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Janus nanofiber membrane has emerged as a promising solar-
driven interfacial evaporator for seawater desalination. However,
salt ion accumulation and crystallization persist during long-term
operation, which remains a key challenge. In this work, we report a
hydrophilic—hydrophobic Janus nanofiber membrane evaporator,
which is prepared via continuous microfluidic electrospinning. This
method allows in situ chemical reaction of tannin (TA) and Fe** to be
carried out in a “Y” chip during the spinning process, enabling rapid,
facile, and flexible fabrication of the nanofiber membrane. TAis rich in
hydroxyl groups, which endows the bottom layer with hydrophilicity
and electronegativity, thereby enhancing the water transport and
Donnan effect. Thus, a high evaporation rate of 1.73 kg m 2 h™tin
pure water is achieved. More importantly, long-term stability
in seawater desalination is realized with an evaporation rate of
1.68 kg m~2 h™%, and there is no salt crystallization on the surface
during continuous evaporation for 8 hours in 10 wt% NaCl solution.
On the one hand, the bottom layer shows electronegativity, which is
liable to immobilize cations Na* and repel anions Cl~, achieving the
purpose of salt resistance. On the other hand, the Janus structure
also favors the redissolution of concentrated salts into raw water,
further avoiding salt accumulation. This work offers a promising
common strategy for constructing high-performance Janus evapora-
tor, which will stimulate the development of seawater desalination.

Introduction

The rapid development of modern society brings ever-growing
water pollution, exacerbating the scarcity of freshwater.™?
Advanced water purification technologies have been explored
to mitigate water scarcity, such as reverse osmosis,’ multi-effect
distillation,” vapor compression distillation,® electrodialysis,®
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towards efficient interfacial solar evaporationt
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New concepts

A microfluidic fiber-spinning chemistry technique was developed for facile
fabrication of hydrophilic-hydrophobic Janus membranes towards efficient
seawater evaporation. In situ chemical reaction of TA and Fe®" is carried out
in a “Y” chip during the spinning process, which enables rapid, facile and
one-step synthesis of the PAN-TA-Fe®* nanofiber membrane. By virtue of
the Janus structure design and the Donnan effect, a seawater evaporation
rate of 1.68 kg m~> h™" is obtained with long-term stability, making it a
promising candidate for practical desalination applications.

etc. However, these methods are energy-intensive and involve
significant operational and financial costs.” Recently, solar desali-
nation has emerged as a promising alternative due to its low cost,
high energy efficiency, and environmental sustainability.® The
main principle of this technique is converting solar energy into
heat, which further promotes the generation of water vapor at
the evaporation interface.”'® Significant advancements in
energy efficiency and evaporation rates have been achieved by
developing high-performance solar thermal materials (fabric,"*
sponge,”” hydrogel,"* wood,"* etc.), optimizing evaporator
designs, reducing evaporation enthalpy, and enhancing thermal
energy management.">"”

Nanofiber membranes share distinct advantages of large
surface area for heat transfer and porous structures for vapor
release and water transport.'®'® The uneven pore distribution
minimizes heat loss and improves evaporation efficiency at the
interface.?® Therefore, nanofibrous membranes are particularly
suitable for solar-driven interfacial evaporation. However, the
accumulation of salts or contaminants at the heating interface
in a single-layer evaporator is inevitable, which may hinder the
delivery of water and steam and reduce the light absorption
rate, thereby reducing the evaporation efficiency.?* To solve this
problem, hydrophilic/hydrophobic Janus membrane has
emerged, featuring a hydrophobic top layer and a hydrophilic
bottom layer.>>>* The hydrophilic layer favors salt ion diffusion
while the hydrophobic layer can block the salt, preventing salt
accumulation on the top surface.””® It has been proved that
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the Janus membrane effectively couples sunlight absorption with
water transport, which is superior to the single-layer membrane,
exhibiting high evaporation rate and low salt crystallization. For
example, Liu et al.®® reported a reconfigurable and self-healing
Janus evaporator, showing enhanced interface adhesion and
stable desalination rate of 1.34 kg m~> h™". Li et al.** proposed
a self-descaling Janus nanofibrous evaporator based on reversible
solar-induced wettability transition, which exhibited a water
evaporation rate of 1.76 kg m > h™' and long-term stability. Bai
et al.>* designed a photo-hot water diode evaporator (P/S@P-CFs)
based on sustainable natural collagen fibers. The hydrophilic and
hydrophobic Janus wettability allows the P/S@P-CF to automati-
cally supply water and desalinate seawater during operation,
enabling significant local heating and efficient water evaporation
(evaporation rate of 1.73 kg m > h™'). Although significant
progress has been made, yet the Janus membrane-based evapora-
tor possesses the disadvantage of complex preparation processes,
and salt ion accumulation and crystallization persist during long-
term operation, weakening the solar energy absorption and
blocking the vapor diffusion paths.** Therefore, it is desirable
to explore a simple and common strategy for anti-scaling Janus
membrane-based evaporators.

Recently, microfluidic spinning technology has been
increasingly appreciated as a reliable strategy to construct inter-
connected porous nanofiber membranes, which allows precise
control of fiber composition, structures, and functions.**** In
particular, by virtue of the microfluidic chip, it enables the
occurrence of in situ fiber-spinning chemistry, that is, chemical
reactions are carried out on spinning fibers.*>*’ It is envisioned
that the microfluidic electrospinning method provides a powerful
tool for preparation of Janus nanofiber membranes in a flexible
and facile fashion. To solve the salt accumulation problem, the
Donnan effect has been employed to counteract the formation of
salt crystals through its single-charge properties.®® In this case,
either anions or cations are repelled by the repulsion effect of
fixed charge, thus achieving salt resistance for sustained stability
over the long term. For instance, the anionic solar evaporator is
liable to immobilize cations Na*, while the movement of anions
Cl™ is hindered, which avoids salt accumulation.® Lv et al*
designed a polyanionic electrolyte ionization desalination strategy,
realizing a stable evaporation rate of 1.68 kg m > h™" in brine
(15% salinity) and long-term operation for 3 days in seawater (9%
salinity). It has also been proved that the anionic hydrogel could
enhance the Donnan effect and restrict the diffusion of CI” to the
evaporator, achieving a remarkable water evaporation rate in
15 wt% NacCl solution, as well as showing effective salt resistance
during prolonged evaporation processes.*’ Despite progress hav-
ing been made, the complexity of the preparation process remains
a challenge.*” Therefore, it is necessary to develop a simple, green,
low-cost method for the preparation of Janus membranes to
overcome the problem of salt deposition in desalination.

Herein, we designed a hydrophilic-hydrophobic Janus nano-
fiber membrane evaporator, where the hydrophilic layer is
electronegative to enhance the Donnan effect, thus achieving
a high evaporation rate and durability in seawater desalination.
This work shares the following advantages. (1) For the Janus
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Janus fibrous membrane for seawater desalination

Fig. 1 (a) Schematic illustration of the fabrication of the PAN-TA—Fe>*/
TPU-CNT Janus fibrous membrane via continuous microfluidic electro-
spinning. (b) Schematic illustration of the in situ chemical reaction
between TA and Fe*" in microfluidic chip during spinning process. (c)
Schematic illustration of the water evaporation process and mechanism.

nanofiber membrane evaporator design, the top layer is composed
of hydrophobic thermoplastic polyurethane (TPU) and carbon
nanotube (CNT), and serves as the photothermal layer, while the
bottom hydrophilic layer consists of polyacrylonitrile (PAN) and
electronegative tannin (TA), contributing to more hydrogen bonds
for rapid water transport, as well as boosting the Donnan effect to
exclusive salt ions (Fig. 1a). (2) In terms of the preparation of the
Janus nanofiber membrane, continuous microfluidic electrospin-
ning method is employed. It should be noted that in situ chemical
reaction of TA and Fe®" is carried out in a “Y” chip during the
spinning process, which enables rapid, facile and one-step synth-
esis of PAN-TA-Fe** nanofiber membrane (Fig. 1b). This method
significantly simplifies preparation processes and improves pro-
duction efficiency. (3) By virtue of the Janus design and the
Donnan effect (Fig. 1c), the pure water evaporation rate of
1.73 kg m~> h™' is obtained under one-sun illumination, with
an efficiency of 85.25%. Besides, it also demonstrates a high
evaporation rate of 1.68 kg m~> h™" and long-term stability in
seawater desalination, and there is no salt crystallization on the
surface after continuous evaporation for 8 h in 10 wt% NaCl
solution, making it a promising candidate for practical desali-
nation applications. This study presents a common and simple
approach for developing efficient Janus nanofiber membrane
evaporators for long-term seawater desalination and wastewater
treatment, which is conducive to the development of fiber
membrane evaporators in the field of seawater desalination in
the future.

Experimental

Materials

Polyacrylonitrile (PAN, M, = 1 500 000) was purchased from Shang-
hai Macklin Biochemical Technology Co., Ltd. Thermoplastic

This journal is © The Royal Society of Chemistry 2025
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polyurethane (TPU, M,, = 1300000), N,N-dimethylformamide
(DMF), tannic acid (TA), ferric trichloride (FeCl;), multi-walled
CNT (outside diameter of 10-20 nm, >95%), sodium chloride
(NaCl), magnesium sulfate (MgSO,), magnesium chloride
(MgCl,), calcium chloride (CaCl,), potassium chloride (KCl),
sodium bicarbonate (NaHCOj;), sodium bromide (NaBr),
sodium hydroxide (NaOH), methylene blue (MB), methyl orange
(MO), and rhodamine B (Rh B) were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. Deionized water was
used in all the experiments.

Preparation of the PAN-TA-Fe** fibrous membrane via fiber-
spinning chemistry

A certain amount of TA was added to 8.7 g DMF. After complete
dissolution, 1.3 g PAN powder was added, followed by magnetic
stirring at 500 rpm for 8 h to obtain a 13 wt% of PAN-TA
spinning solution as solution A. Then a certain amount of FeCl;
(TA:FeCl; = 4:1 M/M) was added to 8.7 g DMF. After complete
dissolution, 1.3 g PAN powder was added and magnetically
stirred at a speed of 500 rpm for 8 h to obtain a 13 wt% of
PAN-Fe** spinning solution, defined as solution B. Then solution
A and solution B were sequentially loaded into two syringes,
which were connected with a “Y” chip. Both solutions were fed at
the same constant feed rate (0.3 mL h™") through a steel needle
(24 G). Finally, the solutions were well mixed in the micro-
channel, and the reaction between TA and Fe*" was completed
during the spinning process. PAN-TA-Fe** fibrous membranes
with different TA-Fe** concentrations were obtained by micro-
fluidic electrospinning for 3 h (voltage: 17 kV; distance from the
receiver: 15 cm).

Preparation of the PAN-TA-Fe**/TPU-CNT Janus fibrous
membrane

A certain amount of CNT was added into 8.7 g of DMF, forming
a uniform dispersion after ultrasonic treatment for 30 min.
Then 1.3 g of TPU was added, and the TPU-CNT spinning
solution was obtained after magnetic stirring at 500 rpm for
8 h. For preparing the PAN-TA-Fe*/TPU-CNT Janus fibrous
membrane, the TPU-CNT solution was electrospun on the as-
prepared PAN-TA-Fe*" fibrous membrane for 4 h at different
parameters (voltage, 17 kV; spinning distance, 15 cm; feeding
rate, 0.5 mL h™'; needle tip, 24 G; rotation speed, 500 rpm). The
hydrophilic PAN-TA-Fe®" layer has a thickness of 102 um, while
the hydrophobic TPU-CNT layer has a thickness of 64 pm.

Solar evaporation experiments

A quartz beaker was used to evaluate the water evaporation
performance, where a polystyrene foam lid with a square hole
(2 x 2 cm®) was used to eliminate other influence factors
(temperature, 25 °C; relative humidity, 50%). The bottom of
the film was connected to water with dust-free paper. The PAN-
TA-Fe**/TPU-CNT Janus fibrous membrane was placed on a
piece of commercial PS foam. The experiment was carried out by
using a xenon arc lamp (CEL-PF300L-3A) and the light intensity
is 1000 W m 2. The water/seawater mass change was measured
through gravimetric analysis, which was recorded every 10 min.
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The temperature changes were recorded using a FLIR E8 every
10min. Finally, the conversion efficiency () was calculated

according to eqn (1) and (2).****
Am
"= @)
m'hiy,
= 2
n="p (2)

where m (kg m~? h™?) is the water evaporation rate, Am (kg) is
the water mass change in 1 h, A (m?) is the photothermal area of
membranes, and ¢t is the duration of evaporation. 1 (%) is the
efficiency of water evaporation and m’ is the steady-state evapora-
tion rate subtracted by that under dark conditions. /j, denotes
the water evaporation enthalpy (k] kg™ ). Py, is the light intensity
of evaporation. The infrared images were taken using an FLIR E8
infrared camera. Note: each measurement was performed 3 times
for data accuracy. The average value was selected.

Characterization

Scanning electron microscopy (SEM, S-4800, Hitachi) was used to
observe the morphologies of PAN, TPU, PAN-TA-Fe**, TPU-CNT,
and PAN-TA-Fe*'/TPU-CNT fibrous membranes. Fourier trans-
form infrared spectrometer (FT-IR, American Thermo Nicolet-
6700) was used to analyze the FT-IR spectra of the fibrous
membrane. DSA100 (KRUSS, Germany) was used to measure
the water contact angles (WCAs) of fibrous membranes. An ES-
CAIAB250 XPS system with A1/Ka light source was utilized to
measure the X-ray photoelectron spectroscopy (XPS) spectra of
the fibrous membrane. UV-visible spectrophotometer (Lambda
750 S UV Spectrometer) was used to measure the absorbance
spectra of the fibrous membrane. Inductively coupled plasma
mass spectrometry (ICP-MS, Agilent 7500ce) was used to analyze
the concentration of ions.

Results and discussion

CNT is a widely available, cost-effective and hydrophobic carbon-
based material, which exhibits excellent light absorption and high
photothermal conversion efficiency across a broad spectrum.*>*®
Thus, CNT and hydrophobic TPU were used to construct a
photothermal layer for efficient solar energy capture. Besides,
PAN and TA were selected as the hydrophilic layer for rapid water
transport. TA is a typical natural polyphenol, which is easy to
coordinate with metal ions due to the presence of multiple
phenolic groups.*”~*° Notably, TA is easily soluble in water, which
greatly affects the evaporation performance of the membrane. To
avoid this problem, PAN-TA-Fe** nanofiber membrane was fabri-
cated in a one-step and facile fiber-spinning chemistry method,
where the reaction between TA and Fe*" occurs in a Y type chip.
The TA-Fe*" complex is encapsulated in the PAN fiber membrane,
showing strong coordination bonds to prevent the leakage of TA.
Finally, the hydrophilic/hydrophobic Janus nanofiber membrane
evaporator was fabricated through sequential microfluidic electro-
spinning of PAN-TA-Fe** and TPU-CNT. From the SEM images,
an obvious Janus structure and highly open microporous network
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Fig. 2 (a) Schematic of the cross-section of the Janus fibrous membrane.
SEM images and size distributions of (b) TPU, (c) TPU-CNT, (d) PAN and (e)
PAN-TA-Fe>®* fibrous membrane. Inset: Water contact angle test of these
fibrous membrane. (f) EDS mapping of C, O, N, Fe, Cl elements of PAN—
TA-Fe**. (g) N, adsorption—desorption isotherms of PAN-TA-Fe*" and
TPU-CNT fibrous membrane. (h) Pore size distributions of PAN-TA—Fe>*,
TPU-CNT fibrous membrane.

are observed (Fig. 2a), which would support efficient water trans-
port and vapor escape during solar-driven evaporation. As shown
in Fig. 2b-e and Fig. S1 (ESIt), both pure TPU and PAN nanofiber
exhibit smooth morphology with small diameters, 205 and
188 nm, respectively. With the loading of CNT and TA-Fe®', the
nanofiber morphology becomes rough and thick, up to 427 and
373 nm, respectively. In terms of the PAN-TA-Fe®" nanofiber
membrane, the EDS mapping shows a uniform distribution of
C, N, O, Fe, and Cl elements (Fig. 2f), confirming the uniform
superiority of the fiber spinning chemistry method. Moreover, the
TPU-CNT layer and PAN-TA-Fe®* layer exhibit distinct wettability.
The incorporation of CNT increases the surface roughness and
hydrophobicity of the TPU-CNT fiber membrane, resulting in a
contact angle of 116° which remains unchanged after 20 s
(Fig. 2¢), whereas the contact angle of pure TPU is 96°. Conversely,
the PAN-TA-Fe®" layer exhibits super-hydrophilicity and the con-
tact angle decreases to 0° within 0.6 s (Fig. 2e). In addition, we
analyzed the pore structure and surface properties of each layer by
using nitrogen adsorption-desorption measurements. It is found
that PAN-TA-Fe®" and TPU-CNT exhibit type II N, adsorption-
desorption isotherms, confirming the presence of macropores
(Fig. 2g and h). The pore size distribution of PAN-TA-Fe** and
TPU-CNT reveals that they have an average pore size of 56.62 and
87.49 nm, respectively. According to Table S1 (ESIT), PAN-TA-Fe**
exhibits a specific surface area of 22.91 m> g™, which is greatly
larger than that of TPU-CNT (2.41 m” g~ '). Smaller fiber diameters
result in reduced pore sizes, increased specific surface area, and
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enhanced water contact site, which is beneficial for steam escape
to boost evaporation performance.>® These results illustrate that
the Janus nanofiber membrane displays asymmetric wettability,
pore size distribution and specific surface area. The former could
prevent salt accumulation during seawater evaporation, while the
latter favors water transport and steam escape, which would
synergistically boost evaporation.

To explore the chemical structure of the Janus fiber membrane,
FTIR analysis was conducted. Fig. 3a illustrates the infrared
spectrum of the original PAN membrane, showing characteristic
peaks at 2937 cm ' (CH, single bond) and 2242 cm™ ' (C=N
group).”* After loading TA, these peaks are significantly dimin-
ished, with new peaks emerging. Peaks between 3300 and
3400 cm ! correspond to OH stretching vibrations from phenolic
hydroxyl groups in TA, while peaks at 1564 cm ' and 757 cm™*
indicate C-C stretching in aromatic rings and C-H out-of-plane
bending in phenyl groups, respectively.>® These findings confirm
the encapsulation of TA in the PAN polymer network. In the
spectrum of TPU, three characteristic peaks were observed around
3329, 2950, and 1072 cm ', corresponding to N-H tensile vibra-
tion, C-H bending vibration, and C-O-C tensile vibration, respec-
tively. The peaks at 1731 cm ™" and 1527 cm ™" are attributed to the
vibration of the -HN-COO- group.”>® Compared to pure TPU, the
peak corresponding to the C—0O group shows a slight shift (at
1703 cm ') when loading CNT (Fig. 3b), which is ascribed to the
hydrogen bonding interactions between the TPU matrix and
CNT.”* XPS analysis was further performed to confirm the
elemental composition and chemical structure of PAN/TPU and
PAN-TA-Fe**/TPU-CNT membranes. Fig. 3¢ presents the XPS full
spectrum, revealing three primary peaks for all membranes: C 1s
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Fig. 3 (a) FT-IR spectra of PAN and PAN-TA-Fe>* fibrous membrane. (b)
FT-IR spectra of TPU and TPU-CNT fibrous membrane. (c) High-
resolution XPS spectra of PAN/TPU and PAN-TA—Fe3*/TPU-CNT fibrous
membrane. XPS spectra of (d) C 1s, (e) O 1s and (f) Fe 2p of PAN-TA-Fe**/
TPU-CNT fibrous membrane. XPS spectra of (g) C 1s and (h) O 1s of PAN/
TPU fibrous membrane. (i) Stress—strain curves of PAN-TA-Fe**, TPU-
CNT and PAN-TA-Fe3*/TPU-CNT fibrous membrane.
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(283.6 eV), N 15 (396.9 eV), and O 1s (529.5 eV). It is observed that
the nitrogen peak intensity is weak, while the oxygen peak intensity
is strong in the spectrum of the PAN-TA-Fe**/TPU-CNT
membrane. From the C 1s spectrum in Fig. 3d and O 1s spectrum
in Fig. 3e, both the O-C—=O0 peak intensity and the C=0 peak
intensity are enhanced as compared with that of the PAN/TPU
membrane (Fig. 3g and h), which is ascribed to the incorpora-
tion of TA.*® Besides, a new CNT-related C-graphite peak at
284.1 eV was observed in the C 1s spectrum.>**® And new peaks
at approximately 709.7 eV (Fe 2p) confirm the presence of Fe**
in the Janus membrane (Fig. 3f).”” The results provide strong
evidence that the CNT and TA-Fe’" are successfully loaded in
the Janus membrane. Moreover, the mechanical properties
of the membrane were evaluated, which plays an important
role in its long-term use. The TPU-CNT layer exhibits higher
tensile strength (4.76 MPa) than that of the PAN-TA-Fe*" layer
(3.21 MPa), while the PAN-TA-Fe*" layer shows greater elonga-
tion at break (153.69%) compared to that of TPU-CNT (71.43%).
Interestingly, the Janus membrane demonstrates relatively high
tensile strength of 4.31 MPa and elongation at break of 141.46%
(Fig. 3i), which could satisfy practical applications.

Light absorption and photothermal conversion are critical
factors influencing the performance of Janus membrane
evaporators.”®* The conjugated m-electron system of CNT effi-
ciently absorbs light, which absorbs energy and transitions to
higher energy states. When returned to the ground state, the
energy is primarily released as heat, realizing the conversion of
light energy into thermal energy.*® Additionally, the porous
structure of the Janus membranes would enhance light absorp-
tion while minimizing reflection. The combination of a porous
structure, high porosity, and efficient absorption establishes a
robust foundation for solar vapor generation. To obtain an
optimal evaporation performance of the Janus fibrous membrane
evaporator, the evaporation rate of the PAN-TA-Fe’" layer was
firstly evaluated. As shown in Fig. 4a, with TA-Fe** content
increasing, the evaporation rate is gradually enhanced, peaking
at 1.48 kg m~> h™' with 5 wt% TA-Fe®*. When the TA-Fe**
content is higher than 5 wt%, the uniformity of the fibrous
membrane is compromised. Therefore, TA-Fe’" content of
5 wt% is selected for the following evaporation experiments.

During evaporation, the photothermal conversion of the
Janus membrane was monitored in real-time using an infrared
camera and a thermometer. As the CNT content increases from
0 to 7 wt%, the surface temperature rises from 36.2 to 44.3 °C
within 10 minutes correspondingly (Fig. 4b and c). The eva-
poration results are best illustrated in Fig. 4e, where the highest
evaporation rate of 1.73 kg m > h™" is achieved for the Janus
evaporator, which is larger than that for single PAN-TA-Fe®*
and TPU-CNT fibrous membranes (Fig. 4a and Fig. S2, ESI¥).
Especially, when the CNT content is 0, 1, 3, 5, and 7 wt%, the
evaporation rate is 0.76, 1.35, 1.53, 1.73 and 1.67 kg m > h™*,
while the photothermal conversion efficiency is calculated to be
30.9%, 65.14%, 77.08%, 85.25% and 81.43%, respectively
(Fig. S3, ESIT). The micropores in the fiber membrane tend to
be clogged at higher CNT contents, which hinders the upward
evaporation channel of water vapor, resulting in a decrease in
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Fig. 4 (a) Water evaporation performance of single PAN-TA-Fe** fibrous
membrane. (b) Infrared thermal images and (c) temperature of the top
surface of PAN-TA-Fe>*/TPU-CNT fibrous membrane versus time with
different CNT contents. (d) Solar spectrum irradiance (AM 1.5G) and the
absorption spectrum of PAN/TPU and PAN-TA-Fe**/TPU-CNT fibrous
membrane. (e) Water evaporation performance and (f) stability of PAN—
TA-Fe**/TPU-CNT fibrous membrane.

water evaporation efficiency. Fig. 4d shows the solar spectrum
irradiance (AM 1.5G) and the absorption spectrum of the PAN/
TPU and PAN-TA-Fe*'/TPU-CNT Janus fibrous membrane
(CNT content of 5 wt%). It is found that the PAN-TA-Fe®"/
TPU-CNT fibrous membrane achieves broad and strong absorp-
tion across the ultraviolet to near-infrared spectrum, encom-
passing the full range of sunlight, which contributes efficient
sunlight absorption to boost evaporation. Fig. 4f demonstrates
the stability of the membrane over 8 evaporation cycles, which
maintains a consistent evaporation rate of 1.7 kg m~> h™",
indicating excellent cycling stability and reusability.

The PAN-TA-Fe*"/TPU-CNT Janus fibrous membrane has a
bottom hydrophilic layer and an upper hydrophobic layer, with
a porous structure and large porosity. In this case, the hydro-
phobic layer will not be wetted by the salt water, thereby
isolating the precipitation of salt ions. To evaluate the solar
evaporation efficiency of the Janus evaporator in brine, simu-
lated seawater with varying NaCl concentrations (3.5-15 wt%)
was used. Fig. 5a-c illustrate the water evaporation rates at
different CNT contents under standard solar illumination. At
3.5 wt% NaCl concentration, the evaporation rates for CNT
contents of 1%, 3%, 5%, and 7% were 1.35, 1.53, 1.68, and
1.57 kg m > h™', respectively. It should be noted that the
evaporation rate shows no obvious decline with increasing
NaCl concentration, revealing the outstanding evaporation
performance in brine. Besides, there is no salt accumulation
on the surface of the Janus membrane after continuous
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Fig.5 (a)-(c) Evaporation rate of PAN-TA-Fe**/TPU-CNT fibrous
membrane with different CNT contents for different NaCl concentrations.
(d) Seawater evaporation performance of PAN-TA-Fe**/TPU-CNT
fibrous membrane. Inset: Optical photographs of PAN-TA-Fe**/TPU-
CNT fibrous membrane with seawater crystals before and after 8 h. (e)
Ca®*, K*, Mg?" and Na* concentration of the seawater before and after
desalination. (f) Zeta potential of PAN-TA-Fe** under different pH values.
(g) Schematic illustration of evaporation mechanism of the PAN-TA-Fe®*/
TPU-CNT Janus nanofiber membrane.

evaporation for 8 h in 10 wt% Nacl solution, whereas obvious
salt crystallization is observed on the single PAN-TA-Fe®*
membrane (Fig. S3, ESIt). We further employed laboratory-
prepared simulated seawater to assess the evaporation stability,
where each evaporation cycle was conducted under single
sunlight exposure lasting one hour. As a consequence, the
Janus evaporator maintains a stable evaporation rate of
1.68 kg m~> h™' for 8 hours (Fig. 5d) with no salt crystal
accumulation on the membrane. The desalinated water,
obtained by condensing vapor, was analyzed for ion concentra-
tions (Na¥, K%, Ca®*, and Mg®") using ICP-MS. As depicted in
Fig. 5e, the purified water exhibits significantly lower ion con-
centrations (Ca**, K*, Mg**, and Na*), well below WHO drinking
water standards.®

TA is anionic under neutral or acidic conditions, and
obtains a stronger negative charge by losing H' ions under
alkaline conditions.®™®* As shown in Fig. 5f, the electronega-
tivity of the PAN-TA-Fe*" membrane is enhanced with increas-
ing pH value. When the pH value increases from 3 to 9, the zeta
potential varies from —5.6 to —27.6 mV. This feature would
enhance the Donnan effect to repel salt ions effectively in brine,
achieving the purpose of salt resistance.** Fig. 6d depicts the
schematic mechanism for the seawater evaporation of the
Janus fibrous membrane. On one hand, the TPU-CNT layer
exhibits excellent photothermal conversion capacity and hydro-
phobicity, which not only provides continuous heat but also
prevents saltwater from wetting the surface, thereby avoiding
salt deposition on the evaporation layer. On the other hand, the
hydrophilic PAN-TA-Fe*" layer contributes to continuous
upward water transport, while the abundant phenolic hydroxyl
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Fig. 6 (a) Digital photograph of an outdoor evaporation device. (b) Out-
door seawater evaporation performance of PAN-TA-Fe**/TPU-CNT
Janus fiber membrane. (c) Ca*, K*, Mg?* and Na* concentration of the
seawater before and after desalination. (d)—(f) UV-Vis spectroscopy before
and after purification of Rh B, MB and MO solution.

groups enhance water/polymer hydrogen bonding (green,
Fig. 5g) and weaken water/water hydrogen bonding, reducing
vaporization energy and improving the evaporation rate.**®
Furthermore, TA-Fe*" renders the membrane with electronega-
tivity, enhancing the Donnan effect.*’ The negatively charged
PAN-TA-Fe** layer adsorbs cations in salt ions via electrostatic
interactions. During evaporation, co-ions are excluded, and
counterions are also excluded by charge conservation, retaining
specific salt ions and improving salt tolerance (Fig. 5g). Thus, the
Janus structure traps concentrated brine below the hydrophobic/
hydrophilic interface, preventing salt fouling on the TPU-CNT
layer and maintaining consistent solar energy absorption and
vapor release. Based on calculations of the overall energy balance
(see the ESI,t eqn (S3)-(S5)),*** the evaporator demonstrates an
impressive evaporation efficiency of ~85.25%, making it a
promising candidate for practical desalination applications.

To assess the practical performance of the Janus evaporator,
outdoor solar desalination was conducted on a sunny day in
October in Nanjing, China, as shown in Fig. 6a. During the
desalination process, data on the evaporation rate, solar inten-
sity (Fig. 6b), and ambient temperature (Fig. S5, ESIt) were
recorded. From 9:00 am to 6:00 pm, the evaporation rate
initially increased, peaked at 1.68 kg m > h™ " at 1:00 pm, and
then gradually declined, demonstrating excellent freshwater
production capacity. The desalinated water was also analyzed
for ion concentrations (Na*, K*, Ca**, and Mg>") using ICP-MS.
As illustrated in Fig. 6¢c, the concentrations of Na*, K*, Mg**,
and Ca®" in the desalinated water were reduced by 3-4 orders of

This journal is © The Royal Society of Chemistry 2025
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magnitude, meeting WHO drinking water standards.®® In addi-
tion, the Janus evaporator’s purification capability was further
evaluated using dye-contaminated wastewater. Due to the elec-
tronegative nature of the bottom layer of the Janus evaporator,
the dye molecules can be effectively adsorbed by electrostatic
action, while the evaporation rate keeps unchanged. The UV-Vis
spectroscopy shows the concentrations (4 ppm) of organic dyes
(MB, Rh B, and MO) before and after purification (Fig. 6d-f).
Notably, the characteristic absorption peaks of the dyes dis-
appear after purification, accompanied by a noticeable change
in solution color, from dark to colorless. These results highlight
the significant potential of the Janus evaporator for seawater
desalination and wastewater treatment.

Conclusions

In summary, we propose the PAN-TA-Fe®"/TPU-CNT Janus
nanofiber membrane evaporator for high-performance sea-
water desalination. It is worth mentioning that the hydrophilic
layer is fabricated using a facile and versatile fiber spinning
chemistry method, which allows the in situ reaction of TA and
Fe*" during the spinning process, thereby realizing one-step
fabrication of the PAN-TA-Fe** membrane. The Janus evapora-
tor achieves a photothermal conversion efficiency of 85.25%
and a water evaporation rate of 1.73 kg m~> h™'. More impor-
tantly, it also exhibits stability and salt resistance in brine, with
an evaporation rate of 1.68 kg m~> h™" in seawater, and there is
no salt crystal accumulation on the membrane for continuous
evaporation of 8 hours in 10 wt% NaCl solution. Additionally,
the maximum evaporation rate observed in outdoor experi-
ments closely matches that achieved under simulated sunlight,
highlighting its potential for practical seawater desalination.
The outstanding evaporation performance could be ascribed to
the following. On one hand, the TPU-CNT layer contributes to
excellent photothermal conversion capacity and hydrophobicity,
which prevents saltwater wetting and avoids salt deposition. On
the other hand, the hydrophilic PAN-TA-Fe®" layer favors contin-
uous upward water transport, while its electronegativity enhances
the Donnan effect to exclude salt ions. The synergistic effect
enables continuous and stable seawater evaporation without salt
accumulation, which will guide the design of seawater evaporators
for practical applications. This work offers a simple fiber spinning
chemistry method for constructing a high-performance Janus
evaporator, realizing high evaporation rate and good salt tolerance.
To meet practical application requirements, future works will be
focused on improving long-term stability and recyclability of the
Janus nanofiber membrane evaporator.
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