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Water evaporation is an endothermic process, in which heat is absorbed. In nature, water
evaporation is an important part of the global water cycle and is driven by solar radiation as
heat source, which is abundantly and freely available.[1,2] Generally, the solar irradiation
penetrates water through a certain depth depending on water quality and the spectrum
wavelength, and the water profile over the light passage length is heated up homogeneously.
Over the history of mankind, this natural water evaporation has been widely imitated at
various scales for beneficial uses.[3-7] For example, in some remote and rural areas where
access to centralized drinking water supply is unavailable, solar distillation is used to produce
freshwater, which uses solar energy to heat and evaporate seawater or brackish water.[5-7]
However, the nature’s way of water evaporation is imperfect, and it falls into the category of
bulk heating, in which the entirety of bulk water is uniformly heated up. One fact that is often
overlooked is that water evaporation is indeed a surface process, in which water molecules at
the very thin air-water interface in the liquid water side, driven by their high energy state, are
transported into the vapor phase. Thus, the conventional bulk heating of water is not a rational
choice for water evaporation and it would unavoidably results in unnecessary heat/energy loss
due to the energy transfer to the non-evaporative portion of the bulk water. It is thus not
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surprising that a major problem in the solar distillation and other solar evaporation processes
is their low energy efficiency, similar to that in the natural water cycle.[6,7]
Therefore, targeting at enhancing only the local temperature of interfacial water is more
meaningful and energy-efficient for a high evaporation rate. The localized heating at the
interfacial water can generate a sharper temperature gradient with the same level of energy
input. In comparison to uniformly high temperature profile in the bulk water heating scheme,
the localized high temperature of the interfacial water in the interfacial heating scheme
minimizes the heat loss by the non-evaporative lower part of the bulk water due to its high
temperature. Based on this understanding, it is thus logical to gather solar radiation only at the
water-air interface so to generate localized and concentrated high temperature of the
interfacial water. Recent efforts in this regard are embodied exclusively by inorganic light-toheat conversion (photothermal) materials, [8-11] including carbon-based or noble metal
nanoparticle materials with proper hydrophobicity and these photothermal materials absorb
light and covert it to heat energy.[8-18] The surface hydrophobicity, given generally by alkyl or
fluoroalkyl group surface modification, is a prerequisite to a self-floating capability of these
materials at air-water interface, which in turn permits an automated and uninterrupted
interfacial solar heating.
However, in practical application, chemical oxidation from exposure to highly oxidative
chemicals in water and air (e.g., hypochlorites, ozone), strong light (e.g., ultraviolet light), etc.
results in deterioration of surface hydrophobicity due to the gradual decomposition or removal
of these hydrophobic organic functional groups (e.g., alkyl or fluoroalkyl), leading to a
transition from a hydrophobic to a hydrophilic wettability of the materials.[19-29] With a
hydrophilic wettability, the photothermal materials loss their capability of self-sustained
interfacial heating. As a result, a hydrophobic photothermal material which can heal and
recover its hydrophobicity autonomously upon degradation, namely hydrophobicity selfhealing ability, can be a judicious solution to lead to elongated applications of these materials.
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While there has been very little literature report on the self-healing of hydrophobicity on
inorganic materials,[23,24] the hydrophobicity self-healing on polymeric materials have been
widely studied and reported due to the polymers’ dynamical behavior and easy chemical and
mechanical tunability.[21,22,25-29] With the wide availability of the knowledge of the
hydrophobicity self-healing on polymeric materials, we believe that a careful selection of
polymeric photothermal material would lead us to a highly efficient interfacial heating
material with a hydrophobicity self-healing capability that promises long-term application of
such material.
In this Communication, we report a proof-of-concept of the hydrophobicity self-healing
photothermal membrane for the interfacial solar heating based on polypyrrole (PPy) coated
stainless steel (SS) mesh. The membrane was prepared by deposition of PPy, a polymeric
photothermal material, onto SS mesh substrate, followed by fluoroalkylsilane modification of
the PPy coating to achieve desirable hydrophobicity. The surface wettability of membrane
was controlled to conform the Wenzel’s wetting behavior, which enabled the membrane to
spontaneously stay at the water-air interface and allowed for sufficient contact with the water
surface so to precisely heat the interfacial water under the solar irradiation. PPy was rationally
chosen as the photothermal polymer because of its broad spectrum absorption, high
photothermal conversion efficiency, and its facile solution-based fabrication, which permits a
uniform film coating with an easy control over the film thickness.[16-18] From the self-healing
perspective, the PPy coating film, once formed, can act as a matrix to preserve a large number
of reacted fluoroalkylsilane moieties, which are the hydrophobicity self-healing agents in our
case and can migrate to the PPy coating surface to restore the hydrophobicity upon the surface
hydrophobicity loss. Our results showed that with the such-designed hydrophobic
photothermal membrane floating on water surface, water evaporation rate could be
significantly enhanced under otherwise the same conditions. We showed that upon the
damage of the outmost fluoroalkylsilane functional groups on the membrane, the surface
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could autonomously restore its hydrophobicity and the self-healing ability could also be
accelerated with the solar light irradiation. Furthermore, the interfacial heating material in the
form of membrane also benefits its operation and integration into water distillation device for
practical applications compared with the powder-form materials,[8-10] and in this study, a
prototype and all-in-one solar distillation device was prepared to demonstrate the applicability
of the concept of interfacial heating to point-of-use portable water production.
Our fabrication strategy of the self-healing hydrophobic photothermal membranes for the
interfacial water heating is schematically shown in Figure 1a. The PPy coating was deposited
onto the meshes by electropolymerization of pyrrole. The choice of the stainless steel (SS)
meshes here as the substrate material is due to its inherent porous structure, its good
mechanical and chemical stability, as well as its easy availability and low cost. Figure 1b
shows the scanning electronic microscopic (SEM) images of the original unmodified SS mesh
(500 mesh size) and the mesh deposited with PPy by electropolymerization for 1 hour. The
original mesh with 500 mesh size has an average pore size of ~26.8 µm (Figure 1b1) and
smooth wire surface, with knitting wire diameter of ~24.5 µm. After the deposition of PPy, a
PPy coating with micro-sized surface structures could be clearly seen (Figure 1b2 and
Supporting Information Figure S1). It has been found that the thickness of the PPy coating on
the wires increased almost linearly with the electropolymerization time, with the coating
thickness being ~2.6 µm at 1-hour electropolymerization (Figure 1c).
To achieve the self-floating capability, the PPy-coated meshes were then treated by chemical
vapor deposition (CVD) of fluoroalkylsilane to reduce their surface energy.[21,30] As shown in
Figure 1d, after the hydrophobic modification the meshes exhibited high water contact angles,
which increased gradually with the electropolymerization time in the PPy deposition step.
When the PPy deposition time exceeded 30 min, the contact angle reached a constant value of
~140˚. Furthermore, the meshes, although highly hydrophobic, exhibited high adhesion to
water droplets. As shown in the insets of Figure 1d, for the PPy-coated mesh prepared by 14

hour electropolymerization and fluoroalkylsilane modification, when the mesh was placed
perpendicular and even inverted up-side down, the water droplets still firmly adhered to the
surface. This wettability with high water contact angle as well as high adhesion to water
droplets of the hydrophobic meshes is regarded as Wenzel's wetting behavior,[30-32] under
which, although substrate surface exhibits a high contact angle, water is able to penetrate into
the rough surface structures of the substrate and displace the otherwise air pockets present
under Cassie’s wetting.[32,33] This Wenzel’s wetting behavior of the meshes is a result of the
combination of both the micro-sized surface structure and the hydrophobic modification.
Under the Wenzel’s wetting state, contact between the water and solid substrate surface is
intimate and maximized, which is beneficial for the heat transfer from the mesh to water as air
otherwise is considered as a poor heat conductor. A comparison of water evaporation rate
between a Wenzel’s and Cassie’s wettability can be found in the Supporting Information
(Figure S2), which clearly demonstrates that significantly higher water evaporation is
achieved under the Wenzel’s wetting state than the Cassie’s state under the otherwise same
conditions.
Given the porous structure of the mesh substrate, a direct measurement of the light adsorption
property of the PPy coating on the mesh deems impossible. Instead, to confirm the strong
light absorption of PPy coating, a PPy coating was deposited onto an ITO glass substrate by
electropolymerization method, followed by fluoroalkylsilane modification and the thusprepared coating exhibited a broad absorption band, extending from the visible to the near
infrared (NIR) region with two pronounced peaks at 450 nm and 850 nm, with the absorbance
increasing with the thickness of the PPy coating. The broad band adsorption is characteristic
of the bipolaronic metallic state of the doped polypyrrole (see Supporting Information Figure
S3a).[16-18] It is worth pointing out that (1) when the thickness of the PPy coatings were greater
than 1.2 µm (i.e., with PPy deposition time > 15 min), the absorbance of the PPy coatings
saturated the limitation of the current UV−vis-NIR spectrophotometer; (2) the PPy coatings
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on the ITO glass showed negligible reflection and transmission (Figure S3b and 3c); (3) the
PPy coatings with and without fluoroalkylsilane modification exhibited almost the same light
absorption spectra, indicating negligible influence of the fluoroalkylsilane modification on the
photothermal property of the PPy coatings. All the above results demonstrated the strong light
absorbance by the PPy coating.
The photothermal property of the PPy-coated meshes was then investigated. A simulated solar
light with an intensity of 1000 Wm-2 was shined on the PPy-coated meshes and an FLIR
infrared camera was used to probe the temperature of the meshes in air. Under the light
irradiation, a steady-state temperature for the meshes with the PPy coating could be reached,
which is defined as the temperature when the heat generation under light irradiation and heat
dissipation due to radiative heat flux is at equilibrium. Figure 2a shows the steady-state
temperature of the PPy-coated SS meshes as a function of the coating thickness. As can be
seen, with the ambient temperature being constant at ~22 ˚C, the mesh temperature first
increased steadily with the coating thickness before reaching a plateau (i.e., ~55 ˚C) when the
PPy coating thickness was beyond 1.6 µm. Figure 2b presents the kinetics of temperature
under light irradiation. Upon the simulated solar irradiation, the temperature of the PPycoated mesh increased quickly to its steady-state temperature of 53±2 ˚C while for the
original unmodified mesh showed a steady-state temperature of ~27 ˚C, which represented
only ~5 ˚C increased under the irradiation. It should be mentioned that because of its
relatively low emissivity (~0.16) of the original SS materials, the temperature of the
unmodified mesh measured by the IR camera was a little lower than its actual temperature
(~30˚C as measured by a thermocouple). This result clearly demonstrated the efficient lightto-heat conversion property of the mesh, which was imparted by the PPy coating.
Having confirmed the photothermal effect, we then measured the water evaporation
performance with the photothermal mesh membrane floating on water surface. Figure 3a
presents the schematic setup for the water evaporation measurement. Briefly, the
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photothermal membrane was placed and self-floated on water surface in a beaker, which was
kept on an electronic balance to monitor the real-time water mass change. The same simulated
solar light with an intensity of 1000 Wm-2 was used and shined directly onto the self-floating
membrane. As a control, in the absence of the membrane on the water surface, the water loss
due to evaporation from the beaker with and without simulated solar light irradiation was 3.9
kg m-2 and 0.88 kg m-2 for 10 hours, respectively. Due to its hydrophobicity, the PPy-coated
SS mesh spontaneously stayed at the water-air interface, and moved along with water surface
during evaporation, which allows for automated and targeted interfacial water heating under
light irradiation. Figure 3b shows the mass of the water evaporated as a function of the
irradiation time in the presence of the photothermal membranes. The amount of water
evaporated increased first with increasing PPy coating thickness before reaching a plateau
(i.e., ~9.2 kg m-2) when the PPy coating thickness was 1.6 µm, as shown in Figure 3c. Clearly,
compared to the control case without the membrane, the water evaporation was greatly
enhanced in the presence of membranes. For the mesh with the PPy coating thickness of 2.6
um, the water evaporation amounted to 9.2 kg m-2 for 10 hours, which represented 235% that
of the case without the membrane. Also, for a bare SS mesh (i.e., without PPy coating) with
hydrophobic modification, which was also able to self-float on water surface, it produced 5.4
kg m-2 for 10 hours.
To probe more into the mechanism of the enhanced water evaporation by the self-floating
photothermal membrane, IR thermal images were captured and the temperature profiles of the
water were analyzed. As shown in Figure 3d, without the light irradiation, the water in both
beakers with and without the membranes exhibited almost same homogeneous temperature
profiles, and the temperature of the bulk water was both close to the room temperature of
~22˚C. Upon the light irradiation, the interfacial water temperature in the presence of the
membrane increased immediately (middle in Figure3d), with a steady-state temperature as
high as ~39˚C. Figure 3f compares the water surface temperature profiles of two beakers as a
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function of the irradiation time and clearly an obvious enhancement was observed in the
presence of the membrane. After 2 h light irradiation, the thermal image of the beaker with
the surface self-floating membrane (the right panel of Figure 3d) shows a sharper temperature
gradient than the one without the membrane (Figure 3e), where a homogeneous water
temperature profile was obtained instead. The fact that, under solar irradiation, a uniform
water temperature profile in the beaker in the absence of the membrane (the right panel in
Figure 3c) was obtained provides strong evidence that the heating without the membrane falls
into the conventional bulk heating scheme. The results confirm our strategy of interfacial
heating.
The light energy to heat of water evaporation conversion efficiency (η) of the photothermal
membranes can be estimated by Equation (1):
𝜂 = 𝑄𝑒 ⁄𝑄𝑠

(1)

Where Qs is the incidence light power (1000 W m-2), and Qe is the power of evaporation of
the water, which can be estimated by Equation (2).
𝑄𝑒 =

𝑑𝑑×𝐻𝑒
𝑑𝑑

= 𝜐 × 𝐻𝑒

(2)

where m is the mass of evaporated water, t is time, v is the evaporation rate of water, and He is
the heat of evaporation of water (~ 2260 kJ/kg). The water evaporation rate by the mesh with
PPy coating thickness of 2.6 µm (prepared by 1-hour electropolymerization) was then
calculated to be 0.92 kgm-2h-1 and the conversion efficiency (η) of the mesh was ~58%, which
stands very favorably against the case without the membrane, whose conversion efficiency
was only 24%. This conversion efficiency of the photothermal membrane for the light energy
to heat of water evaporation is also higher than that of most of the current solar stills, which
exhibited typical efficiencies in the range of 30~45%.[7]
For the purpose of comparison, we also prepared a hydrophilic photothermal membrane of
PPy-coated mesh and studied its water evaporation performance. First, it was found that once
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the hydrophilic PPy-coated mesh contacted the water, water spread and penetrated the pores
of the mesh, and the mesh quickly sunk to the bottom of the beaker. More importantly, with
the hydrophilic photothermal membrane at the bottom of the water, a much lower water
evaporation rate was observed (see Supporting Information Figure S4). The thermal image
revealed that, instead of locally high temperature around the mesh, a homogenous temperature
profile in the overlying water column was produced (Supporting Information Figure S5),
which presumably was caused by the convection within the water column due to density
variation. We also tested seawater evaporation performance by our photothermal membranes
and similar level of performance was obtained (Supporting Information Figure S6), which
promises the self-floating photothermal membranes a high potential toward water desalination.
In this study, the mesh size is no trivial parameter as it determines pore size of the substrates
and Supporting Information Figure S7 compares the water evaporation performance of the
PPy-coated self-floating meshes with different sizes (80, 200, 325, and 500 mesh). It was
found that the water evaporation rate increased with decreasing mesh pore size. The 500 mesh,
which had the smallest pore size and thinnest wire diameter among these meshes, exhibited
the highest evaporation rate. This is so because smaller pore size and wire diameter favors the
deposited PPy to make more contact with the underlying water, and thus enhancing the
conversion of light to heat.
To demonstrate the self-healing ability, the hydrophobic PPy-coated mesh (PPy coating
thickness ~ 2.6 µm, 500 mesh) was damaged artificially by a plasma treatment using air as
gas source, which produces oxygen containing hydrophilic groups on the surface.[21-29] After
the treatment, the mesh surface became superhydrophilic with a water contact angle of 0˚,
which was attributed to the combination of the rough surface structure and the hydrophilic
property of the oxygen-containing groups on the treated surface. However, when the plasmatreated mesh was stored under ambient condition (~22 ˚C and relative humidity ~50%) for 6
hours, it gradually restored its hydrophobicity with water contact angle of ~140˚ at the end
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(Figure 4a), indicating its hydrophobicity self-healing capability. This self-healing ability of
the hydrophobic PPy-coated mesh surface can be attributed to the self-migration of the
fluoroalkylsilane (POTS) within the PPy coating, which serves as a reservoir to accommodate
an abundance of hydrophobic POTS molecules.[21-29] Most importantly, we found that this
self-healing ability of the hydrophobic PPy-coated mesh could be accelerated by solar light
irradiation. As presented in Figure 4a, under the simulated solar light irradiation (1000 W m-2),
the restoration of the surface hydrophobicity was completed within 1 hour, in comparison to 6
hours under the ambient conditions. As demonstrated above, under the light irradiation, a
considerably elevated temperature (~55 ˚C) could be obtained on the PPy-coated mesh
surface, which in turn promotes the migration and enrichment of the POTS molecules on the
outmost mesh surface. The plasma-damaging/light-promoted healing process of the PPycoated mesh could be repeated for many times without significant reduction of the original
hydrophobicity (Figure 4b). The self-healing capability of the hydrophobic photothermal
membranes thus provides a promising way to enhance its durability for practical applications.
The current strategy for the preparation of the self-healing hydrophobic photothermal
membranes by electropolymerization of PPy onto SS mesh, followed with CVD of
fluoroalkylsilane is suited for large-scale fabrication and has a great potential to be used for
direct portable water production. In this study, a simple, and all-in-one solar distillation
device was designed and fabricated as a prototype based on the concept of photothermal
interfacial heating and the device is illustrated in Figure 5 (Supporting Information Figure
S8). This device consists of light transparent plastic walls and two chambers (evaporation
chamber and condensing chamber) connected in their upper parts but separated in their lower
parts by a division. The evaporation chamber is bottomed with the hydrophobic photothermal
membrane, which spontaneously floats on the surface of seawater or other type of source
water. Under the nature solar light illumination, this chamber evaporates the seawater and
guides the water vapor into the upper chamber, where a solar-powered electrical fan generates
10

an air flow field and drives the water vapor into a condensing chamber to collect freshwater.
The condensing chamber with the plastic bottom is in direct contact with the seawater and
thus utilizes the seawater as a cold source to facilitate condensation. The results showed that
the device with a ~120 cm2 photothermal membrane (10×12 cm), when placed on the water
surface, an amount of ~9.0 g freshwater could be collected after 5-hour nature sunlight
exposure. In a sharp contrast, the same device without the photothermal membrane collected
only ~0.6 g water under the same sunlight exposure. The enhanced water collection capability
by the device with the photothermal membrane floating on the water surface is the result of a
significant increased water surface temperature in the evaporation chamber, which speeds up
the evaporation, and the-thus resulted temperature differences between the two chambers
continuously drives the water to transport into the condensing chamber. Furthermore, the
photothermal membranes are quite stable, and their water evaporation performance did not
show obvious change even after long-term exposure (over 100 hours) to simulated solar light
or natural sunlight. This result demonstrates the practical application of photothermal
membrane for point-of-use freshwater production.
In conclusion, we have demonstrated a self-healing hydrophobic photothermal membrane for
interfacial solar heating, which involves accepting and converting solar light to heat only at
water-air interface to generate a precisely local heating of interfacial water to enhance water
evaporation. The concept was embodied for the first time by a rational integration of surface
hydrophobicity and light-to-heat conversion material onto mesh-based membranes, which
exhibited significantly enhanced water evaporation rates in comparison to conventional bulk
heating scheme. Upon loss of their hydrophobicity, the membranes autonomously restored
their hydrophobicity under ambient conditions and the restoration of the hydrophobicity could
be accelerated under light irradiation. We believe that this study represents a new avenue for
the design and fabrication of next-generation solar heating system and thus in the long term
contributes to the global effort in addressing world water and energy issues.
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Experimental Section
Materials. HCl, and 1H,1H,2H,2H-perfluorooctyltriethoxysilane (POTS) were purchased
from Sigma-Aldrich and pyrrole, and sodium dodecyl sulfate (SDS) were purchased from
Acros. All these chemicals were used as received. Stainless steel (SS) meshes with different
mesh sizes were purchased from Alfa Aesar (Karlsruhe, German). Deionized (DI) water
purified in a Milli-Q (Millipore, Billerica, MA, USA) system was used in all experiments.
Preparation of photothermal membranes. The SS meshes were cleaned with ethanol by
sonication, rinsed with copious amount of ethanol and water, and dried with N2 flow.
Polypyrrole (PPy) was then deposited on the cleaned mesh via an electropolymerization
process of pyrrole.[34] Briefly, the cleaned SS mesh and Pt electrode were immersed in an
aqueous electrolyte solution containing 0.5 wt% SDS, 0.01 M HCl, and 0.1 M pyrrole. An
electrical potential of 1.5 V was applied between the SS mesh (anode) and Pt electrode
(cathode) using a Keithley 2400 power supply for certain period of time. After the deposition
of PPy coating on the mesh surface, the meshes were rinsed with copious of water to remove
SDS from the surface before drying under N2 flow. To reduce the surface energy, the PPycoated SS meshes were modified with a fluoroalkylsilane of POTS by chemical vapor
deposition to obtain hydrophobic surfaces.[21,30]
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Figure 1. Preparation of the interfacial heating membrane on stainless steel mesh. (a)
Schematic illustration for the preparation of the light-to-heat conversion membrane for
interfacial heating. Due to the hydrophobicity, the PPy-coated SS mesh stays spontaneously at
the water-air interface and converts light energy to heat, locally heating the surface water. (b)
SEM images of the original smooth SS mesh surface (b1), and the PPy-coated mesh surface
with microstructures (b2). Insets in (b1) and (b2) show the magnified view of the knitting
wire surfaces. (c) Dependence of the thickness of the PPy coating on the
electropolymerization time. (d) Water contact angles of the PPy-coated SS meshes after the
hydrophobic modification. Insets in (d) show the shapes of a water droplet on the membrane
at different tilt angles of 0˚ (contact angle about 140˚), 90˚ and 180˚, showing a typical
Wenzel’s wetting behavior.

15

Figure 2. Photothermal property of the PPy-coated SS mesh. (a) The steady-state
temperatures of the PPy-coated SS meshes in air as a function of the thickness of the PPy
coating, under the solar irradiation. (b) Time-course of the temperature of the original SS
mesh and the PPy-coated (thickness ~2.6 µm) SS mesh under the solar light irradiation. Red
and black arrows indicate the time when the light was turned on and off for each sample,
respectively. Insets in (b) show the IR thermal images of the PPy-coated versus original SS
meshes under the solar light irradiation. The markers (+) in the thermal images show the spots
where time-course of the temperature curves were recorded.
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Figure 3. Enhanced water evaporation by the hydrophobic photothermal membrane. (a)
Schematic illustration for the setup of the water evaporation measurement with the PPycoated SS mesh floating on the water surface. Inset in (a) shows the digital photograph of the
mesh floating on the water surface in a beaker. (b) Time course of water evaporation
performance under various conditions. Black: water without light irradiation. Red: water
under the light irradiation. Blue: water with an original SS mesh with hydrophobic
modification. Pink, green, purple, and brown: water with floating SS meshes of different PPy
coating thicknesses. (c) The water evaporation as a function of the thickness of the deposited
PPy coatings on the SS mesh for 10 hours. (d) IR thermal images of water beakers without
light (left panel), with light irradiation on for 20 seconds (middle panel) and for 2 hours (right
panel). Left beaker: water only. Right beaker: water with the floating PPy-coated mesh on
surface. (e) Temperature profiles of the marked lines in right panel of (d). (f) The surface
temperature of the water with (, right beaker) and without (, left beaker) the PPy-coated
mesh under the solar light irradiation.
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Figure 4. (a) Contact angles of water droplets on the plasma treated PPy-coated mesh along
with the healing timecourse at ambient conditions () and under simulated solar light
irradiation (). (b) Change of water contact angles on the plasma-treated and light-irradiated
(1 hour) PPy-coated mesh for 5 cycles. The insets in (b) were the shapes of the water droplets
on the surfaces during one typical treatment cycle.
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Figure 5. Schematic configuration of the point-of-use device for direct and all-in-one solar
distillation for freshwater production.
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Self-Healing Hydrophobic light-to-heat conversion membranes for interfacial solar
heating are fabricated by deposition of light-to-heat conversion material of polypyrrole onto
porous stainless steel mesh, followed by hydrophobic fluoroalkylsilane modification. The
mesh-based membranes spontaneously stays at the water-air interface, collects and converts
solar light into heat, and locally heats only the water surface for an enhanced evaporation.
PPy: polypyrrole.
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