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ABSTRACT: Hydrogel-based evaporators are a promising strategy to obtain
freshwater from seawater and sewage. However, the time-consuming and energy-
consuming methods used in hydrogel preparation, as well as their limited
scalability, are major factors that hinder the development of a hydrogel-based
evaporator. Herein, a facile and scalable strategy was designed to prepare a
hydrogel-coated evaporator to realize efficient solar-driven water evaporation.
The hydrogel coating layer is composed of a robust 3D network formed by
tannic acid (TA) and poly(vinyl alcohol) (PVA) through a hydrogen bond. With
the assistance of TA surface modifier, carbon black (CB) is uniformly distributed
within the hydrogel matrix, endowing the coating with remarkable photothermal
properties. In addition, Fe3+ is deposited on the surface of the hydrogel coating
through metal coordination with TA, further improving the light absorption of
the coating. Due to the synergistic effect of CB and Fe3+, the hydrogel-coated
foam exhibited excellent photothermal properties. The water evaporation rate reached 3.64 kg m−2 h−1 under 1 sun irradiation.
Because of the hydration ability of PVA hydrogel and the large porous structure of the foam, the hydrogel-coated foam demonstrated
excellent antifouling performance and salt resistance. This study provides a facile method for designing and manufacturing high-
performance solar-driven water evaporation materials.
KEYWORDS: solar-driven water evaporation, hydrogel, antifouling, salt resistance, photothermal property

1. INTRODUCTION
The lack of access to clean and fresh water is a pressing issue
that poses a serious challenge to the world. Even though
approximately 70% of the earth’s surface is covered by water,
the availability of freshwater resources that sustain human life
is alarmingly low.1,2 In order to alleviate the shortage of fresh
water, various advanced technologies for extracting fresh water
from seawater or sewage have been developed, such as
distillation, reverse osmosis, and electrodialysis.3−5 However,
these technologies usually require high energy consumption
and high costs. Solar-driven water evaporation, which utilizes
solar energy to obtain clean water, is a promising strategy to
provide solutions for freshwater shortages due to its high
efficiency, low cost, simple equipment, and environment-
friendly nature.6,7

Salt resistance and antifouling are two key parameters
affecting the efficient application of a solar-driven evaporator in
practical, complex environments.8,9 In the long-term evapo-
ration process, the salt at the interface cannot diffuse to the
underlying water in time and will gradually deposit on the
surface of the photothermal material, which not only weakens
the evaporation rate of water but also affects the service life of
materials.10−12 At the same time, during the treatment of oil-
contaminated seawater or oily wastewater such as oil/water
emulsions, oil can block water channels and decrease the

evaporation efficiency, which greatly affects the practical
application of evaporators to extract freshwater from seawater
or sewage.13,14 Therefore, it is highly desirable to design
evaporators with high evaporation efficiency and long-term salt
and oil resistance.

Hydrogel, consisting of 3D cross-linked polymeric networks,
has been widely used in various applications due to its high
porosity, adjustable porous structure, and super hydro-
philicity.15−18 Photothermal material is dispersed into hydrogel
to form hydrogel-based evaporators, where hydrogel endows
evaporators with antifouling and salt resistance, and photo-
thermal material endows them with a high evaporation rate.19

Therefore, hydrogel-based evaporators have been recognized
as one of the most promising technologies for solar-driven
water evaporation.6,20,21 Zhao et al. prepared the hydrogel
evaporator by freezing and thawing poly(vinyl alcohol) (PVA)
and polypyrrole (PPy). The solar energy absorbed by PPy can
be used locally to drive the evaporation of water contained in
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the PVA molecular grid. At the same time, the framework of
hydrogel promotes water evaporation, thus obtaining high
evaporation efficiency.22 Xu et al. prepared a chitosan/PAAm/
PPy gradient structure hydrogel evaporator, which showed
good self-cleaning performance, salt deposition resistance, and
bacterial growth prevention performance. Under 1 sun
irradiation, the evaporation rate can reach 2.41 kg m−2 h−1.23

Although various hydrogel-based evaporators have been
designed and great achievements have been made, challenges
still exist. A hydrogel evaporator is typically produced using the
freezing-thawing method, which can be both time-consuming
and energy-consuming.24 Besides, the preparation of a
hydrogel-based evaporator involves the incorporation of
photothermal materials, such as plasma,25 semiconductor,26−28

and carbon-containing materials.29−32 These materials usually
do not disperse well and are prone to aggregation within
solvents, which can lead to compatibility issues between
photothermal materials and hydrogel and ultimately impact the
evaporation efficiency of the system.
To improve the dispersibility of photothermal materials in

the hydrogel, tannic acid (TA), a natural polyphenol
compound, was selected as a modifier. PVA was used in the
fabrication of hydrogel, owing to the strong hydrogen bonds
that can be formed between TA and PVA. To avoid the time-
consuming and energy-consuming nature of the traditional
freezing-thawing method, we propose a hydrogel-coated
melamine foam as an evaporator to realize efficient water
evaporation. The coating consists of a 3D hydrogel network
formed by TA, CB, and PVA through hydrogen bonds.
Additionally, Fe3+ is deposited on the surface through metal
coordination. Due to the synergistic effect of CB and Fe3+, the
hydrogel-coated foam could efficiently capture sunlight and
convert solar energy into heat energy. The hydrogel network
and foam skeleton ensured the continuous supply and rapid
transportation of water. Therefore, the hydrogel-coated foam
exhibits excellent photothermal properties. Moreover, due to
the hydration ability of PVA hydrogel and the high porosity of
the foam, the hydrogel-coated foam shows excellent antifouling
and salt resistance. This study provides a new direction in the
fabrication of solar-driven evaporators with excellent antifoul-
ing and salt resistance for extracting fresh water from complex
practical conditions.

2. EXPERIMENTAL SECTION
2.1. Materials. PVA (224) was provided by Shanghai Meryer

Chemical Technology Co., Ltd. Tannic acid (TA) was supplied by
Shanghai Macklin Biochemical Technology Co., Ltd. Carbon black
(CB S.A.75 m2/g) was purchased from Alfa Aesar A Johnson Matthey
Company. Isooctane was obtained from Aladdin Chemistry Co., Ltd.
NaCl (AR), FeCl3·6H2O (AR), and anhydrous alcohol were procured
from Sinopharm Chemical Reagent Co., Ltd. Melamine foam was
obtained from a local market.
2.2. Instruments and Characterization. The Hitachi Regulus

8230 scanning microscope was used to record the micromorphology
and energy-dispersive spectroscopy analysis of hydrogel-coated foams.
The OCA20 system (Data-Physics, Germany) was utilized to
characterize the underwater−oil contact angle and oil adhesive test
of the foams. Optical photographs were taken with a Novel MV6100
microscope. The PerkinElmer Lambda 25 spectrometer was utilized
to evaluate the light absorption spectra of the foams. A differential
scanning calorimeter (DSC, Netzsch STA 449F3, Germany) was used
to test the heat flow−temperature curves of the foams. The dynamic
surface temperature was recorded by a thermal infrared imager (ICI
8320, America).

2.3. Fabrication of Hydrogel-Coated Foams. The hydrogel-
coated foams were fabricated via a a two-step immersion technique.
The preparation of the PVA/CB/TA immersion solution: 1.0 g of TA
and a certain amount of CB were added to 17.5 mL of ethanol and
17.5 mL of deionized water. After shaking with ultrasound for 1 h, 1.0
g of PVA was added and stirred at 90 °C for 6 h to obtain a
homogeneous solution. The preparation of FeCl3 immersion solution:
2% FeCl3·6H2O was dissolved in water and stirred for 1 h to obtain a
homogeneous solution. The two-step immersion process is as
following: First, the melamine foam (1.5 cm × 1.5 cm × 1.5 cm)
was thoroughly washed by deionized water and ethanol to remove
impurities, and then, was dried for use. The as-prepared foam was
immersed in a PVA/CB/TA solution for 1 min and dried in air to
obtain a PVA/CB/TA-coated foam. Then, the foam was immersed in
FeCl3 solution for 1 h. After washing for 24 h, PVA/CB/TA/
Fe3+coating foam was fabricated. The obtained foam is denoted as
PVA/CB-x/TA/Fe3+-coated foam (x means the amount of CB).
When x is not marked, the added amount of CB is 0.1 g.
2.4. Water Evaporation Test of Hydrogel-Coated Foams.

The water evaporation experiment was carried out on the self-made
device (Figure S1a) using simulated sunlight provided by the solar
simulator (PL-X300DF), with a temperature of 25 °C and a humidity
of 40%. The light intensity was 1 kW m−2. The hydrogel-coated foam
was placed on the device as shown in Figure S1b, and the real-time
mass change was recorded by the electronic balance. The water
evaporation rate (V, kg m−2 h−1) was calculated by the following
formula30

(1)

where Δm (kg) means the mass change during evaporation, S (m2)
represents the effective evaporation area, and Δt (h) means the
evaporation time.

3. RESULTS AND DISCUSSION
3.1. Preparation and Characterization of Hydrogel-

Coated Foam. The hydrogel-based evaporator usually
involves a photothermal material within the hydrogel matrix.
Therefore, achieving an even dispersion of photothermal
material is crucial to ensuring optimal performance. As shown
in Figure S2a, after ultrasonic and high-speed stirring, most CB
floats on the surface and cannot be well dispersed in water.
The water contact angle of the unmodified CB is 141°, which
shows hydrophobicity. After adding TA in the solution, CB can
be uniformly dispersed to the solution (Figure S2b). The
contact angle of the modified CB is 0°, which shows
superhydrophilicity. TA boasts an abundance of phenolic
hydroxyl groups that are capable of physically or chemically
interacting with a wide range of groups. This unique attribute
significantly enhances the material’s wettability.

PVA hydrogel demonstrates great application potential in
solar-driven water evaporation due to its good biocompati-
bility, hydrophilicity, and mechanical properties.33−36 How-
ever, the PVA hydrogel is usually prepared by the freezing-
thawing method, which is time-consuming and energy-
consuming. The strong hydrogen bonding between PVA and
TA provides a facile method to cross-link PVA into hydrogel.37

As shown in Figure S3a, the gelatinous precipitates were
generated when TA and PVA were mixed together. However,
when some ethanol was introduced into the solution, the
formation of gelatinous precipitates was prevented (Figure
S3b). The addition of ethanol can weaken the hydrogen bond
cross-linking between TA and PVA, thereby obtaining a stable
and uniform solution.38 When the ethanol molecule is
removed, the hydrogen bond between the molecules is
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restored so that a hydrogel coating can be generated in situ on
the surface of the substrate.
For this reason, TA and CB were first dispersed in an

ethanol/water solution with a 1:1 volume. After ultra-
sonication, PVA was added to the above solution to obtain
the uniformly dispersed hydrogel solution. As shown in Figure
1a, the pristine melamine foam was dipped in the above
hydrogel solution to obtain PVA/CB/TA-coated foam. After
drying in air, the foam was then immersed in FeCl3 solution to

obtain the PVA/CB/TA/Fe3+-coated foam. The color of
pristine foam is white, and it turns gray-black after dipping in
the hydrogel solution. At last, the foam becomes dark black
after immersing in the FeCl3 solution, which intuitively
indicates that the hydrogel is successfully coated on the
foam. The schematic mechanism of the hydrogel-coated foam
is shown in Figure 1b. The cross-linked hydrogel is formed due
to the strong hydrogen bond between TA and PVA. As TA and
PVA have ideal adhesion properties, the hydrogel coating can

Figure 1. (a) Schematic fabrication of the hydrogel-coated foam. Photographs of (sample 1) pristine foam, (sample 2) PVA/CB/TA-coated foam,
and (sample 3) PVA/CB/TA/Fe3+-coated foam. (b) Schematic mechanism of the hydrogel-coated foam.

Figure 2. SEM images of (a) pristine foam, (b) PVA/CB/TA-coated foam, and (c) PVA/CB/TA/Fe3+-coated foam. (d) Elemental mapping
images of the PVA/CB/TA/Fe3+-coated foam.

Figure 3. Photographs of materials before and after hydrogel coating.
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firmly adhere to the foam surface. In addition, due to the metal
coordination effect between TA and Fe3+, Fe3+ can be
deposited on the surface of the hydrogel coating.
The scanning electron microscopy (SEM) images of the

foams before and after coating are shown in Figure 2.
Compared with the pristine foam (Figure 2a), a thin coating
layer is found on the surface after the immersion of the
hydrogel (Figure 2b). The surface morphology of the foam
does not change significantly after further immersion in Fe3+
(Figure 2c). These results show that the hydrogel layer is
successfully formed on the surface of the foam. The elemental
mapping images of PVA/CB/TA/Fe3+-coated foam were
collected (Figure 2d). C, O, and Fe elements can be clearly
found on the coating surface, indicating that Fe3+ and CB are
successfully loaded onto the foam surface. The surface
chemistry of PVA/CB/TA/Fe3+-coated foam was also studied
by XPS (Figure S4), which further confirmed that the coating
contained C, O, and Fe3+.
With a multitude of phenolic hydroxyl groups and hydroxyl

groups, TA and PVA have the ability to bond with various
materials through hydrogen bonding. Therefore, the hydrogel
coating obtained by this method can adhere to the surface of a
variety of materials, such as plastic, wood, glass, and metal
materials. As shown in Figure 3, the surface of ping-pong ball,
wood, glass and aluminum becomes uniformly black after the
two-step immersion process, indicating that the hydrogel
coating is successfully modified on the surface of these
materials. Therefore, this strategy provides a facile method for
the preparation and design of hydrogel coating layers.
3.2. Effect of CB and Fe3+ on the Photothermal

Performance of the Evaporator. CB plays a decisive role in
the photothermal performance of hydrogel-based evaporators.
Therefore, it is necessary to optimize the content of CB in the
coating. By comparing the light absorption spectra and water

evaporation rate of PVA/CB/TA-coated foams with varying
levels of CB content, it has been determined that the CB
content of 0.1 g is ideal for the following test (Figure S5). TA
can react with Fe3+ to form coordination compounds through
metal ion chelation and endows the material with strong light
absorption capacity, which contributes to the photothermal
property of the material.39,40 Therefore, the effects of Fe3+ on
the light absorption and water evaporation properties of the
foams were investigated. As shown in Figure 4a, the light
absorption of the PVA/CB-0.1/TA/Fe3+-coated foam is 94.5%,
with the maximum light absorption. PVA/CB-0.1/TA-coated
foam is 93%, so the introduction of Fe3+ improves the light
absorption of the foam. Between 300 and 700 nm, the light
absorption of PVA/TA/Fe3+-coated foam is higher than that of
PVA/CB-0.1/TA, but lower than PVA/CB-0.1/TA/Fe3+. After
700 nm, the light absorption of PVA/TA/Fe3+-coated foam is
significantly reduced, which is much lower than that of PVA/
CB-0.1/TA and PVA/CB-0.1/TA/Fe3+.

In order to evaluate the photothermal conversion perform-
ance, the dynamic surface temperature changes of hydrogel-
coated foams under 1 sun irradiation were recorded with an
infrared camera. As shown in Figure 4b, the surface
temperature of the PVA/CB-0.1/TA/Fe3+-coated foam rapidly
increased, reaching 41.9 °C within 400 s, which reflects
excellent photothermal conversion performance. Compared
with PVA/CB-0.1/TA- and PVA/TA/Fe3+-coated foams,
PVA/CB-0.1/TA/Fe3+ has the highest surface temperature
(Figure 4c). Therefore, Fe3+ and CB together achieve efficient
light adsorption and photothermal conversion performance in
the hydrogel-based evaporator.

The water evaporation performance of the foams is shown in
Figure 4d. The PVA/CB-0.1/TA/Fe3+-coated foam maintains
the maximum water evaporation rate, followed by PVA/CB-
0.1/TA-coated foam, and then PVA/TA/Fe3+-coated foam.

Figure 4. (a) Light absorption spectra of PVA/TA/Fe3+-, PVA/CB-0.1/TA-, and PVA/CB-0.1/TA/Fe3+-coated foams. (b) Infrared images of
PVA/CB-0.1/TA/Fe3+-coated foam at different times under 1 sun irradiation. (c) Surface temperature changes of PVA/TA/Fe3+-, PVA/CB-0.1/
TA-, and PVA/CB-0.1/TA/Fe3+-coated foams during 3 min of irradiation. (d) Mass change curve of PVA/TA/Fe3+-, PVA/CB-0.1/TA-, and PVA/
CB-0.1/TA/Fe3+-coated foams under 1 sun irradiation.
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The water evaporation rates are 3.64, 3.45, and 2.93 kg m−2

h−1, respectively. Therefore, the introduction of Fe3+ improves
the light absorption and water evaporation properties of the
foam. This can be explained by the fact that Fe3+ and CB have
synergistic effects on the photothermal properties of the
hydrogel coating. On the one hand, Fe3+ is dispersed on the
surface of the hydrogel, which increases the light absorption of
the coating and realizes the efficient capture of sunlight. On the
other hand, CB is dispersed in the hydrogel network, so the
absorbed heat energy is used directly to drive the evaporation
of water contained in the hydrogel network, thus reducing the
energy loss.
The evaporation enthalpy of water in the foams was

calculated by DSC measurements.41,42 As shown in the heat
flow−temperature curves (Figure 5a), the curve peak of the
pristine foam is significantly bigger than that of hydrogel-
coated foams. The evaporation enthalpy can be calculated by
integrating the area of the curves. Compared with the pristine
foam, the hydrogel-coated foams show a reduced evaporation
enthalpy (Table S1). However, DSC can only qualitatively
evaluate the reduction in evaporation enthalpy of hydrogel-
coated foams. The equivalent evaporation enthalpy only
involves the evaporation process of free water and intermediate
water, which shows a more realistic evaporation enthalpy of

water in hydrogel-coated foams (calculation process shown in
Supporting Information note 1). As shown in Figure 5b, the
equivalent evaporation enthalpy of pure water, PVA/TA/Fe3+-
coated foam, PVA/CB-0.1/TA-coated foam, and PVA/CB-
0.1/TA/Fe3+-coated foam is 2450 J/g, 1838 J/g, 1633 J/g, and
1575 J/g, respectively, which has the same trend with the
evaporation enthalpy by DSC. Hydrogel-coated foams may
contain more intermediate water, which can cause the water to
be released from the polymer network in clusters rather than as
individual molecules. As a result, the water evaporates with less
energy compared to traditional latent heat (for a detailed
discussion, see Supporting Information note 2). At the same
time, CB and Fe3+ are contained in the hydrogel network;
therefore, the absorbed energy directly drives evaporation to
reduce energy loss. Therefore, PVA/CB-0.1/TA/Fe3+-coated
foam has the lowest equivalent evaporation enthalpy.
3.3. Antioil-Adhesion and Salt Resistance of Hydro-

gel-Coated Foam. The antioil-adhesion property of the
evaporator is important for obtaining fresh water from sewage.
Therefore, we detected the underwater−oil contact angle of
the original foam and PVA/CB/TA/Fe3+-coated foam. As
shown in Figure 6a, the OCA of the pristine foam is about
148°, while PVA/CB-0.1/TA/Fe3+-coated foam can reach
154°, indicating that the repellency of the foam to oils is

Figure 5. (a) Heat flow−temperature curves of pristine, PVA/TA/Fe3+-, PVA/CB-0.1/TA-, and PVA/CB-0.1/TA/Fe3+-coated foams. The foam
sample was put in an open crucible and heated from 20 to 160 °C (heating rate 5 °C/min) under a nitrogen flow rate of 20 mL/min. (b)
Equivalent evaporation enthalpies of the foams. Sample A: pure water; Sample B: PVA/TA/Fe3+-coated foam; Sample C: PVA/CB-0.1/TA-coated
foam; and Sample D: PVA/CB-0.1/TA/Fe3+-coated foam.

Figure 6. (a) Underwater−oil content angle of pristine foam and PVA/CB/TA/Fe3+-coated foam. (b) Underwater−oil adhesive test and (c)
antioil-fouling test of PVA/CB/TA/Fe3+-coated foam.
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improved after modification. The underwater−oil adhesive test
of the foam is shown in Figure 6b,c. When forcing the oil
droplet (3 μL) to contact the surface of the hydrogel-coated
foam and then slowly pulling it up, no oil was observed on the
surface, indicating excellent antioil-adhesion performance
(Figure 6b). When isooctane (dyed red) was jetted on the
hydrogel-coated foam underwater, all oils could bounce off the
foam without leaving a trace on the surface, showing good
antioil-adhesion and self-cleaning performance (Figure 6c).
To further evaluate the antioil-adhesion performance of the

foam, the solar water evaporation performance of PVA/CB/
TA/Fe3+ and PVA/TA/Fe3+-coated foams was evaluated using
the sodium dodecyl sulfonate (SDS)-stabilized soybean oil-in-
water emulsion under one sun irradiation. As shown in Figure
7a, the masses of PVA/CB/TA/Fe3+ and PVA/TA/Fe3+-

coated foams all decrease linearly in 1 h, showing excellent
antioil-adhesion performance. The mass of PVA/CB/TA/Fe3+-
coated foam decreases faster than that of PVA/TA/Fe3+-
coated foam; therefore, the addition of CB improved the
photothermal properties of the foam. The microscopic
photographs in Figure 7b show that the emulsion before

evaporation is milky white, and a large number of emulsified oil
droplets are suspended in the emulsion. After evaporation, the
collected liquid becomes clear and transparent, and no
emulsified oil drops are observed (Figure 7c), indicating that
the emulsified oils are effectively removed. The water
molecules combined in the hydrogel can form a hydration
layer, which effectively prevents the adhesion and fouling of
oil.43 Therefore, the hydrogel-coated foam has excellent
antifouling performance and can realize the extraction of
clean water from the emulsion.

Salt resistance is one of the most important factors that
determines the practical application performance of the water
evaporator.44,45 The rapid water transport capacity can ensure
salt diffusion back into water, which is essential to improving
salt resistance during long-term use. As shown in Figure 8a, the
filter paper (2 cm × 3 cm × 0.34 mm) on PVA/CB/TA/Fe3+-
coated foam can be completely wetted by water (dyed with
rose red) in 5 s, indicating that the hydrogel-coated foam has
rapid water transport capacity. The antisalt-fouling test of
PVA/CB/TA/Fe3+-coated foam is shown in Figure 8b, 1 g of
salt crystal on the foam surface (4.5 cm × 4.5 cm) can
completely disappear within 16 min, indicating that the salt is
successfully dissolved through the pores of the hydrogel
coating.

In order to further characterize the salt resistance of the
foam, we investigated the continued water evaporation
performance of the PVA/CB/TA/Fe3+-coated foam in
simulated seawater (3.5% NaCl) for 8 h. As shown in Figure
8c, the mass of seawater decreases linearly, and the water
evaporation rate remains at about 3.37 kg m−2 h−1 under one
sun. The digital photographs before and after evaporation
show that no salt accumulation was found during the 8 h
continuous test. We carried out the water evaporation
experiment of PVA/CB/TA/Fe3+-coated foam in actual
seawater for 5 days. As shown in Figure 8d, the evaporation
rate does not decrease obviously. The high porosity of porous
foam and the excellent hydrophilicity of the hydrogel are
conducive to the rapid diffusion of salt. Therefore, the
hydrogel-coated foam demonstrates great potential in practical
seawater purification.
3.4. Stability Tests of Hydrogel-Coated Foam. The

stability of the hydrogel-coated foam is essential for its
practical application. As shown in Figure 9a, the hydrogel-
coated foam remains stable in acid−base solutions (pH = 2, 4,
6, 8, and 10), which meets most domestic and industrial
wastewater treatment conditions. Moreover, the digital photo-
graphs show that the morphology of the hydrogel-coated foam
does not change even after stirring at 1000 rpm for 24 h,
indicating good mechanical stability (Figure 9b). As shown in
Figure 9c, the height of the hydrogel-coated foam is almost the
same as that of the original foam after 50 continuous
compressions, which indicates that the foam has good
recoverability. The good chemical and mechanical stability
ensures the wide applicability of hydrogel-coated foam under
different conditions.46

The outdoor experiment was conducted to evaluate the
performance of evaporators in practical applications. The
experiment was carried out on a sunny day in early September,
from 9:30 a.m. to 16:30 p.m., on a self-made solar evaporator.
The sunlight intensity and water evaporation performance of
PVA/CB/TA/Fe3+-coated foam in seawater are recorded in
Figure 10. The average sunlight intensity is about 0.70 kW
m−2, while the average water evaporation rate is about 3.03 kg

Figure 7. (a) Mass change curve of SDS-stabilized soybean oil-in-
water emulsion in PVA/TA/Fe3+- and PVA/CB/TA/Fe3+-coated
foams under 1 sun irradiation. Digital and microscopic photographs of
SDS-stabilized soybean oil-in-water emulsion (b) before and (c) after
evaporation.
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m−2 h−1, indicating that the hydrogel-coated foam has great
potential in practical applications.
The comparison of evaporation performance between the

hydrogel-coated foam and reported works is summarized in
Table 1. Compared with other evaporators, the evaporation
rate of PVA/CB/TA/Fe3+-coated foam is higher, 3.64 kg m−2

h−1, and the energy utilization efficiency is up to 90.13%
(calculation process shown in Supporting Information note 3).

This result demonstrates that the hydrogel-coated foam has
great potential for practical water purification.
3.5. Solar Water Evaporation Mechanism. Based on the

above results, the corresponding mechanism of solar water
evaporation is described in Figure 11. The hydrogel-coated
foam evaporator consists of a foam skeleton, a 3D hydrogel
network formed by PVA and TA, and photothermal materials
composed of CB and Fe3+. When the sun shines on the
evaporator, CB and Fe3+ work together to efficiently capture
sunlight and convert solar energy to heat energy. Because Fe3+
is dispersed on the surface of the hydrogel coating, Fe3+
increases the light absorption capacity and realizes efficient
capture of sunlight. As CB is dispersed in the hydrogel
network, the absorbed heat energy is directly used to drive
water evaporation in the hydrogel cross-linking network, thus
reducing energy loss. At the same time, hydrophilic hydrogel
significantly reduces the evaporation enthalpy of water, which
decreases the energy requirements for water evaporation and
further accelerates water evaporation. The 3D hydrogel
network and porous skeleton structure provide a water supply
channel to ensure continuous supply and rapid transportation
of water. Therefore, the hydrogel-coated foam has excellent
photothermal properties. In addition, due to the strong
hydration of PVA and the high porosity of the foam, the
hydrogel-coated foam shows excellent antioil-adhesion and salt
resistance.

4. CONCLUSIONS
In this work, a hydrogel-coated evaporator was prepared via
two-step immersion technology. The coating consists of a 3D
hydrogel network formed by TA and PVA through a strong

Figure 8. (a) The process of filter paper wetted by water dyed with rose red on PVA/CB/TA/Fe3+-coated foam. (b) Antisalt-fouling test of PVA/
CB/TA/Fe3+-coated foam with 1 g NaCl on the surface. (c) Mass change curve of simulated seawater in PVA/CB/TA/Fe3+-coated foam under 1
sun irradiation and the digital photographs of coated foam before and after evaporation. (d) Evaporation rate during the 5 day solar evaporation
experiment using seawater.

Figure 9. (a) Digital photographs of the hydrogel-coated foams after
being immersed in acid−base solutions (pH = 2, 4, 6, 8, 10, and 12)
for 2 h. (b) Digital photographs of the hydrogel-coated foam after
being stirred in water for 24 h. (c) Digital photographs of the
hydrogel-coated foam after being compressed 50 times.
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hydrogen bond. CB is uniformly distributed within the
hydrogel matrix with the assistance of the TA surface modifier.
In addition, Fe3+ is deposited on the surface of the hydrogel
coating through metal coordination with TA. Due to the
synergistic effect of CB and Fe3+, the hydrogel-coated foam
exhibits excellent photothermal properties. The water evapo-
ration rate reached 3.64 kg m−2 h−1 under 1 sun irradiation.
Moreover, the hydrogel-coated foam shows excellent antioil-
adhesion and salt resistance abilities. No salt accumulation is
found during the 8 h continuous evaporation test of simulated
seawater, and the mass of the SDS-stabilized soybean oil-in-
water emulsion decreases linearly during the 1 h evaporation
test. This study provides a facile way to design and
manufacture high-performance solar-driven water evaporation
materials and shows great potential for practical applications in
the field of interfacial solar evaporation.
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Table 1. Comparison of the Water Evaporation Performance with other Evaporators Reported in the Literaturea

evaporators irradiation intensity evaporation rate (kg m−2 h−1) energy utilization efficiency (%) ref

PANI-SPPSU@PU 1 sun 1.91 47
PDMX/HPP aerogel 1 sun 2.62 93.6 48
PPy@PVA hydrogel 1 sun 2.64 96.3 49
Ca-ALG sponge 1 sun 3.10 9
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OTS patchy-surface hydrogel 1 sun 4.0 93 50
PVA/CB/TA/Fe3+-coated foam 1 sun 3.64 90.1 this work

aPANI: polyaniline; SPPSU: sulfonated polyphenylsulfone; PU: polyurethane; PDMX: polydopamine-modified MXene; PPy: polypyrrole; Ca-
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Figure 11. Schematic illustration of solar water purification.
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