact with rolling water
droplets. The scale bar in the inset is 150 μm. (d) Measured self-
repairing efficiency of a scratch on an HPC-SiO2 film by sequential
rolling water droplets dispensed at varied time intervals (0.5, 1.0, and
1.5 s).

ACS Materials Au pubs.acs.org/materialsau Article

https://doi.org/10.1021/acsmaterialsau.1c00036
ACS Mater. Au 2022, 2, 55−62

59

https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.1c00036/suppl_file/mg1c00036_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.1c00036/suppl_file/mg1c00036_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.1c00036/suppl_file/mg1c00036_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.1c00036/suppl_file/mg1c00036_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.1c00036/suppl_file/mg1c00036_si_004.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.1c00036/suppl_file/mg1c00036_si_005.mp4
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00036?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00036?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00036?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00036?fig=fig4&ref=pdf
pubs.acs.org/materialsau?ref=pdf
https://doi.org/10.1021/acsmaterialsau.1c00036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


between the hydroxyl groups in the HPC-SiO2 film which can be
dissociated upon exposure to water molecules. Consequently,
the HPC-SiO2 film acquires sufficient mobility and demon-
strates a viscous flow into a scratch cavity resulting in repairing
the damage. We demonstrated that a mathematical model based
on the glassy thin film equation can describe the experimentally
measured time-dependent evolution of a scratch profile with
reasonable accuracy. We also showed that a water droplet
pinned on a scratch can depart and roll off the surface after
repairing it. Finally, we demonstrated that consecutive rolling
water droplets can repair a deep scratch engraved on our
superomniphobic HPC-SiO2 film. We envision that our water-
responsive self-repairing superomniphobic surface can offer
extensive utility in the marine, automotive, and aviation
industries.

■ EXPERIMENTAL SECTION

Fabrication of an HPC-SiO2 Self-Repairing
Superomniphobic Film

A solution ofHPC, glyoxal, and SiO2 nanoparticles (average diameter≈
250 nm) was prepared in deionized (DI) water. The overall
concentration of the solute was 25.0 wt %. The weight ratio of HPC,
glyoxal, and SiO2 was 98:1:1. The solution was then sprayed (iWata
spray gun) onto a variety of substrates including a glass slide, ceramic-
resin composite, and polyester fabric (Anticon Sterile 100) followed by
heat treatment at 50 °C for 15 min in a vacuum oven. Note that the
spraying air pressure and the distance between the spraying gun and the
substrate were maintained at 20 psi and 10 cm, respectively. Finally, the
HPC-SiO2 film was treated by chemical vapor deposition of
1H,1H,2H,2H-perfluorodecyltrichlorosilane (F-silane) at 130 °C for
60 min. A freestanding HPC-SiO2 film was fabricated by spraying the
solution on a glass slide which was pretreated with F-silane. After heat
treatment at 50 °C for 60 min, the resulting HPC-SiO2 film was
carefully detached from the glass slide and subjected to F-silane
treatment. Note that all HPC-SiO2 films were thoroughly rinsed with
excessive ethanol after fabrication.

Self-Repairing Tests

Self-repairing tests were conducted by utilizing a custom-made
humidifier that is equipped with a water container (volume = 200
mL) and a nozzle (length = 10 cm) that can guide the generated water
vapor to the area of interest in the HPC-SiO2 films. The distance
between the nozzle tip and the surface was maintained at 5 cm, and the
flow rate of water vapor was maintained at ≈0.5 mL min−1. Note that
the relative humidity of the surrounding environment was maintained
very low (i.e., relative humidity ≈9% ± 3%) to minimize the
contribution to the self-repairing process by environment humidity.

Contact Angle Measurement

All contact angles were measured by advancing or receding ≈5 μL of
liquids onto the surface utilizing a rame-́hart 190-U1 goniometer.

Scanning Electron Microscopy

The surface morphology of the HPC-SiO2 films was investigated by
utilizing field emission scanning electron microscopy (FE-SEM, FEI
Versa 3D DualBeam) at an accelerating voltage of 5.0 kV. All films were
sputter coated with a thin layer of gold (≈5 nm) to prevent charging.

Optical Profilometry

The arithmetic mean surface roughness (Ra) was measured by utilizing
an optical profiler (Veeco Wyko NT 1100) at a scan rate of 50 nm s−1.
The optical profiler was also utilized for measuring the time-dependent
evolution of a scratch profile during the repairing process while being
continuously exposed to water vapor.

Nanoindentation

By utilizing nanoindentation (Hysitron TS 75 Triboscope), the
loading−unloading was performed at a constant rate of 10.0 mN

min−1. The maximum indentation load and the holding time at the
maximum load were set to 9000 μN and 3.0 s, respectively.

Measuring the Viscosity of the HPC-SiO2 Film
The viscosity (η) values of the HPC-SiO2 films prepared with varied
glyoxal concentrations were measured by using a viscometer (Anton
Paar MCR 302). The viscometer was operated in an amplitude sweep
mode while keeping the oscillation frequency at a constant value of 1.0
Hz. Note that the measurements were conducted at room temperature
(≈22 °C)
Self-Repairing Tests by Rolling Water Droplets
The self-repairing test by consecutive rolling water droplets was
performed by utilizing a syringe pump (KD Scientific) dispensing water
droplets (≈5 μL) at varied interdroplet time intervals of 0.5, 1.0, and 1.5
s. A high-speed camera (FASTEC IL5) equipped with high-
magnification optics (Navitar Resolv4K and Mitutoyo 10× objective)
was operated at 900 frames per second to measure the contact time of
each rolling water droplet on the scratch region.
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00036.

Additional data and figures including a schematic,
Fourier-transform infrared (FT-IR) spectroscopy anal-
ysis, liquid wettability, evaporation of an ethanol−water
droplet, effect of spraying time on the liquid wettability,
fabricating HPC-SiO2 films on various substrates,
calculating the cross-sectional area of a scratch, self-
repairing by vapor of ethanol, recovery of super-
omniphobic wettability after multiple damage-repairing
cycles, water vapor absorption, characterizing the glass
transition temperature, dynamic viscosity, and surface
tension values, effect of water vapor exposure time on
dynamic viscosity and surface tension values, and
adhesion strength (PDF)
Movie S1: a droplet of n-dodecane can bounce off an
HPC-SiO2 film (MP4)
Movie S2: self-repairing of a deep scratch on an HPC-
SiO2 film upon exposure to water vapor (MP4)
Movie S3: an HPC-SiO2 film can recover its extreme
liquid repellency for a pinned water droplet placed on a
deep scratch after repairing it (MP4)
Movie S4: self-repairing of a deep scratch on an HPC-
SiO2 film by consecutive rolling water droplets (MP4)
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