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Superhydrophobic coating with a micro- and
nano-sized MnO2/PDMS composite structure
for passive anti-icing/active de-icing and
photothermal applications†
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The formation and accumulation of ice can induce serious economic damage. Eco-friendly anti-icing/

de-icing surfaces have been developed to address these problems. Superhydrophobic photothermal

coatings have received significant attention in recent years, but an anti-icing/de-icing coating which is

robust and facile to prepare is highly desired. Herein, a fluorine-free MnO2/PDMS superhydrophobic

coating was prepared using a facile spraying method. The excellent superhydrophobicity (water contact

angle of 162.31) and good self-cleaning properties were due to the surface microstructure of micron/

nano-scale MnO2 with the ‘‘lotus leaf effect’’, while the coating was able to maintain efficient

photothermal properties over time, with excellent passive anti-icing and active de-icing properties. In

terms of mechanical durability, it was subjected to severe tests (sandpaper abrasion, tape-peeling, sand-

washing, sonic treatment) and maintained good robustness. Based on the photothermal properties of

MnO2 and the superhydrophobicity of the coating, it could have multiple applications, such as personal

thermal management, oil–water separation, and solar-steam generation. This study provides a potential

anti-icing/de-icing coating for large-scale preparation and multiple practical applications.

1. Introduction

Ice, as a solid form of water, condenses through a freezing
environment and is a normal natural phenomenon.1–4 How-
ever, the accumulation of overlying ice to an excessive volume
and mass can have serious consequences. Examples include
the: increased weight of transmission lines (which can lead to
the collapse of towers);5,6 icing of airplane wings (which can lead to
flight delays or even disrupt the aerodynamic balance of the
flight);7,8 icing of wind turbine blades (which can lead to the loss
of power generation, resulting in serious economic losses); dislod-
ging of ice (which can result in personal injuries).9,10

Traditional de-icing methods include by mechanical, micro-
wave or manual means, which are generally inefficient and

highly energy consuming.11–13 Thus, in recent years, passive
anti-icing/active de-icing coatings that combine superhydro-
phobicity with the ability to convert light to heat have shown
advantages in terms of energy-saving and environmental
protection.14–19

In general, for the fabrication of superhydrophobic surfaces,
suitable surface roughness (mainly micro/nano-scale layered
structures)20–22 and low surface energy are necessary.23–26

Usually, in the Wenzel state, droplets are in close contact with
the substrate, and the contact area of the solid–liquid interface
increases. In the Cassie–Baxter state, the water droplets float on
the rough structure and trap an air layer on the solid–liquid
surface. The upward aggregation of water droplets reduces the
contact area and prevents heat transfer.27–29 Methods for pre-
paring rough surfaces include chemical-vapor deposition,30,31

chemical etching,32,33 and sol–gel methods,34,35 or the surface
of the substrate can be modified directly with superhydropho-
bic powders or particles by spraying and immersion
methods.36,37 Commonly used low-surface-energy substances
include fluorosilanes and organosilanes,38,39 but fluoride is
hazardous to humans and the environment. From the aspect
of material selection, MnO2 has strong light-absorption proper-
ties that shows a good photothermal effect, and materials with
micrometer size and nanometer size can be prepared by a
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simple chemical precipitation method. Microsphere structure
and nanoflower structure can increase the surface hydropho-
bicity by enhancing the microstructural roughness. This micro-
and nano- secondary hierarchical structure is the root cause of
the superhydrophobicity of the surface.40–42 Polydimethylsilox-
ane (PDMS) has low surface energy, excellent chemical stability,
good abrasion resistance and is a fluorine-free polymer
binder.43–46 Therefore, using them as coating materials can
greatly enhance the mechanical stability of the coatings while
ensuring an overall hydrophobic situation.

Here, we propose a facile spraying method to prepare super-
hydrophobic photothermal coatings with surface micro–nano-
structures. The coating was a composite of MnO2 microspheres
of diameter B2.3 mm, MnO2 nanoflowers of size 300 nm, and
PDMS. The coating had excellent superhydrophobicity, with a
water contact angle (WCA) of 162.31 and a water sliding angle
(WSA) of 2.11. It also had excellent photothermal-conversion
properties and could heat the coating from room temperature
to high temperatures (480 1C) in 300 s under one sun
illumination. The coating exhibited excellent anti-icing and
de-icing properties, with the ability to prolong icing time and
to de-ice rapidly under light-driven conditions. The coating had
excellent mechanical durability and maintained good hydro-
phobicity after extreme tests such as water/sand washing, tape
peeling, sonic treatment, UV irradiation, high/low-temperature
treatments, sandpaper abrasion, and immersion in acid/alkali
solutions. In addition, based on the simple preparation process
and good hydrophobicity of the coating, we expanded the
coating to oil–water separation, personal thermal management,
as well as seawater desalination, wastewater treatment and
other aspects of the application, to ascertain its value in
photothermal applications.

2. Experimental part
Materials

PDMS and curing agent were purchased from Dow Corning.
Ethyl acetate, hydrochloric acid, and sodium hydroxide were
purchased from Beijing Chemical Industry Factory. Deionized
(DI) water was produced by our research team. Sea sand,
sandpaper, cotton fabric, 3 M tapes, acrylic boards, copper
plates, aluminum plates, and stainless-steel mesh were all
purchased from a local market. Among them, the copper plates
and the aluminum plates were polished with sandpaper before
use. All experimental drugs were of laboratory grade.

Preparation of materials

Preparation of lm-MnO2. First, 9.48 g of NH4HCO3 was
dissolved in 840 ml of DI water and stirred thoroughly to form
solution A; 1.81 g of MnSO4 was dissolved in 840 ml of DI water
and 168 ml of ethanol, and stirred thoroughly to form solution
B. The two solutions were mixed and stirred for 2 h. The
precipitate was collected, washed and dried at 80 1C. Finally,
MnO2 microspheres were formed by heating up to 400 1C in air
for 5 h.47

Preparation of nm-MnO2. 0.7 g of KMnO4 and 1.125 g of
MnSO4 were mixed and added to 440 ml of DI water and stirred
at 80 1C for 3 h. After that, the mixture was centrifuged, filtered,
washed and dried thoroughly.48

Preparation of lm-MnO2/nm-MnO2 composite coatings.
0.2 g of mm-MnO2 and nm-MnO2 (according to different mass
ratios, five groups in total), PMDS precursor and curing agent
ratio of 10 : 1 (total 0.2 g) were mixed. Then, 10 ml of ethyl
acetate was used as a solvent to ultrasonicate the materials after
mixing and stirring thoroughly. Glass was cleaned and dried. A
layer of PDMS coating was sprayed with a spray gun at 451 at a
pressure of 2 bar at a distance of 15 cm from the glass, and then
cured at 80 1C for 10 min. After that, the composite solution
was sprayed and cured at 100 1C for 2 h.

3. Results and discussion

Fig. 1 shows the preparation of anti-icing/de-icing coatings. The
coating was formed on glass by spraying using micron-sized
and nano-sized MnO2 (raw material) and PDMS (non-
fluorinated polymer binder). In this process, a layer of PDMS
was sprayed on the glass substrate first for better thermal
insulation and then the composite coating was sprayed.

As shown in Fig. 2a–f, the morphologies of mm-MnO2, nm-
MnO2 and mm-MnO2/nm-MnO2 composite coatings were char-
acterized by scanning electron microscopy (SEM). As shown in
Fig. 2a and d, mm-MnO2 had better dispersion with micro-
spheres of diameter 2.3 mm, along with obvious conical projec-
tions on the surface. The SEM images shown in Fig. 2b and e
reveal that nm-MnO2 had a size of B300 nm with a nanoflower
structure consisting of many folded and crossed nanosheets. As
can be seen from Fig. 2c and f, nm-MnO2 was completely
covered by PDMS to form clusters, which formed a micro-
nano composite structure with mm-MnO2. The cross-section
view in Fig. 2g reveals a porous structure with trapping of a
large amount of air which, in turn, achieves superhydrophobic
properties by increasing the roughness of the coating surface.
Fig. 2h shows the X-ray diffraction (XRD) patterns of mm-MnO2

and nm-MnO2. nm-MnO2 was determined to be a-MnO2, and
mm-MnO2 was determined to be e-MnO2. Fig. 2i shows the UV-
Vis-NIR absorption spectra of PDMS coatings and micro–nano-
composite coatings. The comparison shows that the composite
coating with a surface micro–nano structure had close to 100%
light absorption. This excellent light absorption is important
for subsequent de-icing and other photothermal-conversion
applications.

Fig. 3a shows the variation of WCA by testing different
materials on the glass substrate. The pristine bare glass was
hydrophilic (WCA = 49.11). PDMS, as an organosilicon material,
has low surface energy and hydrophobic properties. Hence, the
hydrophilic surface was transformed into a hydrophobic sur-
face after coating, with a WCA of 104.21. The hydrophobic
property was improved further by adding mm-MnO2 and nm-
MnO2, respectively. Because of supplying a rougher struc-
ture compared with PDMS, the WCA of the micro-coating and
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nano-coating became 154.81 and 137.11, respectively. The com-
posite coating with micro- and nano-structures had the best
hydrophobicity, with a WCA of 162.31, due to two key factors:
high roughness and low surface energy. In addition, different
liquids (water, milk, methylene blue solution and tea) were
dropped upon the coatings to observe their hydrophobicity
(Fig. S1, ESI†). The different types of liquids were in the form
of round beads on the coatings and, thus, showed good super-
hydrophobicity. In order to test the hydrophobicity of the
coating sprayed on different kinds of substrates, four substrate
materials (glass, acrylic board, polished copper plate, and
polished aluminum plate) were selected, and the WCA was
measured by adding drops of water on the surface (Fig. S2,
ESI†). The WCAs of the coatings on different substrates were all
over 1601, which revealed superhydrophobicity. Fig. S3 (ESI†)
summarizes the WCAs of the different kinds of materials on the
glass substrate, the different kinds of substrates, and the
different mass ratios of MnO2. The composite coatings with
micro-nano structures exhibited superhydrophobicity. The
voids and roughness of the micro- and nanostructures could
be ‘‘tuned’’ by adjusting the different ratios of mm-MnO2 and
nm-MnO2. Fig. S4 (ESI†) shows the SEM and atomic force
microscopy (AFM) images of microspheres and nanoflowers
with different ratios. Among them, when the ratio was 4 : 6, the
coating presented the roughest surface (consistent with SEM
and WCA results), and the rougher surface led to more air

layers between droplets and the coating surface, which was the
main reason for the best hydrophobicity at this ratio.

As shown in Fig. 3b and Movie S1 (ESI†), a typical ‘‘silver
mirror’’ phenomenon was observed when the composite coat-
ing was immersed in water.49,50 This was due to the air layer on
the surface of the coating being captured by the superhydro-
phobic surface. As shown in Fig. 3c (Movie S2, ESI†), when a
water jet was sprayed onto the coating, it bounced directly on
the surface to form an angle. After being washed under the
faucet on the coating surface, no water droplets remained,
indicating its good superhydrophobicity. In Fig. S5 (ESI†), the
droplets hovering on the syringe could not adhere to the
surface of the superhydrophobic coating even after squeezing
or stretching, which demonstrated the low adhesion between
the droplets and coating. As shown in Fig. 3d (Movie S3, ESI†),
by continuously adding water droplets to the coating using a
dropper after adjusting the angle of the tilted platform to 31,
small droplets quickly slipped off the coating and gathered
underneath the platform, proving its good hydrophobicity
under a small angle of tilt. Self-cleaning is one of the important
properties of superhydrophobic surfaces.51–53 In Fig. 3e (Movie
S4, ESI†), CuSO4 was covered on the coating at a certain
inclination angle. When the water droplets rolled down quickly,
the CuSO4 on the trajectory of the water droplets was removed
effectively, and satisfactory self-cleaning properties were
demonstrated. To better show this self-cleaning effect, we used

Fig. 1 Preparation of a superhydrophobic photothermal coating (schematic).
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Fig. 3 (a) WCA of different materials on a glass substrate. (b) ‘‘Silver mirror’’-like phenomenon of superhydrophobic photothermal coatings. (c) Water
column and water flow washing over the coating surface. (d) Water droplets flowing down from the small-angle platform. (e) CuSO4 particles simulating
self-cleaning phenomena. (f) Coated/uncoated Petri dishes placed on a water surface. (g) Resistance to the gravel-impact test. (h) Resistance to
corrosion by acid, alkali and salt solution. (i) High- and low-temperature test.

Fig. 2 (a)–(c) Low-magnification SEM images of mm-MnO2, nm-MnO2, and composite coatings. (d)–(f) High-magnification SEM images of mm-MnO2,
nm-MnO2, and composite coatings. (g) Cross-sectional SEM image of the composite coating. (h) XRD analysis of mm-MnO2 and nm-MnO2. (i) UV-Vis-
NIR absorption spectra of PDMS coatings and composite coatings.
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methylene-blue dye to simulate small-sized dust in air, and the
results are shown in Fig. S6 (ESI†). If an object is placed on the
water surface, the surface tension of the water forms a pressure
difference between the object and water. This pressure differ-
ence can offset the gravity of the object, which makes the object
float on the water surface, giving it a certain carrying capacity.
In the present study, Petri dishes with or without sprayed
composite coatings were used to investigate the improvement
of the superhydrophobic coating on the carrying capacity of the
objects. In Fig. 3f, the superhydrophobic coated Petri dish
floats on the water surface as a whole in the unloaded state,
whereas the bare Petri dish is mostly in the water. In the
subsequent maximum loading-capacity tests (Fig. S7 and S8,
ESI†), the bare Petri dish (self-weight 8 g) sank into the water
after placing an object of 8 g (16 crank pins), whereas the Petri
dish with a hydrophobic coating sank into the water after
placement of an object of 12 g (24 crank pins), and the overall
loading capacity was improved.

Mechanical properties are also important. In particular,
functional coatings inevitably work in complex environments,
such as small-particle erosion or rainfall impact, in practical
applications.54–56 Therefore, a series of tests (resistance to
sandstone impact, water-current impact, corrosion by acid,
alkali and salt solution, sandpaper abrasion, and high/low
temperature variations) were undertaken (Fig. 3g–i and
Fig. S9, ESI†). As shown in Fig. 3g, 100 g of quartz sand
(300 mesh) at a time was released in free fall from a height of
45 cm onto a 451-inclined coated surface. The sand slid along
the surface, and the WCA and WSA of the coating surface were
tested after each complete release. The WCA of the coating
became smaller and the WSA became larger after the cyclic
impact of sand particles due to the slight abrasion of the
microstructure of the coating surface caused by the impact of
sand particles. Fig. 3h and i show the WCAs in different
solutions and temperatures. The surface properties of the
coatings were intact and hydrophobicity was not significantly
reduced after 72 h immersion in different solutions and 48 h
placement under extreme temperature conditions. The PDMS
in the composite coating, due to its chemical inertness, could
provide a chemical barrier for the entire coating, protect the
coating and the substrate under the coating from corrosion by
acids and alkalis, and provide long-lasting hydrophobicity
(Fig. S10, ESI†). A comparative observation by SEM before
and after sandpaper abrasion (Fig. S11, ESI†) showed many
large voids and air layers in the coating before abrasion
whereas, after abrasion, the pores between the clusters and
particles gradually became smaller, and the whole structure
tended to be more compact and dense. As the number of
sandpaper abrasions increased, the most superficial particles
at the top of the coating were rubbed off, while the interior of
the coating maintained its micro- and nanostructure and
continued to provide superhydrophobicity. It is not until the
particles in the coating are almost completely worn away by the
sandpaper that a serious degradation in superhydrophobicity is
likely to occur. The coating had excellent resistance to abrasion,
but it also had great adhesion strength to the substrate

(Fig. S12, ESI†). Using a razor blade, a pattern of intersecting
grids was etched into the coating. Subsequently, these grids
adhered to 3 M tape, which was peeled off quickly after
repeated pressing with a 200 g weight. No obvious coating
blocks were observed to fall off after removing the 3 M tape,
and the adhesion level of the coating could be categorized as
level I according to the standard GB/T9286.57,58 After several
episodes of tape-stripping, the water droplets still good hydro-
phobic properties on the coating surface. However, on the
platform with a small angle tilt (Fig. S13, ESI†), the water
droplets rolled down quickly without residue, which suggested
good adhesion between the coating and substrate, and good
hydrophobic properties. Meanwhile, we tested the bond
strength between PDMS and glass using a tensile machine
(Fig. S14, ESI†). The bond strength between PDMS and glass
could reach 528 N, which also indicated that the adhesion
between the two was relatively good. The impact resistance of
the coatings was tested (Fig. S15, ESI†) when 20 g steel balls
were repeatedly dropped from a height of 100 cm. Although the
aluminum plate underwent bending deformation, the surface
of the coatings did not peel off or become damaged, and the
superhydrophobicity was unchanged.

The photothermal properties of composite coatings were
investigated. Fig. 4a, d–f, and Fig. S16 (ESI†) show the curves
and infrared photographs of the temperature change with time
under different light intensities. With increasing light inten-
sity, the surface temperature of the coating increased, and the
temperature of the layer reached equilibrium within 300 s for
different light intensities. The temperature decreased rapidly
and returned to room temperature after removal of the light
source. Cycling the composite coatings through light and cool-
ing led to highly similar photothermal responses and max-
imum equilibrium temperatures over the five cycles tested
(Fig. 4b), which demonstrated the stability of the coatings
under photothermal conditions. As seen from Fig. S17 (ESI†),
the equilibrium temperature (T) at different light intensities
showed a closely corresponding linear relationship with light
intensity (L). We also explored the temperature change when
the coating surface was shaded taking sand as an example. In
Fig. 4c, the maximum equilibrium temperature can reach 82 1C
when the surface is not shaded; when the surface is covered by
sand, the temperature drops to 52.5 1C. Due to the good self-
cleaning effect, the coating will be cleaned up if water flows
over the sand, while the photothermal temperature returns to
normal (Fig. S18, ESI†). Hence, good self-cleaning performance
had an important role for photothermal coatings. The equili-
brium temperature of the coating returned to the initial tem-
perature after the surface had been cleaned, so good self-
cleaning ensured the long-lasting stability of the coating in
photothermal applications.

Freezing from water to ice goes through three processes.59,60

When the temperature of the droplet begins to fall to 0 1C, this
is called the ‘‘supercooling’’ stage. When the water begins to
change from the liquid state to solid ice, the entire droplet
presents a mixture of ice and water, and this is known as the
‘‘phase change’’ stage. When the droplet is completely freezing
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from the liquid water into a solid state of ice, this is known as
the ‘‘completely freezing’’ stage. The time of freezing of the
whole droplet can be considered to be the time required from
the beginning of the droplet reaching 0 1C to complete freezing
into ice. From Fig. 5a, b and Fig. S19 (ESI†), one can see the

beginning of the ice–water mixing state, the temperature
change of releasing the latent heat, the state of ice droplets
after complete freezing, and the time taken. When on the bare
glass surface, due to the hydrophilicity, the water droplets
spread out quickly and form a small ‘‘ice mound’’ after

Fig. 5 (a) Infrared images of water droplets during freezing and the corresponding temperatures; the inset shows the corresponding water morphology.
(b) Freezing time–temperature curves for three coatings in a �15 1C environment. (c) Temperature-change curves of three coatings in a �15 1C
environment and with 1 sun intensity added. (d) Ice melting of a 30 ml water droplet in light. (e) Ice melting of a 300 ml water droplet in light. (f) De-icing of
an ice layer on the coating with a thickness of B2 mm during light illumination. (g) Ice-adhesion test (schematic). (h) Ice-adhesion strength of different
coatings.

Fig. 4 (a) Temperature-variation curves of composite coatings at different light intensities. (b) Photothermal conversion of composite coatings in five
heating–cooling cycles. (c) Self-cleaning and infrared temperature images of the composite coating at 1 sun intensity. (d)–(f) Infrared temperature
images of the coating at different light intensities.
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complete freezing with a freezing time of 127 s. The PDMS
coating, due to its hydrophobicity, leads to ice droplets forming
a hemispherical shape after freezing, and simultaneously the
freezing time (152 s) is increased slightly. The composite coat-
ing, due to its superhydrophobicity, remains spherical after
freezing and effectively extends the freezing time to 655 s. In
order to further investigate the effect of a highly humid
environment on delayed icing, we undertook a control experi-
ment at 80% humidity. As shown in Fig. S20 (ESI†), the time of
delayed icing was shortened to 515 s under high humidity
conditions and, simultaneously, the coating surface became
frosted with a lot of ice. Thus, it was easier to form ice under
high humidity conditions than low humidity conditions. Fig. 5c
shows the temperature change of the coating surface after
illumination by 1 sun intensity in a �15 1C environment. For
the bare glass and PDMS coating, the temperature after expo-
sure to light did not change greatly. The composite coating, due
to the addition of MnO2, the temperature after being exposed to
light increased and stabilized at 16 1C, which prevented icing
occurring. Even if the superhydrophobicity of the coating
exhibited excellent anti-icing properties, ice could form on
the surface of the coating after prolonged exposure at lower
temperatures. Therefore, it is important to develop multifunc-
tional surfaces that combine passive anti-icing and active de-
icing. To investigate the photothermal de-icing performance
under actual freezing weather, the de-icing performance of the
composite coatings was tested under 1 sun intensity, and the
temperature change of droplets was monitored at an ambient
temperature of �15 1C and relative humidity of 35 � 5%. When
30 ml and 300 ml of water droplets were placed, respectively, on
the coating (as shown in Fig. 5d and e), the ice droplets
remained beaded in the frozen state due to the good super-
hydrophobicity of the composite coating. The infrared-
temperature image revealed that the coating surface tempera-
ture started to rise after light irradiation. The ice droplets
started to melt into a mixed state of ice and water. The small
ice droplets melted completely after 42 s, and large ice droplets
melted and rolled off from the coating surface after 186 s. The
effects of the angle of inclination on the melting time were
compared (Fig. S21 and Fig. 5e, ESI†). At the horizontal angle,
the ice on the coating surface needed to melt completely. At a
tilt angle, when the ice started to be in the ice–water state, the
ice droplets could be dislodged directly from the coating sur-
face. This action reduced the melting time while avoiding
refreezing in cold conditions. Simulated ice accumulation was
used to freeze out a 2 mm-thick ice layer on the coating. The
sample was placed on a cooling table at �15 1C while 1 sun
intensity of light was applied. The outdoor light intensity can
be affected by weather and other factors, so we simulated the
de-icing performance at a lower solar intensity (0.8 sun), as
shown in Fig. S22 (ESI†). At low light intensity, although the
temperature of the coating surface also increased, the rate of
temperature increase was significantly slower, while the time to
melt 30 ml droplets was 76 s, which was delayed by 34 s
compared with that using 1 sun light intensity (42 s). Fig. 5f
shows the de-icing process of the ice layer. The ice layer

gradually melted from the inside, and bubbles appeared at
the coating–ice junction, which helped to reduce the adhesion
between the ice layer and the coating. Simultaneously, with
continuous irradiation by the light source, the ice shell melted
first inside the ice layer, and this phenomenon indicated that
the coating converted the light into heat energy and carried out
effective heat transfer. After 254 s, the ice layer on the coating
melted completely, and no water droplets remained on the
coating surface. Furthermore, a self-made device was used to
test the adhesion strength of ice, as shown in Fig. 5g. First, an
ice column was frozen on the sample and placed on a cooling
table. Then, the force sensor was fixed on the rail sliding table
driven by a servomotor, and the ice column was pulled at a
certain speed at a constant rate. When the ice column was
completely detached from the interface of the coating, the
transient maximum pulling force was recorded and the ice
adhesion strength was calculated as shown in Fig. 5h. The ice
adhesion strength of the bare glass surface was 614.6 kPa, and
that of the PDMS coating with low surface energy decreased to
78.4 kPa. The ice adhesion strength of the composite coating
decreased to 26.4 kPa. It has been shown that if the ice
adhesion strength is o50 kPa, then ice accumulation can be
removed by natural wind or vibration.

The composite coating could be attached to different sub-
strates by simple spraying. Hence, it could also be sprayed on
fabrics to prepare large-sized superhydrophobic photothermal
materials (50 cm � 50 cm) (Fig. 6a). Commercially available
cotton fabrics are usually hydrophilic. The composite coated
fabric maintained good hydrophobicity (Fig. 6b), and water
droplets quickly slid off without any residue after contacting
the coating, maintaining a good self-cleaning performance
(Fig. S23, ESI†). Simultaneously, the coated fabric maintained
good air permeability (Fig. 6c), where a piece of coated fabric
covered a bottle mouth containing ammonia and hydrochloric
acid. Due to the volatile nature of hydrochloric acid, it reacts
with ammonia to form ammonium chloride, so white smoke
would be seen above the fabric. Fig. 6d–f, and Fig. S24 (ESI†)
show a comparison of the temperature change of a commercial
white fabric, a commercial black fabric, and a composite coated
fabric at 1 sun intensity. The compound-coated fabric heated
up faster and had a higher final equilibrium temperature at
1 sun intensity, which was 51 1C higher than the commercially
available white fabric (41.9 1C) and 4 1C higher than the
commercially available black fabric (89 1C). Composite-coated
fabrics can be used effectively in applications based on perso-
nal thermal management due to their higher equilibrium
temperatures, which provides better heating capacity for the
human body in cold environments.

After spraying the composite coating on stainless-steel
mesh, the mesh was uniformly encapsulated by the coating
and exhibited superhydrophobicity (Fig. S25, ESI†). When an
oily solution was placed on the stencil mesh, it penetrated
quickly and the oil contact angle revealed that it was super-
oleophilic (Fig. 6g and Fig. S26, ESI†). Therefore, it could also
be used for oil–water separation. This separation process is
shown in Fig. 6h, where a mixture containing 30 ml of n-hexane
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(Oil Red O staining) and 20 ml of water (methylene-blue
staining) was mixed, and a sprayed composite-coated stencil
was placed in the middle of two measuring cups. After pouring
the liquid slowly, n-hexane could penetrate into the beaker
quickly due to its lipophilicity, while the water was intercepted
above the stainless-steel mesh. Fig. 6i shows the separation
efficiency of applying hydrophobic and lipophilic properties to
several other oily liquids, such as chloroform, toluene, and
DCM. The prepared stainless-steel mesh achieved a separation
efficiency 498% for the mixed liquids.

In recent years, the application of photothermal conversion
has been widely used for generation of interfacial solar
vapor.61–64 Composite coating material was sprayed on the
surface of melamine sponge to prepare a Janus solar evaporator
with hydrophobic/hydrophilic properties. A sponge is a hydro-
philic material that cannot float on a water surface by itself
after fully absorbing water. The prepared composite coating
could give the sponge hydrophobic properties. From Fig. 7a and
Fig. S27 (ESI†), it can be seen that the surface of the pristine
sponge was smooth, while the structure of the sprayed sponge
was completely encapsulated by the coating and, thus, showed
good hydrophobicity. Due to the good photothermal properties
of the coating and the unique porous structure of the sponge, it
showed high equilibrium temperatures under different light

intensities in dry environments (Fig. 7b and Fig. S28, ESI†) and
in water (Fig. 7c and Fig. S29, ESI†), and equilibrium tempera-
ture was 4100 1C in dry environments at 1.2 sun intensity.
Fig. 7d shows that the evaporation rate of pure water under
1 sun intensity was only 0.45 kg m�2 h�1, while that of the
coated sponge could reach 1.7 kg m�2 h�1, which was 3.7 times
faster than that of pure water, and the efficiency of photother-
mal conversion reached 92.6%. The rate of water evaporation
was attributed to the good photothermal properties of the
upper hydrophobic surface. If water is transported to a high-
temperature surface, it is heated and converted into steam, and
the water vapor diffuses into the air through the open pores.
The sponge has its own insulating properties and the uncoated
portion of the sponge was hydrophilic for continuous transport
of moisture. Fig. 7e shows the purification effect on microbial
bacteria before and after water evaporation. The water con-
tained a large number of microbial colonies before purification,
while the purified water was almost free of bacterial colonies.
Fig. 7f and Fig. S30 (ESI†) show the purification effect of the
coated sponge for dyes. The characteristic peaks of methyl
orange, rhodamine B and methylene blue disappeared after
purification. According to optical photographs, the purified
water was transparent. The pH of acid and alkali solutions
before and after evaporation is shown in Fig. 7g, and the pH of

Fig. 6 (a) Original and coated fabrics. (b) Detail of the hydrophobic coated fabric. (c) Breathability of the hydrophobic coated fabric. (d)–(f) Temperature
change of commercial white fabric, commercial black fabric, and hydrophobic coated fabric at 1 sun intensity. (g) Oleophilic hydrophobicity of stainless-
steel mesh (schematic). (h) Oil–water separation. (i) Efficiency of oil–water separation.
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the purified water was found to be 7. Fig. 7h shows the rejection
rate of the coated sponge for heavy-metal ions (Na+, Mg2+, K+,
Ca2+) in wastewater. The ionic concentration in purified water
was reduced by 2–3 orders of magnitude, and the quality of the
purified water was also in full compliance with World Health
Organization and US Environmental Protection Agency stan-
dards for potable water.65,66 The cyclic stability of the evapora-
tion of the coated sponge was tested (Fig. 7i) 10 times for 1 h
each time. The cyclic stability remained 41.65 kg m�2 h�1,
which suggested that the coated sponge had good continuous
cyclic stability.

4. Conclusions

A two-size MnO2/PDMS superhydrophobic coating with a sur-
face micro-nano structure was demonstrated in this work. The
coating had good self-cleaning, effective anti-icing and
sunlight-responsive de-icing properties due to its low surface
energy and photothermal-conversion properties. The micro–
nano two-size MnO2/PDMS superhydrophobic coating trapped
the air layer under the water droplets efficiently. Simulta-
neously, it could withstand a variety of mechanical-durability
tests, including impact with 500 g of sand gravel, 100 times of
tape peeling, 72 h of immersion in strong acid/strong alkali
solutions, and razor-blade scraping. Based on such excellent
performance, the coating could be sprayed on: cotton fabrics

for personal heat management; stainless-steel mesh for
efficient oil–water separation; a sponge to form the Janus
solar evaporator. The coating had an evaporation rate of
1.7 kg m�2 h�1 under 1 sun intensity, and could be suitable
for practical applications in solar desalination. Therefore, this
work provides a feasible strategy for the development of solar-
powered multifunctional superhydrophobic coatings.
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