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Abstract
Over the last decades, the treatment of the large quantities of hypersalinewastew-
ater generated by conventional industries, inland desalination, and fossil-fueled
power plants has been an important economic issue and also an inescapable
green issue. Here, we developed a versatile interfacial heating membrane with
alternating utilization of electricity or solar energy for hypersaline water treat-
ment. This hierarchicalmembrane functions both as a separationmembrane and
an interface heater, which can quickly (<0.1 s) convert electricity or solar energy
into heat to evaporate the outermost layer of hypersalinewater. For 10wt%hyper-
saline water, the freshwater production rate can reach 16.8 kg/m2⋅h by applying a
voltage of 10 V and 1.36 kg/m2⋅h under 1-sun illumination. Moreover, it exhibits
high electrochemical resistance to corrosion and therefore remains stable tack-
ling hypersaline water (>5 wt%), with a high salt rejection rate of 99.99%. This
system shows an efficient desalination strategy that can provide fresh water from
brines for agriculture and industry, and even for daily life.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
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1 INTRODUCTION

Hypersaline water generally refers to wastewater with
salinity not less than 5 wt%, mainly generated by mod-
ern industries such as seawater desalination, coal chemical
industry, and power generation, et al.1–6 Currently, most
hypersaline water is discharged directly into adjacent open
waters, injected into deep underground wells or treated in
evaporation ponds,7,8 which causes serious environmen-
tal pollution and waste of a large amount of containing
minerals. Therefore, the development of hypersaline water
treatment technology is crucial to human survival and the
sustainability of the ecological environment. Membrane
process (such as reverse osmosis) is a common method
to treat saltwater (≤3.5 wt%), but due to the limitation
of equipment pressure, the maximum salinity that mem-
brane process can treat is 6 wt%. Moreover, membrane
process is unable to avoid material damage caused by
salt fouling, thereby reducing desalination performance.9
For hypersaline water, it is concentrated to near satura-
tion through a concentration system by thermal process
and then completely removes all the residual water in the
hypersaline water to produce fresh water and solid salt. At
present, the commonly thermal treatment of hypersaline
water includes multiple effect desalination10–12 and multi-
stage flash.13,14 However, this process still has challenges
such as large equipment and complex structure, consum-
ing a lot of heat and requiring a large amount of fuel or
power supply.15 Therefore, it is desired to develop a simple
and effective instruction with versatile design of mem-
brane to achieve low-cost and efficient hypersaline water
treatment.
During thermal process, heat is used to evaporate and

concentrate hypersaline water. Since the traditional ther-
mal process needs to heat bulk, while the interfacial
heating can concentrate the heat at the gas-liquid interface
for evaporation, thereby improving energy utilization.16–23
During the interfacial heating process, the heat is gen-
erated by the membrane that placed on the surface of
hypersaline water. Therefore, the membrane should gen-
erate heat rapidly to ensure that hypersaline water can
be heated and have abundant channels to facilitate the
escape of vapor. Carbon nanotubes (CNTs) are excellent
material with interfacial heating properties. As previous
studies shown, CNTs exhibit a Joule heating effect because
of their highly conducting properties24 and an excellent
photothermal effect because of their superior absorption

properties.25–31 Since solar thermal seawater desalination
is unstable due to weather, and the single use of electrical
energywill require a large amount of energy input, thereby
requiring lots of energy for power generation and causing
environmental pollution. If the membrane can synergisti-
cally use multiple energy sources to generate heat, it can
reduce environmental pollution and be applied in mul-
tiple environments. Therefore, it is possible to develop a
membrane that can treat hypersaline water by utilizing
the interfacial heating properties of CNTs and synergiz-
ing multiple energy sources. If the vertically aligned CNTs
arrays (VACNTs) are used for hypersaline water treatment,
not only sunlight or electrical energy can be utilized, but
also abundant channels can be provided for the escape of
vapor.
Herein, we designed a multienergy driven evapora-

tion membrane (MDEM) for hypersaline water treatment
(Figure 1, Video S1). The structure of MDEM is con-
structed by vertically aligned micro/nano channels, and
photo/electrothermal carbolong complexes (PCCs and
ECCs) reported in our previous work32; therefore it can
alternatively utilize electrical or light energy to gen-
erate heat. Moreover, the micro/nano channels within
the membrane provide abundant channels for vapor
escape, enhancing the desalination capacity. The MDEM
offers a promising strategy for wastewater purification
by integrating micro/nano structures with photother-
mal/electrothermal composites.

2 RESULT AND DISCUSSION

TheMDEMs consist of VACNTs and polydimethylsiloxane
(PDMS) (Figure 2). VACNTs can provide 6.28 (±0.31) ×
109 nanochannels per square centimeter with diameter of
∼55.6 nm as reported in our previous work33 (Figure S1).
PDMS enhanced the mechanical properties of VACNTs.
After being washed by NaOH solution, the MDEM kept
its original appearance (Figure S2). Furthermore, micro-
pores with a size of 50 μm and density of 130 per square
centimeter were formed on this membrane to increase
the speed of vapor escape. The carbolong complexes with
metal-carbons conjugation were synthesized from the pre-
cursor as reported (Figure S3A). The details are described
in Supporting Information. The large π-conjugation of
PCCs enables them to achieve strong absorption even
in the low-energy absorption region, resulting in a good

 26924552, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sus2.96 by C

ochraneC
hina, W

iley O
nline L

ibrary on [29/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



WANG et al. 681

F IGURE 1 Schematic of alternative hypersaline water treatment system. The system integrates four multienergy driven evaporation
membranes (MDEMs). The MDEM including vertically aligned carbon nanotubes (CNTs) and carbolong complexes with rotator heat
conversion effects. The diameter of CNTs nanochannel is about 55.6 nm, and the microchannel is about 50 ∼ 100 μm.

F IGURE 2 Fabrication of multienergy driven evaporation membrane (MDEM). The vertically aligned carbon nanotubes (VACNTs) was
encapsulated by polydimethylsiloxane (PDMS). The silicon substrate was removed, and the film was cut with a thickness of 50∼100 μm. A
porous membrane with 130 pores was obtained by laser cutter. The carbolong complex is coated on the surface of the porous membrane.

photothermal effect (Figure S3B). ECCs exhibit good elec-
trothermal properties, which may be due to their broad
excitation energies (Figure S3C). Both PCCs and ECCs
were characterized by single X-ray diffraction (Figures
S4 and S5). The ultralviolet -visible-near infra-red (UV-
Vis-NIR) spectrum (Figures S6 and S7) shows that ECC
has high absorption (ε > 103) in the wavelength range
of less than 1120 nm, while PCC has strong absorption
at 661 nm (ε = 3.56 × 104). Under illumination with a
light wavelength of 808 nm, the temperature of the ECC
and PCC solutions increases with increasing concentra-
tion (Figures S8 and S9). The solubilities of the ECC
and PCC were investigated to discuss the selection of a
suitable solvent for preparing the coating (Tables S1 and
S2).
Then, the electrothermal and photothermal properties

of the MDEMs were tested. In electrothermal evaporation

process, when voltage is applied to MDEM, the CNTs gen-
erate Joule heat. The surface temperature of the MDEM
increased linearly as the input electrical energy gradu-
ally increased (Figure 3A). The surface temperature of the
MDEM coated with the ECCs rose exponentially when the
voltage gradually increases. The good electrical conductiv-
ity of CNTs makes MDEMs have excellent Joule heating
effect. Furthermore, MDEM generates the same amount
of heat with less energy than MDEM without ECCs due
to the excellent electrothermal properties of ECCs. When
the input energy is 0.24 W/m2, the surface temperature of
MDEM is 69.3◦C, and the surface temperature of MDEM
coated with ECCs is 94.7◦C. In addition, the MDEM sur-
face was rapidly heated to 50◦C in 0.1 s and to 100◦C in
0.5 s (Figure S10). The thin film design we adopted enables
MDEM to generate heat in a short period of time. Further-
more, even when the thickness is increased to 80 μm, its
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682 WANG et al.

F IGURE 3 Properties of multienergy driven evaporation membrane (MDEM) and evaporation rates at various energy inputs. (A)
Temperatures of the MDEMs and MDEMs without electrothermal carbolong complexes (ECCs) at different power densities. (B) Image of the
desalination device incorporating four MDEMs and an infrared thermal image of the device at 10 V direct current (DC) (upper part).
Top-down view of the device before and after Joule heat desalination (bottom part). (C) Relationship between the evaporation rate and input
electric energy. (D) Temperature of the MDEM surface at various photo carbolong complexes (PCCs) concentrations and solar illumination
densities. (E) Image of the device integrating four MDEMs and an infrared thermal image of the four membranes at a solar illumination of
3 kW/m2 (upper part). Top-down view of the desalination device before and after 3 kW/m2 illumination for 30 min (bottom part). (F)
Evaporation rate within the integrated device under different solar illumination densities. Error bars represent standard deviations (n = 3).

thermal response time remained at 0.1 s due to the fast
Joule heating process (Figure S11).
To improve water collection rate, we designed a desali-

nation system integrated with four MDEMs. An elec-
trothermal evaporation test was conducted using a desali-
nation device integrated with MDEMs. In order to ensure
the reliability of the results, the following evaporation rate
tests (electro/photothermal evaporation) were all carried
out in a laboratory with ambient temperature of 25◦C
and humidity of 70%. Figure 3B shows the integrated
device with titanium electrodes connected at both ends.
Simulated hypersaline water (10 wt% NaCl solution) was
contained in the tank, and the integrated membrane was
then placed on the hypersaline water surface. The tita-
nium electrodes penetrated from the sidewall of the device
and connected to the DC power supply. To avoid electro-
chemical corrosion, organic silica gel was used to wrap
the electrodes to prevent the electrodes from contacting
the hypersaline water, thereby avoiding the hypersaline
water from being electrolyzed and generating gas bubbles

(Figure S12). At a voltage of 10 V, the surface tempera-
ture reached 150◦C, which is high enough to cause the
water in contact with the MDEMs to evaporate. After 1 h
of electrothermal evaporation, there is a large amount of
condensation water on the surface of the device (Figure
S13). The evaporation rate increases linearly with increas-
ing input energy (Figure 3C). When the input electrical
energy was 5.73 kW/m2, the evaporation rate of MDEMs
reached 16.8 kg/m2⋅h, showing excellent desalination abil-
ity. The surface remains hydrophobic at DC voltages of up
to 15 V (Figure S14), which indicated no electro-oxidation
of CNTs and high stability of MDEM. Immersion of PDMS
avoids the contact of CNTs with water, thereby reducing
electro-oxidation.34
In terms of photothermal evaporation process, the excel-

lent photothermal effect of CNTs makes the surface tem-
perature of membrane without PCCs reach 56◦C under the
solar concentration (Copt) of 1 kW/m2 (Figure 3D). Further,
theMDEMshas higher temperature at the sameCopt due to
the photothermal effect of PCCs. And with the increase of
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WANG et al. 683

F IGURE 4 Energy distribution and efficiency. (A) Schematic showing heat transfer and the energy distribution in multienergy driven
evaporation membranes (MDEMs) during photothermal (sun symbol) and electrothermal (lightning bolt symbol) evaporation processes. The
blue arrow represents water vapor evaporated by heat. (B) The calculated energy efficiency of Joule heat desalination with different electric
energy input. (C) The calculated energy efficiency of solar heat desalination with different solar illumination density. Error bars represent
standard deviations (n = 3).

the concentration of PCCs, the surface temperature gradu-
ally increased. The surface temperature images show that
MDEMs has expected photothermal conversion capability
and fast thermal response (Figure S15). After irradiating
the integrated device with 4 MDEMs under 1 kW/m2 for
1 h, a large amount of condensed water was observed on
its top (Figure 3E and Figure S16), and the evaporation
rate reached 1.36 kg/m2⋅h. With the assistance of carbo-
long complexes, MDEMs exhibit superior photothermal or
electrothermal properties.
During the above evaporation process, the energy input

comes from solar energy or electric energy (Figure 4). For
photothermal evaporation, the input energy comes from
solar energy. For electrothermal evaporation, electrother-
mal desalination is carried out by electricity (left part of
Figure 4A). The input solar energy or electric energy (Joule
heat) of the system is presented by 𝐸𝑖𝑛.The sensible heat
(𝐸𝑆) refers to the energy required to raise the water tem-
perature, and the latent heat (𝐸𝑙) refers to the enthalpy of
evaporation for a 10 wt% NaCl solution. Usually, the tem-
perature of MDEM is higher than bulk water and air, so
heat is lost via conduction (𝐸𝐶1), convection (𝐸𝐶2) and/or
radiation (𝐸𝑅) (right part of Figure 4A). The total input
energy can be expressed as Equation (1):

𝐸in = 𝐸𝑙 + 𝐸𝑆 + 𝐸𝐶1 + 𝐸𝐶2 + 𝐸𝑅 (1)

The solar-to-vapor or Joule heat-to-vapor efficiency 𝜂 is
defined as the ratio of the total enthalpy (𝐸𝑙 + 𝐸𝑆) to𝐸in,
expressed as Equation (2) 35:

𝜂 = (𝐸𝑙 + 𝐸𝑆)∕𝐸in (2)

𝐸𝑙 = ℎ𝑣 ⋅ 𝑚 (3)

𝐸𝑠 = 𝐶 ⋅ 𝑚 ⋅ Δ𝑇, (4)

where hv is the enthalpy of evaporation for the water
(2257.2 J/kg); m is the mass of the purified water (g),
which represents the mass change rate of water under
solar irradiation; 𝐶 is the specific heat capacity of water
(4.2 J/kg⋅◦C); Δ𝑇 represents the change in temperature
(◦C). The evaporation rate (r) was calculated using the
Equation (5):

𝑟 =
𝑚

𝐴 × 𝑡
, (5)

where 𝑚 is the weight loss of water, 𝐴 is the total area of
the four MDEMs, and 𝑡 is the desalination time.
For the Joule heat desalination process, 𝑄𝑖𝑛 can be

expressed as Equation (6):

𝑄in = 𝑈 ∫ Idt, (6)
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684 WANG et al.

where 𝑈 represents the voltage (V), 𝐼 represents the cur-
rent, ∫ Idtis the integrated area under the I-t curve, and
U ∫ I𝑑𝑡 is the total electrical energy input.
For the solar heat desalination process, 𝑄𝑖𝑛 can be

expressed as Equation (7):

𝑄𝑖𝑛 = 𝐶𝑜𝑝𝑡 ⋅ 𝑆 (7)

where 𝑆 represents the surface area of the photothermic
material.
We calculated the energy efficiency of different electric

energy and solar energy inputs. For Joule heat desalina-
tion processes, as the input electric energy increased, the
Joule heat-to-vapor efficiency first increased and then sta-
bilized. For example, when the electric energy was input at
0.5 kW/m2, the Joule heat-to-vapor efficiency was approxi-
mately 60%. The energy efficiency reached 80% at an 𝐸𝑖𝑛 of
0.93 kW/m2. As the input energy increased to 4.66 kW/m2,
the Joule heat-to-vapor efficiency increased to 81%. How-
ever, as the input energy further increased to 5.73 kW/m2,
the Joule heat-to-vapor efficiency remained at approxi-
mately 80% (Figure 4B). The Joule heat generated by the
MDEMs is partially conducted to bulk water, resulting in
heat loss, so energy utilization does not increase further
with increased input energy. For photothermal desali-
nation, the solar-to-vapor efficiency of 93% and 94% is
observed at Copt of 1 and 4 kW/m2. With a further increase
in Copt, the solar-to-vapor efficiency of MDEMs did not
increase further (Figure 4C). Due to heat loss, the energy
conversion efficiency 𝜂 does not increase continuously and
remains stable after reaching amaximumvalue. Therefore,
it is necessary to ensure theminimum energy input during
the evaporation process and at the same time to achieve the
maximum conversion efficiency.
In addition, MDEMs exhibit excellent desalination per-

formance and salt rejection rate when conducted pho-
tothermal and electrothermal desalination experiments in
simulated hypersaline water (10 wt% NaCl, or Ca(NO3)2
solution). When the input electrical energy and light
density were 5.73 kW/m2 and 1 kW/m2, respectively,
the electrothermal and photothermal evaporation rate of
MDEMs is 16.8 kg/m2⋅h and 1.36 kg/m2⋅h (Figure 5A,B).
After photothermal desalination, the concentrations of
Ca2+ decreased from 24.39 g/L to 0.04 g/L, and the concen-
trations of NO3

− decreased from 75.61 g/L to 0.0001 g/L.
The concentrations of these two ions decreased by at least
three orders of magnitude. For NaCl solution, the con-
centration of Cl− decreased from 60.68 g/L to 1.5 g/L
(Figures 5C). After electrothermal desalination, the con-
centrations of these three ions were significantly reduced.
The concentrations of Ca2+, NO3

− and Cl− decreased from
24.39 g/L to 0.723 g/L, 75.61 g/L to 0.028 g/L, and 60.68 g/L
to 0.11 g/L. The concentration of Cl− after desalination

meets the standard of agricultural irrigation water (Cl−:
350 mg/L), and the salt rejection rate reached as high as
99.99%.
When working in hypersaline water, the life of a

commercial membrane would be greatly shortened by
contamination.36 Many membrane materials are limited
to specific saline concentrations.37 Under high saline con-
centrations, the pores of the hydrophilic layer are rapidly
plugged by salt deposits; as such, solar evaporation mate-
rials need further optimization to efficiently operate under
these conditions.38 To investigate the durability of the
MDEM, we tested whether it retains hydrophobicity when
desalinating 10 wt% NaCl solution in electrothermal. The
contact angle of water on the MDEMwas monitored every
30 min, and it remained stable at approximately 130◦
over 10 cycles (Figure S17A). In addition, the photother-
mal evaporation rate of the MDEM was determined at
a light intensity of 1 kW/m2. The evaporation rate was
recorded every 30 min during photothermal desalination,
and it did not significantly decrease over 10 cycles (Figure
S17B). The test results show that MDEM can maintain
stable evaporation performance in photothermal or elec-
trothermal desalination cycles with good durability. When
treating hypersalinewater, themembrane should also have
antifouling ability, that is, to avoid clogging of the vapor
escape channel due to the adhesion of pollutants. Addi-
tionally, we contaminated the MDEM and a commercial
polypropylene (PP) membrane with rhodamine B (a fluo-
rescent dye simulating adhering contaminants). The two
membranes were then rinsed in ethanol to remove the flu-
orescent dye. After rinsing, we observed whether any dye
remained on the surface of the two membranes and found
that the MDEM exhibited no luminescence (Figure S18),
which suggests that the porous membrane has excellent
antifouling properties.

3 CONCLUSION

In summary, we have prepared MDEM that can alterna-
tively perform photothermal evaporation or electrother-
mal evaporation. Then, we introduced a photother-
mal/electrothermal hypersaline water treatment system
based on MDEMs. The superior light-absorption abilities
and conductivities of the CNTs and carbolong complexes
enable MDEMs to achieve ultrahigh evaporation rate.
Moreover, the vertically arranged micro-nanochannels
within the membranes play a role in providing abundant
channels for water molecules to escape. Our integrated,
alternative photothermal or electrothermal hypersaline
water treatment system achieves a photothermal freshwa-
ter production rate of 1.36 kg/m2⋅h with energy efficiency
of 93% and electrothermal freshwater production rate of
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WANG et al. 685

F IGURE 5 Evaporation rates and salt rejection rates for hypersaline water. (A) Electrothermal evaporation rate for MDEMs coated with
electrothermal carbolong complexes (ECCs) and photothermal evaporation rate for MDEMs coated with photo carbolong complexes (PCCs).
(B) Concentration of Ca2+ in hypersaline water before and after desalination. (C) Concentration of NO3

− in hypersaline water before and after
desalination. (D) Concentration of Cl− in hypersaline water before and after desalination. Error bars represent standard deviations (n = 3).

16.8 kg/m2⋅h with energy efficiency of 81%. The integrated
system can be used to purify hypersaline water samples
with a salt rejection rate of 99.99%. After durability tests,
the MDEMs show a stable contact angle (130◦) and evap-
oration rate, which means that the membrane has good
durability hypersaline water conditions. The conversion
of solar energy and electricity into heat in the alternative
photothermal or electrothermal hypersaline water treat-
ment system provides an efficient, sustainable, and envi-
ronmentally friendly strategy for producing fresh water.
Many new emerging technologies, such as liquid gating
technology,39 nanofluidic technology,40 and 3D printing
technology,41 can potential help to further improve the
system. We believe that the hypersaline water treatment
system will provide ideas for the use of renewable energy
and sustainable development.

4 EXPERIMENTAL SECTION

4.1 Preparation of the desalination
membrane

A multiwalled CNT (MWCNT) array was synthesized by
floating catalyst chemical vapour deposition. A silicon
wafer with an oxide surface layer was used as the substrate.
Xylene was used as the carbon source and introduced at
a rate of 6.5 ml/h. Ferrocene (J&K, 99%) was dissolved in
xylene (1 g/30 ml) and acted as the catalyst. The carrier
gas was argon with the flow rate of 400 cm3/min. The
reaction was carried out over 3 h at 740◦C in a tube fur-
nace (OTF-1200X, Hefei Ke JingMaterials Technology Co.,
Ltd.) to obtain aligned MCNTs with a height of approxi-

mately 500 μm.Xylene and ferrocenewere purchased from
Sinpharm Chemical Reagent Co., Ltd.
Polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corn-

ing Corporation) components A and B were uniformly
mixed at a ratio of 10:1, and bubbles were removed in a vac-
uum drying oven. Then, the MWCNT array was infiltrated
by PDMS. After 30 min of permeation, excess PDMS was
removed using a spin coating system (Spin-51, Shanghai
Chemat Advanced Ceramics Technology Co., Ltd.) oper-
ated at 3000 r/min. Then, the composite membrane was
solidified at 70◦C for 3 h. After solidification, the silicon
substrate was removed, and the film was cut with an ultra-
microtome (Leica RM2235) to a thickness of 50–100 μm.
The micropores were punched with a laser cutter (LEG-
END Spirit) at a speed of 2 m/s at 25 W. After this step,
a porous CNT array composite membrane with 130 pores
in a 5 mm × 5 mm area was obtained, and the pore sizes
were 50, 75, and 100 μm. Then, a portion of the membrane
was coated with PCC molecules (2 mg/ml) dispersed in
solutions with volumes of 100, 200, or 300 μl, while the
other portion was coated with the same volume of ECC
molecules (2 mg/ml).

4.2 Desalination device

A photothermal-electrothermal integrated house like
device was prepared using polymethyl methacrylate
(PMMA), which can alternately perform photothermal
and electrothermal desalination. The device includes elec-
trode holes on the side walls, a saltwater tank in the
middle of the bottom, and the fresh water tank sur-
rounding the saltwater tank. The integrated structure of
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four MDEMs and titanium electrodes was placed on the
surface of saltwater tank. Titanium was designed to be
interdigitated electrode, so that the four MDEMs were
parallelly connected to make the voltage across each
MDEM equal. Four MDEMs were bonded to titanium
electrodes using conductive silver glue. Then MDEMs-
electrodes configuration was sandwiched between two
pieces of silicone gasket, and the sandwich structure was
encapsulated with two PMMA sheets. Therefore, the inte-
grated structure is assembled into a five-layer structure
including PMMA sheet, sandwich structure, and PMMA
sheet. Screws were inserted into the corresponding holes
slots and tightened. Finally, the electrode tail was pene-
trated from the device through the electrode holes. When
the photothermal desalination process operating, sun-
light can pass through the transparent top so that the
MDEMs receive enough light and generate heat. When the
electrothermal desalination operating, a power supply is
connected to the electrode tails, and the MDEMs generate
Joule heat.

4.3 Contact angle test for the MDEM

A fully automatic contact angle and contour analysis
instrument (OCA 100, Germany) was used to determine
the contact angle of water on the MDEM surface. Water
was drawn with a syringe that could automatically deposit
a water droplet (5 μl) on MDEM surface and simulta-
neously monitor the water-membrane contact area. The
analysis systemwas used to determine the contact angle of
the water droplet on the membrane surface by analyzing
the droplet shape.

4.4 Infrared thermal images

Temperature changes of the membrane and the integrated
device were monitored using an infrared thermal imager
(FLIR A325sc).

4.5 Antifouling performance test

MDEM with the pore size of 50 μm and PP membranes
with the pore size of 30 μm were respectively immersed
in rhodamine B solution (0.1 mg/ml), then these two
membranes were baked in a drying oven (Keelrein DHG-
9070A) at 60◦C for 5 min. Finally, rhodamine B was
eluted with absolute ethanol, and the membranes were
dried for fluorescence imaging by a fluorescence micro-
scope (OLYMPUS IX73) with the excitation wavelength of
400 nm.

4.6 Durability test

Two experiments ofmembrane durability were performed.
In the first experiment, the membranes were placed on
the surface of saltwater tank filled with NaCl solution
(100 g/L), then the device was heated by the electric heater
to 100◦C and held at this temperature for 30 min. Finally,
the membranes were removed, and their water contact
angles were measured. This experiment was repeated 10
times, and 10 contact angle measurements were obtained.
In the second experiment, a photothermal evaporation rate
test was conducted. The integrated device was irradiated
with a light intensity of 1 kW/m2 for 30 min, and the mass
of water lost was determined to calculate the evaporation
rate. This experiment was repeated 20 times and lasted a
total of 10 h.

4.7 Electrochemical corrosion
resistance test

The MDEM connected to the electrodes was placed on
the surface of a 100 g/L NaCl solution, and then a 4 V
DC voltage was continuously applied to both ends of the
MDEM for 10 h. The digital DC power supply (AB-F SS-
L305SPL) was used to record the current change for 10 h.
We used the ratio of current to voltage to get the curve of
the conductance of MDEM over time during electrother-
mal desalination process. Then we changed the voltage
and tested the current changes over time under voltages
of 5 V, 7.5 V, 10 V, and 12.5 V.

4.8 Salt rejection rate

The salt rejection rate experiments were performed at nat-
ural seawater, 100 g/LNaCl and Ca(NO3)2 solution. An ion
concentration detector (B&C IC7685) was used to measure
the initial concentrations (C0) and the concentration after
desalination (C1) of Cl−, Ca2+, and NO3

−.
The salt rejection rate was calculated using Equation (8):

𝑅 =

(
1 −

𝐶1
𝐶0

)
× 100% (8)
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