
Water Research 253 (2024) 121290

Available online 8 February 2024
0043-1354/© 2024 Published by Elsevier Ltd.

Superhydrophobic sand evaporator with core-shell structure for long-term 
salt-resistant solar desalination 

Qingyang Xue a,b, Peng Xiao b, Jincui Gu b,*, Wenqin Wang, Characterization a,*, Luke Yan c, 
Tao Chen b,* 

a School of Materials Science and Chemical Engineering, Ningbo University, Ningbo 315211, China 
b Key Laboratory of Marine Materials and Related Technologies, Zhejiang Key Laboratory of Marine Materials and Protective Technologies, Ningbo Institute of Material 
Technology and Engineering, Chinese Academy of Science, Ningbo 315201, China 
c Polymer Materials & Engineering Department, School of Materials Science & Engineering, Chang’ an University, Xi’an 710064, China   

A R T I C L E  I N F O   

Keywords: 
Solar evaporator 
Superhydrophobicity 
Core-shell structure 
Salt-resistant 
Environmental stability 

A B S T R A C T   

Solar-driven water evaporation, as an environmentally benign pathway, provides an opportunity for alleviating 
global clean water scarcity. However, the rapidly generated interfacial steam and localized heating could cause 
increased salt concentration and accumulation, deteriorating the evaporation performance and long-term sta-
bility. Herein, a novel superhydrophobic sand solar (FPPSD) evaporator with a core-shell structure was proposed 
through interface functionalization for continuous photothermal desalination. The collective behavior essence of 
the sand aggregate gave itself micron-scale self-organized pores and configurable shapes, generating desirable 
capillary force and supplying effective water-pumping channels. More importantly, combining the dopamine, 
polypyrrole (PPy), and 1H,1H,2H,2H-perfluorodecyltriethoxysilane (PFDTS) through π-π conjugation and mul-
tiple hydrogen bonding effects gave the FPPSD evaporator with stable superhydrophobic property and highly 
efficient photothermal conversion capability. Therefore, the FPPSD evaporator showed a continuous and stable 
photothermal performance even after 96 h continuous evaporation under 3-sun irradiation for 10 wt% saline 
solution, among the best values in the reported works of literature, demonstrating its excellent salt-resistance 
stability. Furthermore, this novel FPPSD evaporator displayed outstanding environmental stability that kept 
its initial water transport capacity even after being treated under harsh conditions for 30 days. With excellent 
salt-resistance ability and stable environmental stability, the FPPSD evaporator will provide an attractive plat-
form for sustainable solar-driven water management.   

1. Introduction 

The freshwater crisis became a severe global concern during modern 
society’s development. To alleviate clean water scarcity, solar vapor 
generations (SVGs) have demonstrated exciting opportunities for 
developing eco-friendly freshwater harvesting (Li et al., 2021a; Tao 
et al., 2018; Zhao et al., 2020). The photothermal material is a crucial 
member to determine light-to-heat conversion ability during the evap-
oration process (Cheng et al., 2022; Ding et al., 2021; Huang et al., 2022; 
Li et al., 2023a; Yu et al., 2023; Yang et al., 2023a). Nowadays, 
tremendous efforts have been devoted to developing photothermal 
materials, such as membranes, aerogels, hydrogels, biomass materials, 
carbon-based foams, and plasmonic nanoparticles (Cao et al., 2023; Fan 
et al., 2020; Jia et al., 2019; Lu et al., 2020; Mu et al., 2019a, 2019b; Shi 

et al., 2021; Wang et al., 2020; Wang et al., 2021a; Xie et al., 2023; Xing 
et al., 2023; Yang et al., 2023b; Zhang et al., 2019; Zhao et al., 2022; Zou 
et al., 2023). Meanwhile, highly localized photothermal heating at the 
evaporation surface can be realized through interfacial evaporator 
design to maximize solar utilization and suppress heat loss to the bulk 
water (Li et al., 2021b; Xu et al., 2020). Nevertheless, due to the 
increased salt accumulation, most existing photothermal materials suf-
fer from restricted solar desalination performance (Chen et al., 2023a; 
Zhang et al., 2023a). The crystallized salt was inherently prone to the 
salt clogging the microchannels of SVGs during the evaporation process, 
which may compromise the sunlight absorption and undermine the 
water transport and result in the dramatical deterioration of evaporation 
performance, and ultimately stopping the SVGs system (Xu et al., 2023a; 
Liu et al., 2023). 
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Various attempts have been proposed to achieve steady evaporation, 
such as mechanical moving and force-driven fluid flow to enhance ion 
migration (Dong et al., 2022; Razaqpur et al., 2021; Zhang et al., 2021a). 
Additionally, various superhydrophobic evaporators have been recently 
designed to meet this challenge by tuning water transport in the pho-
tothermal layer (Hu et al., 2020; Lai et al., 2023; Li et al., 2021c; Wu 
et al., 2020; Xu et al., 2021; Xie et al., 2022; Shen et al., 2020; Wang 
et al., 2023a). Xu et al. fabricated a superhydrophobic carbon 
nanotubes-based membrane for solar desalination. Under one sun, this 
device displayed an evaporation rate of ~1.41 kg m− 2 h− 1 after 40 h 
(Shen et al., 2020). Wu et al. demonstrated a polyethylene/graphene 
nanosheet foam with interconnected channels and surface 
micro-nanostructures. It exhibited an evaporation rate of ~1.83 kg m− 2 

h− 1 and can keep its property under high temperatures and acid-/alkali 
solutions (Xie et al., 2022). Also, Janus evaporators were constructed to 
improve the salt-resistance ability of solar desalination (Chen et al., 
2020a; Li et al., 2022; Paternò et al., 2022; Zhang et al., 2022a). Xu et al. 
developed a Janus evaporator for durable desalination of hypersaline 
water. It displayed good durability for the 20 wt% NaCl with no salt 
accumulation after continuous evaporation for 5 days (9 h one day in the 
simulated daytime) (Li et al., 2022). Tang et al. fabricated a Janus solar 
interfacial evaporator with 3D biomimetic architecture for stable solar 
energy evaporation. It can achieve rapid and steady long-term evapo-
ration abilities without any salt accumulation (Paternò et al., 2022). Li 
et al. demonstrated a solar evaporator with a vast water supply pathway 
and a trapezoidal evaporation surface, and it can keep consecutive 
evaporation for 14 days (Pan et al., 2023). Although many strategies 
have been suggested to improve salt-resistance ability, they are usually 
only used availably under low salinity conditions and low or natural 
light intensity (Li et al., 2023b; Mo et al., 2022;Wang et al., 2021b; Zang 
et al., 2021; Zhang et al., 2023b; Zou et al., 2021). Rare studies reported 
a stable evaporator utilized to resist salt accumulation with high salinity 
under higher sun illumination. Furthermore, constructing photothermal 
SVGs systems with high resistance to environmental corrosion is still a 
critical concern for long-term cyclic evaporation (Wang et al., 2023b; Ni 
et al., 2020). 

Herein, a superhydrophobic sand solar (FPPSD) evaporator was 
proposed by designing and optimizing the core-shell structure (Scheme 

1). The rough surface of the etched sand (SD) particles provided suffi-
cient active sites for subsequent functionalization. Moreover, the 
abundant hydrophilic functional groups endowed the SD with water- 
attraction ability. Furthermore, the SD can spontaneously form 
micrometer-scale pores with configurable shapes and generate ideal 
capillary interaction, which can serve as an efficient pumping channel 
for SVGs (Ni et al., 2020). In addition, experimental and theoretical 
simulation revealed that the polydopamine (PDA) can firmly anchor on 
the sand surface and serve as an effective binder between the poly-
pyrrole (PPy), and 1H,1H,2H,2H-perfluorodecyltriethoxysilane (PFDTS) 
through π-π conjugation and multiple hydrogen bonding effects (Scheme 
1a and b) (Yang et al., 2021; Zhang et al., 2021b). Besides, the raw sand 
has the advantages of wide source and low price, which will be very 
beneficial for practical application. Therefore, the obtained FPPSD 
evaporator demonstrated excellent photothermal evaporation perfor-
mance and salt-resistance ability even after a 96-hour continuous 
evaporation under 3-sun irradiation for 10 wt% saline solution without 
any salt crystallization (Scheme 1c). In addition, such a novel FPPSD 
evaporator showed outstanding environmental stability, maintaining its 
water transport capacity even after being operated under harsh condi-
tions for 30 days, such as strong acid and base, humid acid, glucose, and 
bull serum albumin system. We hope this work can provide an innova-
tive evaporator design with excellent salt-resistance ability and stable 
environmental stability for sustainable solar-driven desalination. 

2. Material and methods 

2.1. Materials 

The sand particles (SD) were provided from Ningbo Longfa Fire 
Engineering Co. LTD. Dopamine hydrochloride, ferric chloride 
(FeCl3⋅6H2O), tris-(hydroxymethyl) aminomethane (Tris), pyrrole 
monomer, hydrochloric acid (HCl), Sodium hydroxide (NaOH) and 
1H,1H,2H,2H-perfluorodecyltriethoxysilane (PFDTS, C16H19F17O3Si) 
were purchased from Aladdin (Shanghai) Co. Ltd. Others were bought 
from Sigma-Aldrich Co. Ltd. 

Scheme 1. Schematic illustration of the superhydrophobic sand evaporator with core-shell structure for enhanced solar interface photothermal evaporation. (a) The 
functionalization of dopamine, PPy, and PFDTS through π-π conjugation and multiple hydrogen bonding effects. (b) The interface modification of the sand particles 
through the pretreatment with sodium hydroxide and dopamine, and the functionalization of PPy and PFDTS. (c) The salt resistance mechanism of the super-
hydrophobic FPPSD evaporator for continuous photothermal evaporation. 
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2.2. Preparation of dopamine/tris mixture solution 

2.43 g of Tris was added to deionized water (200 mL) by magnetic 
stirring. 14.85 mL of 0.1 M HCl was used to adjust the pH was 8.5. Then, 
the above solution was fixed to 400 mL with deionized water to obtain 
the Tris buffer solution. Finally, 0.8 g of dopamine hydrochloride was 
evenly dispersed in the Tris buffer solution under the dark condition to 
form the dopamine/tris (DA/Tris) solution. 

2.3. Preparation of the superhydrophobic FPPSD with a core-shell 
structure 

The superhydrophobic FPPSD was prepared through the in-situ ox-
ygen polymerization method. Firstly, the sands were cleaned with 
deionized water and anhydrous ethanol under ultrasonic conditions for 
1 h, respectively and dried. Secondly, the sands were ultrasonicated in 
NaOH solution (0.5 M) for 2 h, and cleaned with deionized water. 
Thirdly, the NaOH-treated sand was added into the DA/Tris mixture and 
continuously stirred at 40 ℃ for 14 h to allow DA/Tris to polymerize in 
situ on the sand surface to obtain the PDA functionalized sand (PDSD). 
The PDSD was repeatedly washed with deionized water and annealed 
under 90 ℃. Lastly, the PDSD was stirred in the PFDTS/pyrrole (4 wt%) 
mixture for 1 h, and then reacted with FeCl3 aqueous solution (0.5 M) for 
8 h to obtain the PFDTS/PPy/PDA@sand (FPPSD). For comparison, 
PFDTS/PPy/sand (FPYSD) was obtained by in-situ polymerization of 
PFDTS and PPy directly on the NaOH-treated sand surface under the 
abovementioned conditions. 

2.4. Preparation of the solar-driven FPPSD evaporator device 

Petri dish (d = 35 mm, h = 12 mm) was selected as the container for 
solar-driven evaporation. The FPPSD was added inside the container and 

can float on water surface due to the superhydrophobic property. To 
explore the effect of FPPSD loading on the evaporation effect, different 
loading amounts (0.75 g, 1.00 g, 1.25 g, 1.50 g, 2.00 g) of FPPSD were 
used as the photothermal layer. 

3. Result and discussion 

3.1. Microstructure and chemical structure of FPPSD 

The superhydrophobic FPPSD evaporator was fabricated through 
progressive functionalization. Firstly, the raw SD with average size of 
~140 μm was pre-treated with NaOH solution to get a relatively rough 
surface, guaranteeing steady polymers anchor onto the surface of SD 
(Fig. S1) (Ni et al., 2020). Subsequently, PDA was used to modify the 
sand surface to get the PDSD via multiple hydrogen bonds, endowing the 
SD with enhanced light absorption capacity. Finally, the PDSD was 
modified with PPy and PFDTS through van der Waals interactions and 
hydrogen bonds to achieve the desirable superhydrophobic FPPSD 
evaporator with a core-shell structure (Fig. S2). As illustrated in Fig. 1a, 
the raw SD was yellow with a particular cluster. However, after the 
functionalization of SD with PDA, the PDSD became dark green 
macroscopically. Lastly, the FPPSD turned black when PPy and PFDTS 
were decorated onto the PDSD. Moreover, the scanning electron 
microscop (SEM) image of the SD surface dramatically changed at a 
microscopic scale (Fig. 1b). In addition, numerous self-organized pores 
with a diameter of ~45 μm appeared on the SD aggregate, enabling it to 
have remarkable water-wicking ability through the capillary effect 
(Fig. 1c) (Ni et al., 2020). Furthermore, the water contact angle (WCA) 
measurement was explored to explore the wetting behavior. As dis-
played in Fig. 1b, it took <0.01 s for water to penetrate the internal 
network of the SD aggregate due to its capillary force and super-
hydrophilicity (Movie S1). After PDA modification, the PDSD became 

Fig. 1. (a) The photographs of the SD, PDSD and FPPSD (from left to right). (b) The SEM images of the SD, PDSD and FPPSD (Inserting: the WCA of the SD, PDSD and 
FPPSD, respectively). (c) The diameters distribution of the SD aggregates with self-organized pores. (d) XPS results of the SD, PDSD and FPPSD, respectively. 
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more hydrophilic because of the abundant hydroxyl functional groups of 
the PDA (Movie S2). In comparison, the FPPSD became super-
hydrophobic with a WCA of ~160 ◦C after the functionalization of 
PFDTS. It wasn’t easy to adhere the water molecule to the FPPSD surface 
(Fig. S3, Movie S3), demonstrating its superhydrophobic property and 
the core-shell structure. 

X-ray photoelectron spectroscopy (XPS) characterization was further 
implemented to clarify the element changes. As shown in Fig. 1d, among 
these three samples, the SD has a high Si peak and a litter N signal was 
observed. However, a remarkable N peak occurred in the PDSD and 
FPPSD, and the intensity of the N peak assumed an increasing trend 
(Wang et al., 2023d). Moreover, the O peak intensity decreased after the 
decoration of PDA and PPy (Ni et al., 2020). Furthermore, it was noted 
that the F element appeared at the peak of ~689 eV, indicating the 
functionalization of the PFDTS (Fig. 2a, Table S1) (Park et al., 2003). 
Meanwhile, the energy dispersive X-ray spectroscopy (EDS) further 
proved the modification of PDA and PFDTS (Fig. S4 and S5). The low 
surface energy and core-shell structure of the FPPSD will provide robust 
conditions for continuous and stable photothermal evaporation. More-
over, the SD modified with PPy and PFDTS (FPYSD) was also con-
structed to prove the bridging effect of PDA between the SD, PPy, and 
PFDTS. XPS was also used to explore the FPPSD and FPYSD chemical 
information. Fig. 2b showed that the C 1 s signal peaks of FPPSD can be 
divided into four peaks at ~285.0 eV, ~287.6 eV, ~291.5 eV, and 
~293.6 eV, standing for C-C, C-N, C-O, and C-F, respectively (Greczynski 
and Hultman 2020). In comparison, the C-C peak of the FPYSD moved 
towards the lower binding energy (Fig. S6). 

Similarly, the N 1 s peaks of FPYSD can be divided into two peaks at 
~399.8 eV and ~401.6 eV, corresponding to C-N-C and N-H, respec-
tively (Lazar et al., 2019). After modifying the PDA molecules, the N 1 s 
peaks shifted into the higher binding energy (Fig. 2c, S6). These results 

indicated that introducing the PDA molecules can improve the binding 
force of the FPPSD (Lin et al., 2018; Thakur et al., 2014; Wang et al., 
2017). Furthermore, Gromacs molecular dynamics simulation (MD) was 
carried out to verify the interaction between PDA and PPy (Section S1). 
It was found that these two polymer chains were not connected straight 
as usual but formed a core-shell coating structure (Fig. 2d). At the same 
time, the negative energy between the PDA and PPy molecules indicated 
that they were attracted to each other, which was also consistent with 
our hypothesis (Fig. 2e and f). Besides, with the process of modification 
of PDA and PPy, the vibration peaks of Si and O disappeared gradually in 
the Raman spectrum, which better verified the core-shell structure 
mentioned above (the functional group covered the sand to form a 
"shell" that was impenetrable by laser). Moreover, compared with the 
FPYSD, the vibration frequency of the C=C bond was reduced in the 
Raman spectra of the FPPSD, indicating the introduction of PDA gave 
more significant structural and chemical stability, which benefited from 
the electron effect of π-π conjugated interaction between PDA and PPy 
(Fig. 2g and h). 

3.2. Solar vapor generation 

The capacity to absorb light is of the utmost importance for deter-
mining the solar-to-thermal conversion performance. As reflected in 
Fig. 3a, the SD has ~60.45 % absorption of total solar energy (wave-
length of 400~2500 nm). It can be observed that the modification of 
PDA and PPy can significantly enhance the light absorption capacity of 
the FPPSD (~94.63 %) due to the enhancement of the light scattering of 
the FPPSD aggregate. Furthermore, the solar-to-thermal conversion 
ability of the FPPSD with different mass loading was studied. As shown 
in Fig. S7, With the increasing mass of the FPPSD, the thickness of the 
photothermal layer gradually became larger (FPPSD-0.75 g~0.80 mm, 

Fig. 2. (a) F1s spectrogram of the FPPSD particles. (b) C1s spectrogram of the FPPSD. (c) N1s spectrogram of the FPPSD. (d) MD simulation process of the inter-
molecular force between PPy and PDA chain in the FPPSD, the green, red, blue, pink, and white atoms represented C, O, N, F, and H elements, respectively. (e) MD 
simulation result of the intermolecular force between PPy and PDA chain in the FPPSD. The white, blue, red, yellow, gray, and purple atoms represented H, N, O, F, C, 
and Si elements, respectively. (f) MD simulation of the H-bond number of the PPy and PDA chain in the FPPSD. (g) Raman spectra of the SD, FPPSD, and FPYSD, 
respectively. (g) Raman spectra of the PPSD, FPPSD, and FPYSD, respectively. 
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FPPSD-1 g~1.08 mm, FPPSD-2 g~2.08 mm). Meanwhile, the photo-
thermal conversion ability was gradually enhanced. In addition, the ΔT 
between the initial and equilibrated temperature was adapted to study 
the photothermal conversion capacity of the SVGs (Jiang et al., 2016). 
The ΔT was closely related to the load mass of the FPPSD. With the 
increase of the FPPSD mass, the surface temperature gradually increased 
whether it is dry or wet. Moreover, the temperature of the dry state was 
much higher than that of the wet state due to the heat loss from the 
water surface (Figs. 3b, S8). Furthermore, the ΔT of the FPPSD-1 g was 
five times more than water, reaching ~55.6 ℃ under 1-sun irradiation 
(Fig. 3c). It should be noted that the load mass of the FPPSD and the low 
sunlight intensity are two significant factors determining the water 
evaporation capacity. Too much litter of the FPPSD-0.75 g (0.80 mm) 
can lead to holes in the FPPSD layer, reducing the overall solar evapo-
ration efficiency. On the contrary, FPPSD-2 g (2.08 mm) can give rise to 
lower photothermal conversion capacity and unnecessary heat con-
duction inside the FPPSD layer (Chen et al., 2020b; Zhang et al., 2020). 
Consequently, the FPPSD-1 g (1.08 mm) exhibited the maximum evap-
oration rate (1.09 ± 0.04 kg m− 2 h− 1), 3.5 times larger than that of the 
pure water (~0.31 kg m− 2 h− 1) (Fig. S9a). Moreover, the photothermal 
capacity of the FPPSD evaporator gradually increased with the increase 
of the light intensity. The evaporation rate of the FPPSD-1 g reached 
1.09 ± 0.04 kg m− 2 h− 1 under 1-sun irradiation (Figs. 3d, S9b). The 
contribution of the evaporation enthalpy to solar evaporation was also 
important (Wei et al., 2023). The surface temperature of FPPSD-1 g was 
~55.6 ℃ during the evaporation process. Therefore, its evaporation 
enthalpy was calculated as ~2362.786 kJ⋅kg− 1. 

The stability of the photothermal evaporation performance of the 
FPPSD-1 g was further surveyed. Fig. 3e demonstrated that the evapo-
ration rate of the FPPSD-1 g was almost identical to the previous result 

under 1-sun irradiation after eight cyclic photothermal processes. It 
should be pointed out that both the evaporation rate and evaporation 
durability of the FPYSD-1 g were lower than that of FPPSD-1 g under the 
same condition, indicating the stable photothermal structure of the 
FPYSD. Moreover, the solar-to-thermal capacity of the FPPSD was 
calculated according to the energy conversion principle (η) that the 
absorbed heat could be transformed into many forms, such as heat loss 
to the ambient environment, radiative, evaporation, convective, and 
conductive heat loss to the water phase (Zhang et al., 2022b). As shown 
in Fig. 3f and g, the experimental results of the FPPSD have the same 
trend as the theoretical results calculated from the heat loss model 
(Section S2). Moreover, Fig. 3f indicated that the η of the FPPSD 
increased firstly and then descended with the increasing mass of FPPSD. 
Thus, the FPPSD-1 g was endowed with the highest conversion effi-
ciency with η of ~67.57 %, which was slightly lower than that of the 
theoretical calculation. 

3.3. Salt-resistance stability 

The FPPSD evaporator was explored for evaporation because of its 
unique light absorption capacity. Fig. 3h demonstrated that the evapo-
ration rates of the FPPSD-1 g were 1.09 ± 0.01 kg/m2/h, 0.98 ± 0.01 
kg/m2/h, 0.97 ± 0.01 kg/m2/h, 0.93 ± 0.02 kg/m2/h, 0.93 ± 0.01 kg/ 
m2/h under the condition the concentration of NaCl solution was 3.5 %, 
5 %, 10 %, 15 %, and 20 %, respectively. Moreover, after the cyclic 
evaporation, the FPPSD-1 g evaporator almost maintained its perfor-
mance for 3.5 wt% saline water under 1-sun illumination (Fig. 4a). 
Meanwhile, the concentrations of the Na+, K+, Ca2+, and Mg2+ ions 
were significantly reduced by > 99.2 %, which was substantially less 
than those of the standards of the World Health Organization (Fig. 4b) 

Fig. 3. (a) UV–Vis-IR absorption spectra of SD, PDSD, and FPPSD (wavelength of 400~2500 nm) compared with the standard AM 1.5 G spectral filter (gray). (b) IR 
thermal images of FPPSD with different masses under the irradiation of one sun. (c) The temperature curves of the water and FPPSD with different masses under one 
sun. (d) The evaporation rates of the FPPSD with different masses for pure water under one sun. (e) Cyclic photothermal mass change of the FPYSD-1 g and FPPSD-1 g 
under 1-sun irradiation for 3.5 wt% s salty water. (f) The calculation result of photothermal conversion and evaporation efficiency of the FPPSD for 3.5 wt% s salty 
water under the irradiation of one sun. (g) Schematic diagram of the heat loss mechanism of the FPPSD-1 g under 1-sun irradiation. (h) The evaporation rates of the 
FPPSD-1 g for saline water with varying concentrations under the irradiation of one sun. 
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(Ping et al., 2022). The distinguished salt-rejecting ability benefited 
from the superhydrophobic property of the FPPSD evaporator. 

Besides, the FPPSD evaporator presented excellent solar-to-thermal 
capacity under different illuminations. The maximum surface tempera-
ture of the FPPSD evaporator can reach up to ~56.8 ℃, ~67.6 ℃ and 
~85.3 ℃ under the illumination of 1~3 suns, respectively (Fig. S10). 
Correspondingly, the evaporation rates of the FPPSD evaporator ach-
ieved 0.65 kg/m2/h, 1.07 kg/m2/h, and 2.29 kg/m2/h for 10 wt% saline 
water, respectively (Fig. 4c). Moreover, after a 12-hour photothermal 
evaporation process for 10 wt% salty water under 3-sun illumination, 
salt aggregation occurred on the surface of the hydrophobic PPSD 
evaporator but not on the superhydrophobic FPPSD evaporator (Figs. 4d 
and S11). The superhydrophobic FPPSD evaporator almost kept its 
initial photothermal evaporation performance for 10 wt% saline water 
under 3-sun illumination (Fig. 4e). Furthermore, the FPPSD evaporator 
can achieve excellent continuous evaporation performance with an 
average photothermal evaporation rate and daily water volume of 2.88 
kg/m2/h and 56.8 g for 10 wt% saline water under 3-sun illumination 
(Fig. 4f). The excellent photothermal performance was under the joint of 
superhydrophobic intrinsic property and thermal stability of the FPPSD. 
The former gave this evaporator excellent salt-resistance capacity, and 
the latter provided a stable structure for the FPPSD evaporator to carry 
out photothermal water extraction under higher temperatures, as dis-
played in Fig. 4g, with the maximum decomposition temperature up to 
~325 ℃. Consequently, the salt-resistance ability of the FPPSD evapo-
rator was far beyond most of the state-of-the-art reported evaporators 
(Fig. 4h, Table S2) (Chen et al., 2023b; Deng et al., 2023; Fan et al., 
2023; Gao et al., 2023; Li et al., 2023c, 2023a; Ma et al., 2023; Peng 
et al., 2021; Wang et al., 2023e; Wilson et al., 2023; Wang et al., 2023a; 
Wu et al., 2023; Wang et al., 2023c; Xiong et al., 2020; Xu et al., 2023b; 

Yang et al., 2022; Zhang et al., 2023a; Zheng et al., 2023). 

3.4. Environmental stability 

The environmental stability of the FPPSD evaporator under different 
harsh environments is essential for further application. Hence, the 
durability of the FPPSD evaporator was further estimated by studying 
the micromorphology structure and wettability. As shown in Fig. S12, 
the PPSD evaporator cannot kept its initial micromorphology and 
chemical element. Surprisingly, the FPPSD evaporator kept its initial 
micro/nanostructure even after being treated with NaOH (pH=14), 
H2SO4 (pH=0), BSA (1 wt%), glucose (5 wt%) and HA (1 wt%) for 30 
days (Fig. 5a). 

Furthermore, the FPPSD evaporator maintained the super-
hydrophobic property under these harsh conditions, demonstrating its 
stable core-shell structure (Fig. 5b). The FPPSD evaporator presented 
stable solar desalination capability for 3.5 wt% saline water under one 
sun (Fig. 5c and d). In addition, it showed excellent environmental 
stability compared with the evaporations reported previously, implying 
its possibility of practical application (Table S3). The photothermal 
evaporation performance of the confined FPPSD evaporator in the actual 
environment was investigated. As displayed in Fig. 5e, the outdoor 
temperature and light intensity changed frequently. The maximum 
temperature and light intensity reached ~30.7 ℃ and ~1.05-sun. Under 
this environment, steam was continuously generated from the FPPSD 
evaporator surface, and a sealed chamber was designed to collect 
distilled water (Fig. 5f and g). Furthermore, there was no salt crystalli-
zation on the surface of the FPPSD evaporator, demonstrating it can 
effectively manage pure water during the practical application of pho-
tothermal evaporation (Fig. 5 and h). 

Fig. 4. (a) Cyclical evaporation of the FPPSD-1 g for 3.5 wt% saline water under one sun. (b) Ion contents in the simulated seawater before and after the evaporation 
of the FPPSD-1 g for 3.5 wt% saline water under one sun. (c) The evaporation rates of the FPPSD-1 g for 10 wt% saline water under different sun illuminations. (d) 
The photographs of the FPPSD-1 g for 10 wt% saline water and the salt absorption process under 3-sun illumination. (e) The continuous evaporation rates of the 
FPPSD-1 g and PPSD-1 g for 10 wt% saline water under 3-sun illumination. (f) The continuous evaporation performance of the FPPSD-1 g for 10 wt% saline water 
under 3-sun illumination. (g) TG and DTG curves of the FPPSD-1 g. (h) The comparison of different previous evaporations reported and this work for their salt- 
resistant performance. 
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4. Conclusions 

The emerging solar-driven interfacial desalination provides an op-
portunity for settling the global freshwater crisis. Nonetheless, the salt 
accumulation inevitably blocks the channel of steam evaporation. It 
reduces the service period of the solar absorber, leading to a deterio-
ration of the evaporation performance and long-term stability. Here, a 
novel FPPSD evaporator was constructed by functionalizing PDA, PPy, 
and PFDTS on the sand surface through π-π conjugation and multiple 
hydrogen bonding effects. For one thing, the specific collective behav-
iors of the sands can generate desirable capillary force to supply effec-
tive water-pumping channels. Introducing the PFDTS with low surface 
free energy also gave the FPPSD excellent salt-resistance performance. 
Meanwhile, the core-shell structure of the FPPSD was designed inge-
niously to manage micro-grade water transport and improve environ-
mental stability. Under the function of water steam management and 
core-shell system, the FPPSD evaporator exhibited a transcendental 
salt-resistant property with no salt accumulation on its surface even in 
10 wt% brine for continuous 96 h illuminations under 3-sun illumina-
tion, better than the results of the reported works. Furthermore, this 
FPPSD evaporator demonstrated outstanding environmental stability 
that kept its initial core-shell structure, wettability, and water transport 
capacity even after being treated with harsh operating conditions for 30 
days. In addition, outdoor experiments demonstrated clean water col-
lecting ability and excellent salt-resistance ability. With excellent salt 
resistance and stable environmental stability of the FPPSD evaporator, 
this design will hold an attractive platform for sustainable solar-driven 
desalination. 
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