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Solar desalination separates freshwater and salt from brine by utilizing solar energy, which is an ideal
solution to the global water crisis. Among all parts of a solar-evaporator, the brine—solid interface is the
central element where major events, including water evaporation, salt crystal nucleation, brine wetting,
de-wetting, etc., take place. Surface wettability of solar evaporators plays a leading role in enhancing
energy conversion efficiency, as it governs many key factors including water spreading, transport,
evaporation, salt adhesion, etc. In this review, we establish the correlation between surface wettability

and the multiple solar desalination processes, i.e., mobility of the three-phase contact line, salt crystal
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Accepted 20th June 2022 nucleation and growth dynamics, liquid/salt/vapor transport path, droplet nucleation and growth, etc.

Recent highlights on super wettability-empowered highly efficient solar desalination systems are also
DOI: 10.1039/d2ta03255d discussed. Finally, existing challenges and future opportunities in efficient, continuous, and industrial-

rsc.li/materials-a scale desalination systems based on super wettability are outlooked.
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1. Introduction

Freshwater shortage is a major global challenge in modern
society."” Considering the abundant seawater source on earth,
desalination has emerged as a promising technique to relieve
the stress of the global water crisis.>* Currently, technologies
including reverse osmosis (RO), multistage flash distillation
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(MSF) and multi-effect distillation (MED) are widely used in
seawater desalination plants.>” However, all of the above-
mentioned technologies require considerable energy input
and are high cost in installation and operation. Solar-driven
evaporation is an ancient yet cost-effective method to separate
water and salt from brine, using sunlight as the only energy
source. Conventional solar evaporation generally shows low
evaporation rate because the solar absorbers are located at the
bottom or dispersed in the bulk water, heating of which results
in considerable heat loss.*™*°
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Recently, solar-driven interfacial evaporation is considered
as an attractive approach for highly efficient desalination due to
the fact that heat is localized at the air/water interface.”* In
this technology, solar-absorber floats on the water surface.
Sunlight is concentrated on the surface of the absorber,
resulting in fast photothermal water vapor generation at the air/
water interface. During solar evaporation, water transports from
bulk water to the evaporator surface and spreads; meanwhile,
salt ions adhere on the evaporator surface or diffuse back to
bulk water. All these processes take place at the brine/solid
interface. To promote the desalination efficiency, a great
many approaches have been put forward. Correspondingly,
many comprehensive reviews have emerged. For example,
Yamauchi et al. summarized the solar-powered sustainable
water production from brine, atmospheric and polluted water."®
Wang et al. presented an overview of the salt mitigation strat-
egies to avoid salt accumulation on evaporator surface.'® Yu
et al. systematically summarized the progress of interfacial solar
vapor generators from the view of photothermal carbon mate-
rials." Lai et al. reviewed the recent advancements and design
principles of bioinspired solar steam generators and steam
harvesting devices.’®* In solar desalination, phase changes
including water evaporation, salt crystallization, and vapor
condensation occur at the liquid-solid interface. Therefore,
interfacial wettability has a significant impact on solar desali-
nation efficiency. In early stage, evaporator with hydrophilic
porous structure was developed due to its great water transport
ability. However, there was huge heat loss along with water
transport in this design.>*?® To suppress heat loss, insulation
foam was introduced at the bottom of the hydrophilic
membrane, and water transport was confined within one-
dimension (1D)/two-dimension (2D) water path.> By rationally
optimizing the evaporators, high evaporation rate (>90%) was
achieved for the hydrophilic evaporators. Nevertheless, fast
water evaporation at the air/water interface inevitably resulted
in salt accumulation on the evaporator's surface, further
causing significant decrease in the overall evaporation effi-
ciency. As a solution, some researchers chose hydrophobic
evaporator to reduce salt-adhesion. However, such kind of
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evaporators are usually ultra-thin, limited by the poor water
transport ability of hydrophobic surface. This thin structure
results in great heat loss. Later, hydrophobic and hydrophilic
surface were coupled into one evaporator, realizing high evap-
oration rate and salt-repellence. Typical designs include
hydrophobic/hydrophilic Janus evaporators and patterned
hydrophobic/hydrophilic evaporators.>~*

All the strategies mentioned above could increase the
production of freshwater by enhancing evaporation rate of the
solar stills, yet water condensation performance of the system
was not considered. In fact, the overall production of freshwater
closely relates to rate of vapor condensation, which is highly
influenced by the surface wettability.” Therefore, surface
wetting behavior plays an important role in the entire desali-
nation process, including salt adhesions, water transport,
vaporization of water molecules and vapor condensation, etc.
(Fig. 1).

With the rapid development of solar-based desalination,
wettability manipulation has emerged as a recent research hot
spot. New materials, concepts and fabrication methods have
been applied into the evaporators for highly efficient, long-term,
and stable water desalination engineering. It is therefore urgent
to provide a timely overview on the important progress in this
field. In this review, we focus on the latest development in the
super-wettability-empowered highly efficient solar desalination
systems, including water evaporator and vapor condenser. The
water evaporators are categorized into hydrophilic, hydro-
phobic and hydrophobic/hydrophilic evaporator. The design
strategy, work principle and the critical issues in each type of
evaporator are discussed. Moreover, we evaluated the influence
of surface wettability on vapor condensation. Finally, the chal-
lenges and future research prospects for developing high-
performance solar evaporation system based on super-
wettability are outlooked. This review provides comprehensive
guidelines for wettability-enhanced solar desalination systems.

2. Hydrophilic evaporators
2.1. Hydrophilic channels for fast water transport

Most porous absorbers are naturally hydrophilic, which
provides water transport channel readily. Hydrophilic interfa-
cial evaporator dates back to 2014. Since then, much effort has
been devoted to promoting evaporation efficiency from aspects
of extending air/water interface, suppressing heat loss and
encouraging salt-rejection and so on. In 2014, Ghasemi et al.*®
proposed a double layered structure (DLS) consisting of
a carbon foam layer (10 mm thick) supporting an exfoliated
graphite layer (~5 mm thick). In this design, solar vaporization
at air/water interface was resulted from the synergy among top,
bottom, and middle layer of the desalination system: (i) broad
band absorbing in solar spectrum by the top exfoliated graphite
layer, (ii) bottom insulating carbon foam, (iii) hydrophilic inner
pores in the middle layer promoting water flow directly to the
upper surface. A solar-energy conversion efficiency up to 85% at
10 kW m~? was achieved (Fig. 2a). This porous evaporator was
the first attempt to combine light-absorption, thermal insu-
lation and water transport into one system to improve the final
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Fig. 1 Schematic diagram of solar-driven interfacial desalination system based on super-wettability. According to surface wettability, the
evaporators could be categorized into hydrophilic, hydrophobic and hydrophilic/hydrophobic-hybrid types. Following the distinct wettability on

the condenser, there are drop-wise and film-wise vapor condensation.

evaporation efficiency. Because of the intrinsic porous structure
and hydrophilic property, wood was widely utilized to fabricate
solar evaporators. In a typical work reported by Li et al., the
hydrophilic and micro-channeled porous structures in
polypyrrole-decorated wood (PPy-wood) benefited for fast water
transport and steam escape.** This PPy-wood evaporator
showed an evaporation rate of 1.014 kg m > h™" and evapora-
tion efficiency of 72.5% (Fig. 2b). Hu et al. prepared hydrophilic
cellulose nanofibrils-carbon nanotube (CNF-CNT) aerogel with
macro-channels of 200-300 pm in width for water pumping and
CNT layer for sunlight absorption. Results showed that a 76.3%
solar-energy conversion efficiency and 1.11 kg m > h™' evapo-
ration rate under 1-Sun could be achieved (Fig. 2c).>* Besides,
different kinds of photo-thermal materials and porous structure
were adapted to fabricate hydrophilic solar evaporator in recent
years, such as 3D-printed hierarchical porous cellulose/alginate/
carbon black hydrogel solar evaporator,” MXene hydrogel
membrane,* bacterial nanocellulose (BNC)/polydopamine
(PDA) foam,*?* etc. Solar-energy conversion efficiency
increased from ~70.0% to ~90.0% by material selection and
structure regulation. Although solar-to-vapor conversion effi-
ciency was beyond 90% by optimizing the hydrophilic porous
structures, the vapor generation fluxes are still below 1.6 kg m >

19350 | J Mater. Chem. A, 2022, 10, 19348-19366

h™' under 1-Sun illumination due to the high vaporization
enthalpy of pure water.

2.2. Hydrogel evaporators with reduced water vaporization
enthalpy

Yu and coworkers made a successful attempt to reduce water
vaporization enthalpy and dramatically boosted the water
generation rate by tuning water states and phase transition
behaviors on hydrogels with various hydrophilic functional
groups, including hydroxyl (-OH), amino (-NH,), amide
(-CONH-), carboxylic acid (-COOH), and sulfonic acid (-SOsH),
and so on.**?® Firstly, they constructed a hierarchically nano-
structured gel (HNG) evaporator using polyvinyl alcohol (PVA)
hydrogel and polypyrrole (PPy) nanoparticles. The internal gaps
and micro-scale channels inside the hydrophilic PVA hydrogels
facilitate rapid water transport to the evaporation surface by
molecular diffusion and capillary pumping. More importantly,
high ratio of intermediate water exists due to the surface tension-
induced weakening of hydrogen bond, which was evidenced by
Raman infrared spectra. Specifically, a molecule of free water can
interact with four adjacent water molecules through hydrogen
bonding in bulk water. While, it interacts with less than four
water molecules as in the intermediate state. As a consequence, it

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Hydrophilic evaporators with channels for fast water transport. (a) A solar absorber with carbon foam supporting an exfoliated graphite,
both layers are hydrophilic to promote capillary rise of water to top surface. Reproduced with permission from ref. 20, copyright (2014) Springer
Nature. (b) PPy coated wood with effective photothermal conversion and efficient water supply. Reproduced with permission from ref. 30,
copyright (2019) RSC. (c) Schematic illustration of all-nanofiber CNF-CNT aerogel used for solar steam generation. A bilayer structure of bulk
CNF aerogel coated with thin layer of CNT constitutes the steam generation device. Reproduced with permission from ref. 31, copyright (2018)

ACS.

takes less energy to break hydrogen bond and escape from liquid
surface for an intermediate water molecule than that for a free
water.*® The vaporization enthalpy of water confined in the HNG
molecular mesh is ~1700 J g~*, much smaller than that of pure
water (2444 J ¢ ). The HNG showed a high vapor generation rate
of 3.2 kg m > h " under 1-Sun, which is almost twice higher than
the one reported previously (Fig. 3a, b).*® Greer et al. designed
a PVA/PPy hydrogel membrane populated with three-
dimensional (3D) tree-shaped surface microstructures. The
reduced water evaporation enthalpy of the PVA/PPy hydrogel and

This journal is © The Royal Society of Chemistry 2022

increased light absorption efficiency of the 3D micro-tree arrays
enable a high solar vapor generation (3.64 kg m~> h™") under 1-
Sun (Fig. 3c).** Thereafter, several other works were reported
based on hydrophilic evaporators with reduced vaporization
enthalpy and high evaporation rate.*”** Recently, Cheng et al.
reported that the micro-meniscuses and microdroplets appeared
on the hydrophilic carbon cloth (CC)/PPy array could reduce
water evaporation enthalpy of the system, resulting in a high
evaporation rate of 2.16 kg m~> h™' under 1-Sun.*

J. Mater. Chem. A, 2022, 10, 19348-19366 | 19351
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Fig. 3 Schematic diagram of highly efficient solar vapor generation basing on tailored water transport in HNGs. (a) The HNG consists of
hierarchical porous structures, including internal gaps, micron channels and molecular meshes, wherein the solar absorber (PPy) penetrates the
polymeric PVA network of the gel. Reproduced with permission from ref. 40, copyright (2018) Springer Nature. (b) Upon solar radiation, the
absorbers in the molecular meshes of the floating generator are heated, facilitating evaporation of water confined in the polymeric network (1).
Meanwhile, the evaporated water can be rapidly replenished via branched water diffusion (2) and pumping (3) through micron channels and
internal gaps, respectively. Reproduced with permission from ref. 40, copyright (2018) Springer Nature. (c) Conceptual representation of the PVA/
PPy hydrogel membrane with micro-topologies that is capable of 24 h freshwater harvesting. Reproduced with permission from ref. 41,

copyright (2021) Springer Nature.

2.3. Suppressing heat loss in confined water path

For evaporators designed to make direct contact between
absorber surface and the bulk water phase, the bottom hydro-
philic layer acts to both insulate heat and provide channels for
water transport. However, when the inner pores are filled with
water, their heat-insulation performance deteriorates. To
improve efficiency of the energy conversion from solar irradia-
tion to water vaporization, an evaporator with confined 2D
water path was devised by Zhu and coworkers.*® The evaporator
consisted of an upper light-absorber graphene oxide (GO) film
and a bottom cellulose-wrapped polystyrene foam. The hydro-
philic cellulose wrap provided a 2D water path, and the poly-
styrene foam (1.6 cm thick, thermal conductivity of ~0.04 W
m~' K~ ') was used as the thermal insulating layer between the
GO film and bulk water. Reduced heat loss resulted in an energy
transfer efficiency of 78%, which is much higher than that in
GO-based direct contact design (39%) (Fig. 4a). By separating
water path and heat insulation layer, heat loss to bulk water can
be reduced effectively. Guided by the principle of suppressing
thermal loss using confined water path, Hu and coauthors
fabricated a TiAION-based hydrophilic NiO disc with 1D water
channels. This channel design succeeded in preventing thermal
loss to bulk water, and TiAlION-based absorber enhanced solar
absorption ability effectively, leading to a solar-energy conver-
sion efficiency of 73.3% (Fig. 4b).*” Moreover, a jellyfish-like
solar steam generator was prepared, consisted of a porous
carbon black/graphene oxide (CB/GO) composite layer with
aligned GO pillars (1D water path) and expanded polystyrene
(EPS) matrix. This evaporator showed an energy conversion
efficiency of 87.5% (Fig. 4c).”® Similarly, a bilayer evaporator

19352 | J Mater. Chem. A, 2022, 10, 19348-19366

composed of hydrophobic polyvinylidene fluoride (PVDF)
nanofibers and hydrophilic carbon black/polyacrylonitrile (CB/
PAN) composite nanofiber layers was also prepared through
electrospinning technology. The porous hydrophobic PVDF
nanofiber layer served both as a floating support and thermal
barrier to suppress heat dissipation. The hydrophilic CB/PAN
composite nanofiber layer on the top converted solar irradia-
tion into available heat energy. Water that was transported
upward through punched holes in the PVDF nanofiber layer
spread throughout the hydrophilic CB/PAN composite nano-
fiber layer quickly under capillary effect. This hydrophobic/
hydrophilic double layer assembled evaporator showed a solar
energy conversion efficiency of 82.0% under 1-Sun (Fig. 4d).*
Collectively, in the very early stage of solar desalination devel-
opment, most evaporators demonstrate a solar-to-vapor
conversion efficiency between 70% and 80%. After 5 years of
progress, the energy conversion efficiency has been pushed to
the theoretical limit, with thermal radiation and diffuse reflec-
tance as two major sources for energy loss in the 2D
evaporators.

2.4. Three-dimensional (3D) structured evaporator surface

To further reduce energy loss induced by thermal radiation and
diffuse reflectance, Jiang et al. proposed a bio-inspired 3D
photothermal cone with minimum light reflection and heat
loss.* The artificial photothermal cone was facilely fabricated
by folding a polypyrrole (PPy) coated PVDF membrane. Owing to
the conical morphology, the photothermal cone could absorb
99.2% of light in the solar spectrum, while the plane photo-
thermal film showed only ~93% light absorbance in the same

This journal is © The Royal Society of Chemistry 2022
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Fig.4 Evaporators with confined water path to suppress heat loss. (a) Schematics of solar desalination devices with suppressed heat loss and 2D
water supply path. Reproduced with permission from ref. 46, copyright (2016) PNAS. (b) Conceptual diagram and picture of solar vapor generator
with 1D water supply channel. Reproduced with permission from ref. 47, copyright (2017) Elsevier. (c) Principle illustration of the jellyfish-like
evaporator. Porous GO pillar functions as water transport channel. EPS matrix acts as thermal insulator layer. The CB/GO composite layer
absorbs light and converts it to thermal energy. Reproduced with permission from ref. 48, copyright (2017) Elsevier. (d) Schematic illustration of
cross-section of the CB/PAN//PVDF evaporator. Hydrophilic CB/PAN was used to transport water up to the evaporator surface, and hydrophobic
PVDF was used as thermal insulator. Reproduced with permission from ref. 49, copyright (2018) Wiley.

solar spectrum. Meanwhile, heat loss to the bulk water could be
suppressed simply by adjusting the contact area between the
cone and water without using thermal insulation layer. For the
cone evaporator, 1.70 kg m~> h™" of evaporation rate and 93.8%
of thermal conversion efficiency under 1-Sun was achieved,
which is about 1.7 times as high as the results obtained for the
2D surfaces (Fig. 5a). Soon afterwards, Wang and coworkers
reported another 3D cylindrical cup-shaped solar evaporator.
Surface of the evaporator was made of hydrophilic quartz glass
fibrous (QGF) filter/CuFeMnO, with a diameter of 4.7 cm and
a height of 5-13 cm.** Wall structure of this design not only
absorb reflected light, but also reuse thermal radiation from the
bottom of the cup, therefore minimizing the energy loss.
Moreover, temperature of the cup’s outer wall surface was found
to be lower than both that of the inner wall and the surrounding
air due to the absence of energy recycle from the bottom part
and fast water evaporation on the outer wall. In results, the
outer wall gained additional energy from the ambient air and
accelerated the local evaporation process. Above all, the cup-
shaped structure showed a high energy efficiency close to
100% under 1-Sun and high steam generation rate of 2.04 kg
m 2 h™", which is higher than most 2D evaporation surfaces
(Fig. 5b). To adapt diverse environmental conditions, Chen et al.
prepared kirigami evaporator using flexible and structurally
tailorable cellulose paper, which was functionalized by poly-
pyrrole particles (PPyP). The PPyP was switchable between 2D
and 3D structures. Under 1-Sun irradiation, the evaporation rate

This journal is © The Royal Society of Chemistry 2022

of the 2D and 3D PPyP were 1.47 kg m > h™ 2

h™*, respectively (Fig. 5¢).*

In 3D evaporators, the 3D structures suppress heat loss,
increase evaporate area, improve light-harvesting and absorb
excessive energy from surroundings, which all help accelerate
the evaporation rate effectively. To date, more and more 3D
evaporators with various structures aiming to improve light-
harvesting and better thermal management have been estab-
lished, many of which present high evaporation rate from 2.0 to
3.0 kg m~> h™".%% On hydrophilic 3D surface, the processes of
water transport, water evaporation and salt precipitation
coexist. The high evaporation rate on the 3D evaporator calls for
fast water transport for a continuous evaporation, which is
guaranteed by the high hydrophilicity. Unfortunately, high
hydrophilicity and fast water transport also lead to fast salt
accumulation and strong adhesion of salt crystals to the 3D
surface. Therefore, one should carefully tailor the surface
wettability to balance the desalination efficiency and long-term
stability of the 3D evaporator.

" and 2.99 kg m™~

2.5. Anti-salt accumulation strategy based on salt diffusion
in hydrophilic evaporator

Salt accumulation on the vaporization interfaces not only cau-
ses dramatical reduction in light absorption, but also blocks
water and vapor transport. Although great efforts have been
made to improve the evaporation rate and energy utilization
efficiency of hydrophilic solar evaporators, salt accumulation on
the surface is a still a key challenge for its long-term application.

J. Mater. Chem. A, 2022, 10, 19348-19366 | 19353
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Salt crystal nucleation and growth are prone to take place on the
hydrophilic evaporator surface as the concentration of brine
increases during solar evaporation.”® Meanwhile, salt ions
diffuse back to the bulk liquid from the evaporator surface due
to the concentration gradient.®” This dynamic balance between
ion concentration and ion diffusion at the evaporator surface
determines whether salt accumulation occurs or not. Consid-
ering principle of this dynamic balance, a salt-rejective floating
solar evaporator was built through rationally tuning ratio of the
fabric wick to the total evaporating surface. The hydrophilic
fabric wick was able to pump water to the solar-absorbing
surface, while pushing the concentrated salt solution down
back to bulk water via diffusion and advection. This evaporator
exhibited salt-rejection capability even after 7 days evaporation
in 3.5 wt% brine under 1-Sun (Fig. 6a).*® Taking advantage of
the inherent bimodal porous and interconnected

19354 | J Mater. Chem. A, 2022, 10, 19348-19366

microstructures of balsa wood, He et al. constructed another
salt-rejective evaporator capable of transporting high-salinity
brine from wood surface back to bulk water.”® Their design
succeeded in sustaining stable evaporation even in high-salinity
brine (15 wt%) under 6-Suns (Fig. 6b). Afterwards, Dong et al.
prepared an evaporator based on carbon nanotubes@SiO,
nanofibrous aerogels (CNFAs), which showed a cellular archi-
tecture composed of vertically aligned vessels and porous vessel
walls (Fig. 6¢1). Due to this unique cellular architecture, the
CNFAs exhibited an excellent salt-resist performance for brine
with both low and high salinity under the combined effect of
convection and diffusion (Fig. 6¢2). This evaporator held an
evaporation rate of 1.50 kg m~> h™" under 1-Sun, and no salt
precipitation was evidenced on the surface of aerogel in 20%
brine under 6-Suns of irradiation.*® Li et al. prepared
attapulgite-based aerogels by freeze-drying method (Fig. 6d1).

This journal is © The Royal Society of Chemistry 2022
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The vertical channel structure in the aerogel provides pathways
allowing for water transmission and circulation (Fig. 6d2, d3),
resisting salt accumulation even in highly concentrated brine.
The evaporation rate for a 20 wt% brine is 1.3-1.5 kg m >
h™'.%%2 Based on this salt diffusion strategy, various other
evaporators have been developed for solar desalination.®
However, as the compensation of salt-resistance, heat loss along
with fast convection to bulk water is inevitable, the evaporation
efficiency of most hydrophilic evaporators are therefore lower
than 90%.

2.6. Hydrophilic evaporators with controlled salt
precipitation for water and salt recovery from high-salinity
brine

High evaporation rate and salt-rejecting are hard to realized
simultaneously in the hydrophilic evaporator system, especially
for high-salinity brine. Moreover, valuable mineral resources
could not be collected in the salt-diffuse-back strategy. There-
fore, solar evaporators with controlled salt precipitation were
proposed for continuous vapor generation and salt-harvesting.
In this mechanism, capillary force drives water to transport
ions to a specific region. As water gradually escapes, salt
concentrates and precipitates near the water margin. Through
rational design of the evaporator's structure, salt precipitation
is confined in a specific region on the surface and high light-
absorbance could be preserved. The accumulated salt parti-
cles may spontaneously drop off or be easily scraped off, real-
izing salt-recovery and zero-liquid discharge. For instance, Xia
et al.®® proposed an umbrella-shaped steam generator with
a horizontal evaporation disc and a vertical solution uptake
thread. The evaporation disc was a 3-layer structure composed
of a light-absorbing layer (CNTs), a water spreading layer
(superhydrophilic filter paper) and a thermal insulation layer
(PS foam). A twined cotton thread was inserted into the center of
the evaporation disc, transporting bulk water from the bottom
to the disc atop. The levitated water then spread on the evapo-
ration disc, generating a radial concentration gradient from the
centre to the edge. As a result, salt precipitated only at the edge
of the evaporation disc, preserving the central surface for effi-
cient light absorption. The accumulated salt fell off the surface
under gravity as it grew. Under 1-Sun, the evaporator showed
a stable evaporation rate of 1.42 kg m™> h™' and solar-
conversion-efficiency of 81.2%. Moreover, continuous steam
generation and salt harvesting were achieved in long-term
operation (over 600 h) owing to the edge-preferred crystal-
lisation and self-falling phenomenon of edge-accumulated salt
(Fig. 7a).

Different from salt accumulation strategy at the disc edge,
Song et al. built a pyramid-shaped evaporator using 3D printing
technique. This biomimic design was a combination of asym-
metric capillary ratcheted structure from shore-beak and
oriented micro-cavity arrays from pitcher plant. Because of the
unique structure, water spread fast from bottom to apex of the
pyramids along the grooves. There was a thickness and evapo-
ration rate gradient of water film from along the grooves,
resulting in the salt concentration gradient and localized salt
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crystallization at the apex of the pyramid-shaped evaporator.
Due to the well-preserved light-absorbing surface and addi-
tional energy acquired from the surrounding environment, this
design resulted in high evaporation rate of 2.63 kg m 2 h™*
under 1-Sun for high salinity brine (25 wt%) (Fig. 7b1). The
locally crystallized salt free standed at the apex without
contaminating the rest surface of evaporator, and was easily
removed through inclining the evaporator (Fig. 7b2). The high
rate of evaporation and easy procedure of salt collection indi-
cate its potential for high-salinity brine recovery during
desalination.®”

The concept of coupling structures for light-absorbing and
salt precipitation was also applied in a cup-shaped evaporator.*®
Shi et al. reported an evaporator made of hydrophilic silica-
carbon-silica fibrous membrane, expanded polystyrene (EPS)
foam and hydrophilic quartz glass fibrous strip. Water was first
transported to the bottom center of the cup by the strip passing
through a hole in the EPS foam and then spread out to the edges
along the radial directions. In this work, only the outer wall was
used as water evaporation surface and salt concentration
gradually increased on the outer wall due to the continuous
water removal via evaporation. Bottom and inner walls of the
cup remained clean for light absorption (Fig. 7c). As a result, no
salt precipitation was observed at bottom of the inner cup
during 24 h-long test for 10 wt% and 15 wt% brine. With
rational design, salt ions crystallized at one end of the evapo-
rator strip® or the termini of the wing-structured evaporator.”™
Solar desalination and salt extraction were achieved at the same
time. As a promising strategy for high-salinity brine desalina-
tion, this site-specific salt crystallization concept has been
further validated in other evaporators.”7*

Fast water transportation is the main advantage of the
hydrophilic evaporator, which provides efficient water supply
and ion diffusion channel. However, the heat loss that comes
along with water transportation should be prohibited. Hydro-
philic evaporator with rational design of water transport
channel have been extensively studied in the past decade.
Moreover, directional liquid transport in hydrophilic evaporator
provides a special insight into the design of salt recovery
evaporator.

3. Hydrophobic evaporators
3.1. Hydrophobic film/particle-based evaporator

Hydrophobic surface is an effective way to prevent salt deposi-
tion during seawater desalination. In several works, researchers
focused on using hydrophobic surfaces to prevent salt adhe-
sion. Liu et al’ reported a carbon black-based super-
hydrophobic gauze, which is able to float on a water tank and
selectively heat up the water surface under light irradiation. The
evaporation rate was 3 times higher than that for the control
(Fig. 8a). Aside from hydrophobic self-floating film, various
hydrophobic nanoparticles, such as PFOTS-modified lithiated
titania,”” Fe;0,@C core-shell nanostructures’ and magnetic
Fe;0,4, MnFe,0,, ZnFe,0,, CoFe,0,,”” could also self-assembled
into floating thin films with interfacial heating function. The
water evaporation efficiency was significantly enhanced by 3

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2ta03255d

Published on 30 June 2022. Downloaded on 2/20/2026 8:43:07 AM.

Review

View Article Online

Journal of Materials Chemistry A

(@

Continuous steam generation

iy 4 thread

salt Crystals (© i =\

21%

ﬁoﬁul In;uulu
Water flux Waterjiflux 459

100 h 200 h 300 h 400 h 500 h

600 h

(b1) Capillary ratchet

Micro-cavity arrays Localized crystallization

—

4

-

——————— —————

: |||Il

-
-

e

1
1
1
1
1
1
1
1
1
i

X

.
|8

c\g

i

]

Free standing

- 4

Fig. 7 Hydrophilic evaporators with special structures for water and salt recovery from high-salinity brine. (a) Schematic illustration of the
umbrella-like steam generator for continuous solar steam generation and salt harvesting. Reproduced with permission from ref. 66, copyright
(2019) RSC. (b1) Design of the biomimetic pyramid-shaped evaporator inspired by a bird beak with capillary rachet capable of transport liquid
directionally and peristome of pitcher plant with micro-cavity arrays. (b2) The evaporation performance and salt harvesting versus time.
Reproduced with permission from ref. 67, copyright (2020) Springer Nature. (c) Scheme of cup shaped solar evaporator, and its evaporation
performance for saturated brine. Reproduced with permission from ref. 68, copyright (2018) ACS.

folds as that of the nanoparticle suspension. Similarly,
millimeter-sized self-floating hollow carbon spheres (HCSs)
with interpenetrating, open-porous carbon shell and huge
external voids permitted rapid transport of molecules
throughout its hollow structure.”®” Upon treating salt water
(salinity of 3.5%), these HCSs showed a water evaporation rate
about two times higher than that of the conventional bulk
heating scheme under the same artificial sunlight (Fig. 8b). Due
to their nonwetting property, this hydrophobic evaporator
generally exhibits improved stability in corrosive and salty
environment as well as great recyclability. However, the

This journal is © The Royal Society of Chemistry 2022

hydrophobic structure blocks water molecules together with
salt ions, which considerably reduces the evaporation rate.
Moreover, to avoid salt clogging, the self-floating films require
to be ultra-thin, sacrificing thermal insulation.

3.2. Evaporator with confined thin water film for anti-salt
fouling and heat management

To suppress the heat loss and prevent salt accumulation, the
concept of confined thin water layer on evaporator surface was
proposed. Zhu et al. demonstrated a water lily-inspired hierar-
chical structure with top hydrophobic absorber for light-
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absorbance and water vapor escape pathway, and the bottom
stand acted for heat insulation.®® A thin water film was sand-
wiched between the absorber and the stand. The thin water
layer was related to stable and efficient solar evaporation from
highly concentrated brine in two ways: (i) the absorbed solar
energy was concentrated in this thin water layer for evaporation,
therefore the heat loss to bulk water could be suppressed
effectively, (ii) salt/solute would be excreted downward with
water in the channels rather than on the absorber surface.
Consequently, this water lily-inspired evaporator enabled 80%
solar-to-vapor conversion efficiency upon treating 10 wt% brine
and 30 wt% waste-water. Neither fouling nor decrease in evap-
oration rate was observed until water was completely evaporated
(Fig. 9a).

Based on the strategy of confined thin water film, Wang et al.
fabricated a water strider-inspired suspended solar evapo-
rator.*” The water-surface-underneath solar evaporator (WSUSE)
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with a density of 1.3 g cm > consisted of a hydrophobic wood
frame, a hydrophilic solar absorber and a heat-insulation layer.
Relying on the surface tension force acting on the hydrophobic
frame, the solar evaporator suspended stably right underneath
water surface, confining a thin water film on the absorber
surface, which is beneficial for salt-resistance and efficient
energy utilization. And the thin water film was well preserved in
long-term desalination. When it was used to treat high-salinity
brine (20 wt%), no salt-accumulation was observed during 4
hours evaporation process and evaporation rate of 1.35 kg m >
h™' was achieved (Fig. 9b). In this system, it is critically
important to maintain the confined thin water film with
a constant thickness during long-term desalination for contin-
uous and stable evaporation performance. Due to the weak
adhesion of salt crystals to hydrophobic surfaces, salt accu-
mulation issue is avoided, which favors the long-term desali-
nation. In thin-film hydrophobic evaporators, however, salt
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Fig. 8 Hydrophobic film/particle-based evaporators. (a) The carbon black-based super-hydrophobic gauze was able to float on the water
surface and evaporation occurred at the liquid—air interface. Reproduced with permission from ref. 74, copyright (2015) ACS. (b) Hydrophobic
HCSs particles floating on the water surface as evaporator and the evaporation rates using HCSs with different CNTs contents. Reproduced with
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rejection is achieved at the expense of huge amount heat loss,
resulting in low evaporation rate. Whereas the confined thin
water film strategy might provide a solution for long-term-stable
desalination with higher evaporation rate.

4. Hydrophobic/hydrophilic
structured evaporator
4.1. Janus evaporator

Although the hydrophobic evaporator provides an effective way
for salt-rejection, its low evaporation rate due to blocked vapor
transport and massive heat loss limits its application. Janus
membranes are materials with asymmetric structure or property
on both sides. In terms of wettability, the hydrophilic/
hydrophobic Janus membrane has been widely used in the
field of oil-water separation,®* fog collection®* and intelligent

fabrics.**® By combining the advantages of the dual layers, the

This journal is © The Royal Society of Chemistry 2022

Janus membrane has been applied in the field of seawater
desalination as well. With the top hydrophobic surface for light
harvesting and the bottom hydrophilic surface for pumping
water, solar absorption and water transport were realized on
either side of the Janus membrane. Originating from the coop-
erative effect of water repellency of hydrophobic surface and
water affinity of hydrophilic surface, the Janus membrane self-
floated on water surface and fixed the air/water interface at the
hydrophobic/hydrophilic boundary.®® The hydrophobic surface
stayed above the water surface while the hydrophilic layer was
immersed in water. Therefore, salt could only be deposited in the
hydrophilic layer and quickly dissolved back to water because of
continuous water pumping, resulting in long-term stability. In
Janus evaporators, the combining effect from high light-
harvesting capability, fast vaporization and sufficient water
supply are critically important to realize highly efficient desali-
nation. Note that, modification on surface wettability is an
essential step to fabricate the Janus structure. Moreover, the
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hydrophobic coating materials should be transparent enough to
preserve high light-harvesting capability. Since vapor generates at
the air/water interface and escapes from the pore channel of the
hydrophobic side, thickness and microstructure of the hydro-
phobic layer are essential for vaporization. Water supply and salt
diffusion coexist in the hydrophilic layer. Tortuosity and length of
the channel in the hydrophilic layer is important to sustain water
replenishment and fast salt diffusion. Therefore, the detail
structure of a Janus evaporator must be carefully tailored for high
rate evaporation. In 2018, a flexible Janus membrane was
proposed by Xu et al., where a hydrophobic polymethyl methac-
rylate (PMMA)/carbon black (CB) layer was attached to hydro-
philic polyacrylonitrile (PAN) films by electrospinning.®® The
upper hydrophobic layer was used for light absorption and water
evaporation, and bottom hydrophilic layer for pumping water. No
salt accumulation was observed either inside or on the top of
evaporator surface after cycling for 16 days. This Janus evaporator
exhibited stable energy conversion efficiency (72%) and evapo-
ration rate (1.3 kg m~> h™") over 16 days under 1-Sun, while the
evaporation performance of the CB/PAN membrane declined
over time because of salt accumulation (Fig. 10a).

Generally, the Janus membrane can be prepared in two ways:
asymmetric fabrication and asymmetric decoration.’>®* Asym-
metric fabrication is a simple method to obtain a Janus
membrane by combining the hydrophobic and hydrophilic
layer together. For instance, Janus evaporator was developed by
stacking the superhydrophobic PMPF (PDMS/MXene/
polydopamine modified fabric) on the superhydrophilic PF
(polydopamine modified fabric). The superhydrophobic fabric
acted as solar absorber and resisted salt-accumulation. 1.52 kg
m > h™! of evaporation rate for 20 wt% brine was achieved in
this design (Fig. 10b).”> However, the weak interfacial interac-
tion between the two layers may compromise the stability of the
as-prepared membranes. Therefore, asymmetric decoration is
widely employed to fabricate Janus evaporator with improved
stability. For example, a Janus evaporator based on a SiO,/
cellulose nanofiber (CNF)/carbon nanotube (CNT) hybrid
network with a pore structure of low tortuosity was reported,
where hexamethyldisilazane (HDMS)-treated SiO, functioned as
the hydrophobic coating, the CNFs as the building-blocks for
the robust hydrophilic backbone and the CNTs as photothermal
material for efficient solar-thermal conversion. The asymmetric
wettability enabled the evaporator to float on water with the
hydrophobic layer out of the water for better heat focus and the
hydrophilic layer in the water for continuous water pumping,
while the pore structure with low tortuosity endowed the evap-
orator with excellent salt excretion capability. This Janus evap-
orator exhibited stable steam generation with over 80%
efficiency in continuous tests (100 hours) for 3.5 wt% brine
under 1 Sun (Fig. 10c).”® In addition, other Janus evaporators
based on asymmetric decoration were also reported, such as
wood-based Janus evaporator,®® 3D Janus PDMS/PDA/
polyurethane (PU) evaporator,® photothermal materials/PDMS
modified melamine foam,’*** polypyrrole-based Janus aero-
gel,* etc. In all, the Janus evaporator is a porous monolith with
several centimeters in thickness. Therefore, low tortuosity in
hydrophilic part becomes necessary for fast water transport.
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However, we should note that heat loss to bulk water along
with salt diffusion is inevitable for the general hydrophobic/
hydrophilic Janus structure. Therefore, porous foam is some-
times positioned under the Janus membrane to suppress heat
loss to bulk water. For instance, Que and co-workers'® prepared
the hydrophobic/hydrophilic nanopore double-layer (HHNDL)
structure on a commercial filter. The inner pores of the filter
were decorated by Cu,SnSe; (CTSe) and Cu,ZnSnSe, (CZTSe)
which was coated by oleylamine. The stacked hydrophobic CTSe
and CZTSe nanosphere layer converted solar light to heat,
resisted salt deposition and provided vapor evaporation path-
ways, while the lower hydrophilic filter membrane guaranteed
water storage and supplied for efficient vapor generation,
together achieving long-term stability of the device under
continuous working conditions. Meanwhile, a piece of floatable
polyurethane foam with a bundle of infiltrative nonwoven
fabrics was settled at the bottom of the Janus membrane. Water
was uptaken to the hydrophilic filter by the nonwoven fabrics by
capillary force. The hydrophilic filter membrane was physically
separated by the foam instead of being in direct contact with
bulk water to minimize heat loss. As such, the conductive heat
loss to the underlying bulk water was ~2.3%. 86.6% solar
thermal conversion efficiency and an average of 1.657 kg m ™2
h~" evaporation rate under 1-Sun were achieved in this design,
and salt-accumulation was not observed on the evaporator
surface after 10 hours of desalination (Fig. 10d). Similarly,
Xiong et al.'** reported a paper decorated by sodium-oleate
modified hydrophobic ultrafine hydroxyapatite nanowires
(HN), and black NiO nanoparticles were deposited on HN paper
as the photothermal material. A piece of styrofoam wrapped by
air-laid paper was floated on water surface in a beaker, and the
HN paper was placed on top of the air-laid paper. With the
efficient light absorption and energy conversion, fast water
transport, fast salt-rejection, and excellent heat insulation,
light-to-heat conversion efficiency of the evaporator could reach
83.5% under 1-Sun. Furthermore, a test of stable desalination
within 8 hours was also accomplished (Fig. 10e). Recently,
a Janus solar evaporator has been built by covering a bilayer film
consisting hydrophobic soot-coated cloth and hydrophilic cloth
on a cellulose aerogel wrapped by polyethylene (PE). Such
a structural design not only minimized the heat conduction loss
comparing to the conventional flat Janus structure in the direct
contact mode, but also resisted salt accretion better than
common hydrophilic solar evaporator with 2D water channels.
90.0% photothermal conversion efficiency was achieved under
1-Sun and the evaporation surface was well preserved after 10 h
desalination for 3.5 wt% brine (Fig. 10f).'** It is noticed that the
foam/aerogel between the Janus membrane and water surface
could inhibit heat loss from solar absorber to bulk water
effectively. Nevertheless, salt-diffusion was confined in a thin
hydrophilic membrane, which is sandwiched between the
hydrophobic membrane and thick insulation foam. Such
structure may generate adverse effect on the salt-rejection
ability. Although Janus structures demonstrate superior
capacity for solving the salt-fouling issue, there is a trade-off
between efficient salt-resistance and low heat loss in this
system. Moreover, the high-concentration brine at the
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Fig. 10 Janus evaporators. (a) Structures of the flexible CB/PMMA-PAN Janus membrane for solar evaporation. Reproduced with permission
from ref. 89, copyright (2018) Wiley. (b) Fabrication and working principle of solar evaporator based on PMPF/PF Janus structure. Reproduced
with permission from ref. 92, copyright (2022) Elsevier. (c) Schematics illustrating the interfacial solar steam processes of SiO,/CNF/CNT Janus
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(f) Janus evaporator with 2D water channel. Reproduced with permission from ref. 102, copyright (2021) Elsevier.

hydrophobic/hydrophilic interface is prone to diffuse back to
the bulk liquid, forfeiting the chance of harvesting useful
minerals during this process. Similar to hydrophobic evapora-
tors, the Janus structure exhibited promising salt rejection
performance. Additionally, efficient water supply is guaranteed
by the bottom hydrophilic layer. Thus, higher evaporation rate
is obtained for the Janus evaporators.

4.2. Evaporator with hydrophobic/hydrophilic patterned
surface

In previous scenarios, water molecules escape from surfaces
with homogeneous wettability (hydrophobic or hydrophilic)

This journal is © The Royal Society of Chemistry 2022

regardless of evaporator structure. It has been reported that on
the hydrophobic/hydrophilic composite surface, the evapora-
tion rate is high at the hydrophilic region when the water layer
is thin; meanwhile, a considerable number of water molecules
also evaporate from the hydrophobic region. As a result, the
evaporation of nanoscale water on hydrophobic/hydrophilic
patterned surface is faster than that on surfaces with a single
wettability.'® Based on this principle, Yu et al. fabricated
a hydrophilic hydrogel evaporator with hydrophobic island-
shaped patches (Fig. 11)."* On the patchy-surface of hydrogel
(PSH), the hydrophilic region accommodated a water film with
increased thickness to reduce the interaction between the
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outmost water molecules and the hydrogel surface, which
enhanced the evaporation flux. And a significant amount of water
molecules diffusing from the hydrophobic region near the elon-
gated water contact lines also contributed to ultra-efficient
evaporation. By controlling coverage of hydrophobic islands on
the surface, the evaporator made of hydrogel with patterned
wettability could achieve a high solar vapor generation rate of
~4.0 kg m~> h™" with 93% overall efficiency under 1-Sun irradi-
ation, higher than hydrogel-based evaporators with a hydrophilic
(~3.6 kg m~> h™") or a hydrophobic surface (~3.0 kg m > h™").

In solar desalination, appropriate evaporator should be
chosen carefully by considering the conditions in practice, such
as ion concentration, solar energy intensity, service lifetime and
whether salt recovery is preferred. Compared with hydrophilic
evaporator, the hydrophobic/Janus evaporator with non-wetting
property shows stable evaporation performance in different
concentrated brines and under varied illumination intensity,
which is a big step forward in practical desalination. On the
hydrophobic/Janus evaporators, salt ions diffused back to brine
during continuous evaporation, while they precipitated at
designated regions on hydrophilic evaporators. Consequently,
the hydrophilic evaporator is more suitable for resource
recovery from wastewater and zero-liquid discharge
desalination.

5. The influence of surface wettability
on vapor condensation

All the above works improve the freshwater productivity of solar
stills by increasing the evaporation efficiency. Besides,
condensation is another crucial part of energy conversion
process and thus plays a major role in the working efficiency of
solar stills. Among the many factors affecting the vapor
condensation performance, wettability is perhaps the first one
to consider.

Cao et al'® reported a hydrophobic/hydrophilic hybrid
coating to improve water harvesting via enhanced vapor
condensation in solar water desalination. Through coordi-
nating the droplet growth and removal behaviors, a dropwise
collection process on the hybrid surface (F-SiO,/TiO, weight

19362 | J. Mater. Chem. A, 2022, 10, 19348-19366

ratio of 1 : 1) was realized, generating a water collection rate of
1047 mg cm > h™', much more than that on the super-
hydrophilic TiO, surface (572 mg cm > h™') and the super-
hydrophobic F-SiO, surface (497 mg cm > h™"). The hybrid
coating also showed good day-time radiative cooling perfor-
mance (Fig. 12a). Unfortunately, transparency of the hybrid
coating was quite low. Vapor condensation experiment based
on such coating was therefore only carried out in a simulated
vapor set-up rather than real solar evaporating environment. To
address the problem, Zanganeh et al.'* prepared condensation
surfaces with reduced wettability by dip coating silicon nano-
particles. As a result, drop-wise condensation on the
nanoparticle-coated surface produced more condensates than
film-wise condensation on the bare surface for cases in any
inclining angle. Meanwhile, low wettability enhanced water
dripping, especially for slightly tilted surfaces (Fig. 12b). In two
later works, the author claimed that the higher heat transfer
rate, higher surface renewal rate and faster drop movement
were responsible for the higher efficiency during dropwise
condensation.'*”'*® Besides, Thakur et al'® demonstrated
higher water yield through drop-wise condensation. In their
experiments, transparent nano-silicon-coated hydrophobic
glass cover could increase water production by 15.6% than bare
hydrophilic glass. Moreover, Khanmohammadi and Khanjani
used cold plasma to change the wettability of the condensation
surface from film condensation to drop condensation.'*® Final
freshwater productivity of the solar still increased by 25.7%
(Fig. 12c) comparing with surface before plasma treatment.

In 2013, Bhardwaj et al. experimentally investigated impact
of condensation surface's wettability on the productivity of solar
stills."™* According to their results, contact angle was the most
important factor to consider when choosing material for
condensation surface. They found that in wetted condition,
materials with low contact angles (film-wise condensation)
allow more solar irradiation to pass through than materials with
higher contact angles (drop-wise condensation), resulting in
faster water production (Fig. 12d). Generally, droplet growth
and removal are the two main components in freshwater
collection. In recent studies, people show that drop-wise
condensation on surfaces with low free energy improves the

This journal is © The Royal Society of Chemistry 2022
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Schematic illustration of the components within solar stills with dropwise and film wise condensation. Reproduced with permission from ref. 110,
copyright (2021) Elsevier. (d) Possible phenomena associated with condensation surface in a solar still. Reproduced with permission from ref. 111,

copyright (2013) Elsevier.

efficiency of condensed water removal/collection. However, the
impact of surface wettability on droplet growth has rarely been
considered. In fact, water droplets formed on the hydrophobic
surface increase the reflection of solar irradiation, which
considerably reduces water production efficiency in practical
application. In short, the impact of surface wettability on water
collection is still under intense research up to now, therefore,
comprehensive study should be carried out to optimize vapor
condensation taking accounts the influence of wettability.

6. Outlooks and challenges

In this review, we summarize the solar-based interfacial desa-
lination system with special wettability. Different types of
wettability were introduced into the evaporation and conden-
sation part to facilitate both phase transitions of water mole-
cules and motion of salt ions for developing high-performance,
sustainable solar-based interfacial desalination system.
Considerable progresses have been achieved in improving the
distillation efficiency. Yet there remain some significant
barriers before the systems could be implemented commer-
cially in large scales. A series of major challenges and prospects
are summarized as below:

This journal is © The Royal Society of Chemistry 2022

(1) Though some solar-based evaporators demonstrate rela-
tively high evaporation rate, most of the evaporator surface are
limited to small size, ie., several centimeters. Large-sized
evaporator is essential for practical application, which may
exhibit totally different performance with small-sized evapo-
rator, for instance, limited water supply, easy salt-fouling and
unstable floating status, etc. Some of the current strategies are
not suitable for large-sized evaporators, the performance of
which should be considered in further study.

(2) In laboratory experiments, the probing liquid is mostly
pure NaCl brine, which is much different from the real
concentrated seawater brines. Other contaminant (such as fatty
acid fat, oil, metal ions, bacterial, etc.) will alter salt crystalli-
zation and scaling behavior, resulting in more complicated and
severe blockage than pure NaCl accumulation does.”***™*** The
impact of combined pollutants was studied in some works, but
a systematical exploration is still in absence. Therefore, the
stability of evaporator dealing with real seawater is an issue
worth discussing in near future.

(3) When the sunlight is perpendicular to an absorbing
surface, the irradiation light has the highest power density on
the surface. Since the incidence angle of sunlight is varied in the
whole day, sun-tracking system has been widely used in
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photovoltaics system.'***"” However, sun-tracking on water
surface is more difficult than that on land due to the fluidity of
liquid.**®"*® The driving of sun-trackers in large-sized evapora-
tors is hard to realize. And the varied light intensity during
daytime should be considered in practical application. It is
speculated that liquid crystal elastomer or negative thermal
expansion material are feasible to fabricate sun-tracking evap-
orator in water environment.

(4) The production rate of fresh water in a sealed solar
evaporator is usually lower than the evaporation rate in an open
air, which is a big challenge for freshwater production. Problem
is that the low condensation rate results in high humid envi-
ronment and light reflection and scattering, which further
compromise the evaporation rate. Recently, some elegant
designs have been developed to improve vapor condensation
efficiency, but the current condensation rate is still no match for
the rapid increased evaporation rate. Droplet growth and
removal are essential to freshwater collection, which has been
studied substantially in the field of fog harvesting. Relevant
studies offer many useful guidelines for the surface design of
vapor condensers. In this aspect, radiative cooling and direc-
tional liquid transport might be the two most effective strategies
to improve the overall condensation efficiency. Moreover, light
transmittance of the vapor condenser in long-term desalination
should also be considered carefully.
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