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Solar desalination is one of the most promising technologies to address global freshwater shortages.
However, traditional evaporators encounter the bottleneck of reduced evaporation rate or even failure
due to salt accumulation in high-salinity water. Inspired by ancient waterwheels, we have developed
an adaptively rotating evaporator that enables long-term and efficient solar desalination in brines of
any concentration. The evaporator is a sulphide-loaded drum-type biochar. Our experiments and numer-
ical simulations show that this evaporator, thanks to its low density and unique hydrophilic property,
rotates periodically under the center-of-gravity shift generated by salt accumulation, achieving self-
removal of salt. This allows it to maintain a high evaporation rate of 2.80 kg m~2 h™! within 24 h even
in saturated brine (26.47%), which was not achieved previously. This proof-of-concept work therefore
demonstrates a concentration- and time-independent, self-rotation-induced solar evaporator.

© 2023 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

Facing severe water shortages worldwide, researchers are striv-
ing to develop sustainable desalination technology [1-3]. Interfa-
cial solar vapor generation (ISVG) is a technology that utilizes
evaporators to accelerate the vaporization of water at the interface
to obtain fresh water [4-11]. Compared to traditional desalination
technologies such as reverse osmosis, multi-effect evaporation and
multi-stage flash evaporation, ISVG technology has the advantages
of no pollution, no conventional energy consumption and high pur-
ity of fresh water obtained [12-24]. Therefore, it is considered as
one of the most promising technologies to solve the shortage of
fresh water. To achieve high-efficiency freshwater production, an
ideal ISVG evaporator should meet the following requirements:
(1) high evaporation rates over a wide salinity range (from 0% to
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saturated); (2) no significant decay in the evaporation rate over
time; (3) low cost. However, the salt accumulation during evapora-
tion significantly compromises the evaporation rate, making the
development of high-performance evaporators extremely chal-
lenging [25-29].

Traditional evaporators are mainly static floating and combat
salt accumulation through two strategies: “salt-free” and
“salting-out”. Employing these strategies, researchers have devel-
oped “salt-free” evaporators with Janus [30-34]| and vertically
aligned vessels [26,35-43] structures (Fig. 1a), and “salting-out”
evaporators that remove accumulated salt by intermittent evapo-
ration [44,45] or directional crystallization [46-51] (Fig. 1b). These
evaporators have their own advantages and disadvantages. For
example, “salt-free” evaporators can avoid salt precipitation, but
can only operate at lower brine concentrations. The heat loss due
to convection and diffusion will significantly affect the evaporation
rate of the evaporators [52,53]. “Salting-out” evaporators can oper-
ate at higher brine concentrations. However, the van der Waals
force between crystalline salt and the evaporator makes it difficult

2095-9273/© 2023 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.


https://doi.org/10.1016/j.scib.2023.07.011
mailto:dong.wang@neepu.edu.cn
mailto:gaogang930227@163.com
mailto:gaogang930227@163.com
mailto:wangxiaoyi@163.com
mailto:cqhu@jlu.edu.cn
https://doi.org/10.1016/j.scib.2023.07.011
http://www.sciencedirect.com/science/journal/20959273
http://www.elsevier.com/locate/scib

H. Jiang et al.

(@) ()

Salt-free

Scoop water ~ Pour water

(b)

salt

#§ Cu,S,Sns 25 salt

Science Bulletin 68 (2023) 1640-1650

(d)

Fig. 1. (Color online) Existing salt-resistance strategies an “adaptively rotating” salt-removal strategy in this work. (a, b) Schematic diagram of the structure of a typical salt-
free evaporator (a) and a typical salting-out evaporator (b). (c) Design of a rotating salt-removal evaporator inspired by waterwheels. (d) Basic working process of rotating

salt-removal evaporator.

for the crystalline salt to fall off naturally and therefore timely
human intervention is required, otherwise the salt encroaching
on the evaporation surface will hinder evaporation [50,54]. As a
result, neither the “salt-free” nor the “salting-out” evaporators
can maintain efficient evaporation in high-salinity water for a long
time.

To minimize the impact of salt accumulation on evaporation
performance, researchers have recently developed self-rotating
evaporators, which generally undergo a periodic evaporation-salt
crystallization-self-refresh process. Xia et al. [55] proposed a self-
rotating solar evaporator for the first time, which simultaneously
achieved ultra-high salt tolerance (300 g/L) and energy efficiency
(about 90%). Inspired by fish schools, Xu et al. [56] used surface
tension to bring photothermal particles together and operate them
simultaneously in the presence of crystallized salt. The salt produc-
tion rate of the system is as high as 0.39 k¢ m—2 h™. To improve
the response to accumulated salt and accelerate the evaporation
surface refreshment, Wu et al. [57] developed a dual-zone pho-
tothermal evaporator that is sensitive to weight and achieved
excellent salt tolerance and an evaporation rate of 2.6 kg m—2 h~'.
These studies used solar absorbers to wrap columnar or spherical
heat-insulating foams to achieve continuous evaporation through
two-dimensional water transmission and rotation driven by accu-
mulated salt on the upper surface, breaking the limits of static
evaporator applications.

To achieve self-rotating-cleaning, we have developed a surface
hydrophobic-controllable integrated rotating evaporator through
simple chemical growth. The evaporator is a CugSs-SnS loaded
drum-type biochar (C/CuSnS) and its unique Janus structure and
low density allow it to periodically rotate with the shift in the cen-
ter of gravity to achieve automatic removal of salt. Like the “spoon
water < pour water” cycle of waterwheel, our evaporator rotates
adaptively in the “accumulate salt « remove salt” cycle, which
can be used in brines of any concentration, even in saturated brine,
for long-term high-efficiency solar desalination. Different from
previous self-rotating evaporators, our evaporator makes use of
the natural three-dimensional volume channels of wood to provide
more than sufficient water for evaporation. In addition, both steam
escape and salt crystallization occur on the sides of the evaporator
without affecting the light absorption on the upper surface. As a
result, C/CuSnS evaporator achieves a stable evaporation rate of
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2.797 kg m~2 h™! in saturated brine (26.47%). Overall, this study
presents a rotating salt-removal evaporator, which blazes a new
path to break through the bottleneck of salt accumulation in ISVG.

2. Materials and methods
2.1. Materials

Sodium hydroxide (NaOH), sodium sulfite (Na,SOs), copper
acetate (Cu(CH3C00),-H,0), dimethyltin dichloride (DMTC),
N,N-dimethylformamide (DMF), p-phthalic acid (PTA), and sub-
limed sulfur were purchased from Sigma Aldrich. All raw materials
were of analytical grade without any purification steps before use.

2.2. Methods

2.2.1. Pretreatment of basswood

Natural basswood with a diameter of 3 cm and a length of
4.5 cm was chosen as raw material. Firstly, the wood was rinsed
with water and soaked in a solution containing 1.5 mol L~! NaOH
and 0.3 mol L~! Na,SO; at 80 °C for 5 h to remove lignin. After-
wards, the wood was repeatedly stirred and washed with deion-
ized water until the pH reached 9. Finally, it was transferred to
an oven at 60 °C for 48 h in vacuum.

2.2.2. Preparation of wood/CuSnO precursor

10 mmol Cu(CH3C00);-H,0 and 10 mmol DMTC were dissolved
in 100 mL of DMF solvent. The pretreated basswood was then
placed in the above homogeneous solution and kept stirred for
24 h, allowing Cu?* and Sn?* ions to fully replace Na* in the wood.
Next, 10 mmol of PTA and 10 mL acetic acid were added to the
above wood-soaking solution. Then, the mixture was stirred thor-
oughly and then transferred to a 200 mL polytetrafluoroethylene-
lined stainless steel reactor and kept at 120 °C for 24 h. After cool-
ing, the blocks were rinsed three times with DMF and soaked in
ethanol for 30 min to remove free materials. Finally, the wood/
CuSnO precursor was obtained after 48 h drying at 100 °C.

2.2.3. Preparation of C/CuSnS desalinator
The wood/CuSnO precursor was placed downstream of the
quartz tube of the tube furnace, with 0.4 g sublimed sulfur placed
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upstream. Then, the furnace was heated to the specified tempera-
ture (450, 600, 750, and 900 °C) at a rate of 2 °C min~! and main-
tained under N, atmosphere for 8 h to obtain C/CuSnS.

2.3. Characterizations

The morphology of carbonized wood and C/CuSnS was charac-
terized by emission scanning electron microscopy (SEM, Hitachi
SU8010). Energy dispersive X-ray spectroscopy (EDX) detected
the content and distribution of elements in the material. Transmis-
sion electron microscopy (TEM) tests were carried out at 80 kV
using HT7700 (Hitachi, Japan). The qualitative analysis of samples
was completed by X-ray diffractometer (XRD, Bruker D8 Advance),
Fourier transform infrared spectrometer (FTIR, Nexus 870), and X-
ray photoelectron spectrometer (XPS, Bruker Tensor 27). The
absorption spectra were detected using an ultraviolet-visible-
near-infrared (UV-Vis-NIR) spectrophotometer (Shimadzu, UV-
3600) with an integrating sphere. The ion concentrations in water
were measured using an inductively coupled plasma optical emis-
sion spectrometer (ICP-OES, EP Optimal 8000). The hydrophilicity
test of the material utilized the OCA 40 micro-volume optical con-
tact angle measurement system. The light source of the evapora-
tion test was the simulated natural sunlight radiated by a xenon
lamp (CEL-S500/350). The intensity of the simulated solar irradia-
tion was measured by a strong light optical power meter (CEL-
NP2000-2). The real-time temperature distribution of the evapora-
tion unit was measured by thermocouples and photographed by a
FLIR E5 infrared (IR) camera.

2.4. Solar evaporation test

The solar evaporation test was performed on the self-built solar
evaporation test system including simulated solar light source,
electronic balance, computer, and infrared imager. The steam gen-
eration performance of the solar-driven evaporator was evaluated
at an ambient temperature of ~25 °C and a humidity of ~50%.

2.5. Calculation

The evaporation rate (m, kg m—2 h™') is calculated according to
the following formula:

Am
m=—

. 1
St (M
Here, Am is the mass change of the liquid to be evaporated (kg), S is
the projected area receiving sunlight irradiation (m?), and ¢ is test
time (h).

3. Results and discussion
3.1. Waterwheel-inspired design of rotating evaporator

Waterwheel is a water conservancy tool in ancient China. It
uses the impact of water to turn the waterwheel, which in turn
drives the surrounding bamboo tubes to repeatedly scoop water
to irrigate farmland. We are inspired by the “scoop water « pour
water” cycle of the waterwheel, and design an evaporator with
an “accumulate salt < remove salt” cycle. We take the gravity tor-
que of accumulated salt as the driving force for the rotation and
renewal of the evaporator, achieving the goal of the “accumulate
salt <« remove salt” cycle (Fig. 1c). An efficient evaporator that
can float and rotate at the interface needs to meet the following
requirements: (1) the evaporator can transport water to the evap-
oration surface continuously to provide sufficient water for steam
generation; (2) the evaporator should absorb as much broad-
spectrum solar as possible and convert it into heat; (3) the evapo-
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rator should have a low thermal conductivity in the vertical direc-
tion to minimize heat loss to the bulk water; (4) to rotate under the
gravity of accumulated salt, the evaporator should float stably at
the water-air interface.

In order to meet the above requirements, we designed the fol-
lowing evaporator. First, we choose natural wood as the raw mate-
rial, whose rich vessels and tracheids can fully pump the brine and
thus fulfill the requirement (1). Then, the wood is carbonized and
vulcanized to obtain a composite material of biochar and inorganic
semiconductors. The composite material acts as a solar absorber
with high light absorption characteristic and light-to-heat conver-
sion capacity, which meets the requirement (2). The growth direc-
tion of the wood is parallel to the water surface when the
evaporator is in operation. Natural wood exhibits a layered struc-
ture in the horizontal direction (perpendicular to the direction of
growth). Abundant air pockets (tiny air gaps) are formed between
the internal vessels, which can effectively reduce heat conduction
loss and meet the requirement (3) [58,59]. The main material of
the composite obtained during the carbonization-sulfurization
process is low-density carbon, so it can float stably on the water
surface, thus meeting the requirement (4). Therefore, the evapora-
tor rotates at the interface to remove accumulated salt when the
rotational torque exceeds a certain value. This ability to automati-
cally renew the evaporation surface enables the evaporator to
operate continuously and efficiently without human intervention.

The evaporator operates continuously through the cycle of salt
precipitation-rotation-regeneration, which is shown in Fig. 1d. In
step I, the salt solution follows a designated path into the evapora-
tor, where the water evaporates quickly thanks to the excellent
light-to-heat conversion and low heat loss of the evaporator.
Meanwhile, salt starts to crystallize on the hydrophilic side of
the evaporator without affecting the light absorption at the top.
When the salt accumulates to a certain amount, the evaporator is
triggered to rotate because of the uneven force, i.e., step II. In step
IlI, the crystalline salt is dropped or dissolved back into the bulk
water after rotation and the evaporator is regenerated.

3.2. Fabrication and characterization of C/CuSnS evaporator

Wood has natural water pumping channels and the biochar
obtained by carbonizing it has low density and excellent light
absorption capacity, so we choose carbonized wood as the sub-
strate of the evaporator. However, biochar, due to its strong
hydrophilicity, will quickly absorb water and submerge if placed
directly on the water surface. To give the evaporator hydrophobic
property and stronger light absorption capacity, we have grown
semiconductor materials with micro-nano structure on the surface
of biochar. First, the delignified basswood is soaked in a DMF solu-
tion containing Cu?* and Sn?*, and reacts at high temperature to
obtain a Cu-Cu,0-Sn0, composite loaded wood (wood/CuSnO pre-
cursor). Then, CugSs-SnS-loaded cylindrical biochar (C/CuSnS) is
further obtained in a carbonization-sulfurization reaction (see
Methods for details). We perform a series of characterizations on
C/CuSnsS: first, the composition of the material has been analyzed
and Fig. 2a and Fig. S1 (online) present the XRD patterns. The
hydrothermal reaction results in a precursor comprising Cu,
Cu,0, and SnO,, which is transformed into a CugSs-SnS composite
after high-temperature vulcanization. The high-resolution TEM
images (Fig. S2 online) reveal two characteristic spacings of the
composite at 0.3072 and 0.3294 nm, corresponding to the (015)
crystal plane of CugSs and the (210) crystal plane of SnS, respec-
tively. Fig. 2b is an SEM image of the outer surface of C/CuSnS, from
which it can be seen that there are many nanorods with a length
greater than 5 pum and coral-like nanoflowers with a diameter of
about 3 pm on the outside of the carbon material. The mapping
of EDX shows that the coral-like nanoflowers correspond to
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Fig. 2. (Color online) Characterization of the structure and composition of the C/CuSnS evaporator. (a) XRD patterns of semiconducting materials on biochar. (b) SEM image of
semiconducting materials accumulated on the outer surface of biochar. (c-g) SEM image of C/CuSnS interior. (h) Mapping image at the edge of the C/CuSnS cross section. (i)
FTIR spectra of carbonized wood at different temperatures. (j) UV-Vis-NIR absorption spectrum of C/CuSnS-600 and solar spectrum.

CugSs, while the nanorods correspond to SnS (Fig. S3 online). Then,
the internal structure of C/CuSnS has been observed. As shown in
Fig. 2¢c, carbonized wood has a unique natural hierarchical meso-
porous structure with a large number of channels arranged along
the growth direction inside. These channels are vessels of 50 um
in diameter and tracheids of 10 pum in diameter, which are well
preserved after carbonization and can provide continuous water
transport for evaporation (Fig. 2d). The junction area between
channels is full of pits (about 2 pm in diameter, Fig. 2e, f). The
channels and pits form a three-dimensional mass transfer network.
The channels facilitate the diffusion of ions in the vertical direction
(the direction of wood growth) and contribute to the equilibrium
of the brine concentration; small pits on the walls of the vessel
allow rapid diffusion of ions in the horizontal direction. Compared
to biochar, the internal structure and channels of the vulcanized
wood with Cu?* and Sn** remain unchanged and a few tiny parti-
cles (CugSs-SnS) can be clearly observed attached to the channels
and vessel walls (Fig. 2d, g and Fig. S4 online). At the same time,
the mapping images at the edge of C/CuSnS prove that the amount
of sulfide material on the outer wall is much higher than that of the
inner sulfide material (Fig. 2h) as the fact that most of the inor-
ganic raw materials accumulate on the outer wall of the wood dur-
ing the cation replacement and hydrothermal reaction and only a
few enter the internal pores. The outer surface of C/CuSnS exhibits
hydrophobic property (the water contact angle is about 127°),
while the inner part is superhydrophilic (water can be completely
absorbed within 0.01 s). Therefore, we conclude that the
hydrophobicity of the C/CuSnS outer wall is related to the dense
CugSs-SnS composite distribution.

However, the shell of C/CuSnS is completely hydrophobic and
cannot absorb water into it. To transport water into the desalina-
tor, we rubbed off 2 mm of the flat surfaces at both ends of the
C/CuSnS with sandpaper to expose the hydrophilic part (Fig. S5
online). In this way, the C/CuSnS desalinator can absorb water effi-
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ciently. When the evaporator is placed on the water surface, the
part below the gas-liquid interface absorbs water and then gradu-
ally transports it above the interface for evaporation, allowing the
water content of the evaporator to reach a dynamic balance (Fig. S6
online). Therefore, during evaporation, the evaporator has a wet-
ting gradient in the direction perpendicular to the water surface.
This not only ensures the water supply for evaporation, but also
ensures that the evaporator floats stably on the water surface.
Unsurprisingly, biochar, C/CuSnS, and polished C/CuSnS cylinders
exhibit significant differences in water evaporation rates under
the same test conditions (Fig. S7 online). Among them, the evapo-
ration rate of the polished C/CuSnS desalinator is three times
higher than that of the other two.

The above results demonstrate that we have synthesized
C/CugSs-SnS composite material. CugSs-SnS micro-nano materials
diffuse from outside to inside on the biochar, forming a special dis-
tribution gradient with more outside and less inside. Biochar, as
the substrate of the evaporator, not only transports water for evap-
oration but also features excellent light absorption capacity [60-
64]. Copper sulfide is a common light-to-heat conversion material
[65]. The CugSs nanoflowers here are agglomerated by many
sheets, which can reflect the incident light multiple times and
improve the utilization rate of solar energy [66,67]. SnS, as a com-
mon hydrophobic nanomaterial, can achieve the controllable
adjustment of the hydrophobicity of the material [68,69].

To achieve the ultimate goal of efficient evaporation, we
adjusted different carbonization temperatures and discussed the
effect of carbonization temperature on the composition of carbon
materials. Fig. 2i is the FTIR spectra of carbonized wood at different
temperatures. After carbonization at 450 °C for 8 h, the absorption
peaks between 1100 and 1300 cm~! prove the existence of various
C-0 bonds and multiple aromatic inter-disubstituted C-H out-of-
plane vibration absorption peak are evident at 874, 809, and
744 cm~!. When the carbonization temperature is increased to
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600 °C, the characteristic absorption peaks of C-O and C-H disap-
pear and the peak of unsaturated C=C bond appears around
1450-1650 cm™'. Due to the weak electron bonding strength of
the © bond in the double bond, only a small amount of energy is
needed to excite electrons from the m orbital to the w* orbital.
The presence of © bonds in the material enables electrons to be
excited by nearly every wavelength of the solar spectrum, resulting
in light absorption. However, for single bonds such as C-C, C-0, C-
H, etc., there is a large energy gap between ¢ and c* orbitals, cor-
responding to light wavelengths below 350 nm, so o-G* transi-
tions cannot be achieved in sunlight. Therefore, the presence of
C=C bond contributes to the light absorption of the material
[61,70-72]. To verify this issue, we have tested the UV-Vis-NIR
absorption spectra of materials obtained at different carbonization
temperatures. The absorption spectra indicate that the carbonized
wood has a high light absorption capacity (96.93%) in the broad
solar spectrum. The CuSnS nanoparticles growing on the surface
of biochar improve the utilization of solar radiation, especially
the absorbance in the high intensity ultraviolet-visible band of
the standard spectrum (AM 1.5G) on the Earth’s surface. Among
them, C/CuSnS-600 exhibits the highest solar spectrum absorption
efficiency (98.03%), which is consistent with the FTIR results
(Fig. S8 online and Fig. 2j). This strong light absorption can be
attributed to two aspects. Both C and CugSs components in the
composite have excellent photon harvesting capability [72-74].
The well-retained layered porous structure of wood after car-
bonization will produce multi-level reflection of incident light
and improve light utilization efficiency (Fig. 2c). However, when
the carbonization temperature is increased above 750 °C, the inter-
nal structural damage caused by high temperature will disrupt the
internal structural regularity of biochar, thus weakening the multi-
level reflection of light inside (Fig. S9 online). The light absorption
performance of C/CuSnS-600 is superior to that of most reported
composite evaporators based on wood or other biomass, which
provides a sufficient prerequisite for ISVG (Fig. S10 online).

3.3. Efficient evaporation for a wide salinity range

3.3.1. Vapor and fresh water generation performance

We systematically investigated the steam generation perfor-
mance of a C/CuSnS floating rotating evaporator (FR-evaporator)
obtained by vulcanization reaction at different temperatures in
deionized water, with pure water and carbonized wood as control
groups. Fig. 3a demonstrates that without any evaporator assis-
tance, the cumulative mass change of pure water under one sun
irradiation for 1 h is only 0.38 kg m~2. The water evaporation rate
driven by floating biochar is 1.51 kg m~2 h~!, which can be attrib-
uted to the excellent water transport and light absorption capacity
of carbonized wood. However, the 1 h cumulative water mass loss
of the C/CuSnS FR-evaporator can reach 2.12-2.76 kg m~2, with C/
CuSnS-600 exhibiting the highest water evaporation rate (7.26
times that of pure water). Therefore, we adopt C/CuSnS-600 as
the material of the evaporator in the following experiments. In
addition, we place the evaporator vertically with the water surface
in the traditional evaporation manner to form a static vertical
evaporator (SV-evaporator). Because of the better vertical water
supply channel and direct evaporation from the irradiated surface,
the SV-evaporator can achieve an evaporation rate of 3.28 kg m—2-
h~! (Fig. S11 online). The main reasons for such a high rate of ISVG
achieved by the C/CuSnS evaporator include: first, C/CuSnS has
extremely high solar absorption, giving the evaporation system
sufficient initial energy input. Second, the natural vessels and tra-
cheids of the wood are well preserved inside the evaporator, which
allows for a rapid water supply. Third, the temperature of the side
evaporation plane is always lower than the ambient temperature
(Fig. 3b), and additional energy can be obtained from the environ-
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ment through thermal radiation and convection. The analysis of
the energy flow of the evaporator during operation is shown in
Fig. S12 (online). The energy harvested by the SV-evaporator from
the environment is calculated to be about 11.15 mW (Table S1
online).

To match the results of desalination in reality, we have tested
FR-evaporator’s ability to treat brine under the same conditions.
With 15 wt% brine for example, C/CuSnS-600 still exhibits the best
water evaporation performance (2.36 kg m~2 h™!, Fig. 3¢), which is
lower compared to that of deionized water because of the higher
saturation vapor pressure of the brine. Next, we have condensed
and collected the vapor generated by the evaporation of 15 wt%
brine, and measured the Na® concentration in the condensed
water. The results show that the salt concentration has dropped
from 150 g/L before evaporation to about 0.83 g L~!, meeting the
drinking water quality standards of the World Health Organization
(WHO) and the Environmental Protection Agency (EPA) (Fig. 3d),
which confirms the effectiveness of the C/CuSnS FR-evaporator
for desalination. In Fig. 3e, we compare the 24 h average evapora-
tion rate of the C/CuSnS FR-evaporator with that of the reported
solar desalinators [36-39,46,52,75-84]. The traditional desalina-
tors have high evaporation rates, and are more suitable for “the
applications with low salt concentration where fresh water is
required in a short time”. However, our research is not restricted
by concentration and time and is therefore more suitable for “ap-
plications with high salt concentration where continuous opera-
tion is required over a long period of time”. In addition to
desalination, C/CuSnS evaporator can also be used to obtain fresh
water from industrial and agricultural wastewater. To explore
the potential of FR-evaporator in wastewater treatment, we have
investigated its water evaporation performance under extreme
conditions (strong acidity and strong alkalinity). Fig. S13 (online)
illustrates that C/CuSnS can remain intact and float stably in acidic
and alkaline solutions. Under one sun irradiation, its evaporation
capacity for 1 mol L~! HCI and NaOH solutions is barely reduced
compared to that for deionized water (Fig. 3f). Since the rich cop-
per ions and tin ions on the surface of the evaporator can coordi-
nate with the chloride ions in the hydrochloric acid solution, the
number of solute particles in the solution is reduced. Depending
on the colligative property of dilute solutions, the vapor pressure
of HCI solution decreases, so the evaporation rate is slightly higher
than that of NaOH solution [85-88]. The stable evaporation in
brine, HCI solution, and NaOH solution can be attributed to the
mechanical and chemical stability of the C/CuSnS composite. The
above results prove that the excellent freshwater acquisition abil-
ity of C/CuSnS FR-evaporator makes it highly promising for appli-
cations in desalination and sewage treatment.

3.3.2. “Adaptively rotating”—for efficient and stable desalination
Rapid steam generation is often accompanied by significant salt
accumulation during solar desalination. And the higher the salinity
of the water to be treated, the faster the salt accumulation. The salt
accumulation on the evaporation surface and in internal channels
seriously hinders solar energy harvesting, water transport, and
steam escape, thus significantly reducing the evaporation effi-
ciency and operating time of the evaporator. The C/CuSnS SV-
evaporator, for example, the evaporator is placed in 15 wt% brine
and irradiated by simulated sunlight of 1 kW m~2. After 2 h evap-
oration, salt crystals appear on the upper surface of the SV-
evaporator. The crystalline salt increases rapidly with time until
the evaporation surface is completely covered (Fig. S14 online).
Therefore, the SV-evaporator could not maintain long-term evapo-
ration in brine, although it exhibits a high rate of evaporation at the
start. In this study, different concentrations of brine (5 wt%,
10 wt%, 15 wt%, 20 wt%, and saturated NaCl solutions) have been
used to demonstrate the salt tolerance of the C/CuSnS
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FR-evaporator in ISVG. Since the sun that rises in the east and sets
in the west is in constant motion (the azimuth of the sun varies
between 0°-90°), here we irradiate the simulated sunlight on the
evaporator at an angle of 45° to the water surface. Under 1 kW m 2
sunlight, the FR-evaporator is floated on the surface of solutions
with different salinities to drive evaporation for 24 h. It can be seen
from Fig. 4a that the evaporation rate of the FR-evaporator fluctu-
ates within 24 h. Salt crystals appear on the hydrophilic surfaces at
both ends of the FR-evaporator, and accumulate continuously as
evaporation progress. During this process, the evaporation rate of
the FR-evaporator drops slightly. However, as the mass of accumu-
lated salt increases, the rotational inertia of the FR-evaporator
increases until it breaks the balance between gravity and buoyancy
and the FR-evaporator rotates. The gravity of the accumulated salt
serves as the kinetic energy to drive the evaporator to rotate. The
rotation of evaporator enables the crystallized salts to be sent back
to the bulk water or redissolved (Video S1 online). The evaporator
is then regenerated and its evaporation rate returns to the initial
level (Fig. 4b). The fluctuations in evaporation rate are induced
by the FR-evaporator’s salt precipitation-rotation-regeneration
cycle. However, the evaporator still maintains excellent perfor-
mance despite these fluctuations. The 24 h average evaporation
rates of FR-evaporator for 5 wt%, 10 wt%, 15 wt%, 20 wt%, and sat-
urated brine are 3.178, 3.180, 3.170, 3.142 and 2.797 kg m2 h,
respectively (Fig. S15 online). Each background color replacement
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in Fig. 4a represents a rotation-update of the FR-evaporator. It is
noteworthy that the higher the salt concentration, the shorter
the time required for a salt precipitation-rotation-regeneration
cycle of the FR-evaporator, and the stronger the desalination effect.
Therefore, the FR-evaporator can rotate adaptively in water with
different salinities, and maintain a high water evaporation rate
without human intervention. In order to better visualize the rota-
tion of the FR-evaporator driven by salt accumulation, we have
taken photos of the evaporator during the 24 h process of treating
saturated brine (Fig. 4¢). It can be noted that the salt precipitated
on the hydrophilic surface of the FR-evaporator is always uneven
because of the non-vertical irradiation of simulated sunlight. The
FR-evaporator rotates every 180-210 min in saturated brine. At a
salt concentration of 15 wt%, both the salt deposition rate and
the evaporator rotation frequency decrease (Fig. S16 online), but
the evaporator still maintains efficient and stable evaporation.
The above results prove that the FR-evaporator is capable of adap-
tive desalination, and can maintain efficient evaporation through
rotation-regeneration in water with a wide range (from 0% to sat-
urated) of salt concentrations.

Fig. 4d shows the hourly curves of the changing average evapo-
ration rate of FR-evaporator and SV-evaporator during 24 h evap-
oration of saturated brine under one sun. The evaporation rate of
the SV-evaporator decreases sharply from the third hour because
of salt accumulation, while the FR-evaporator features better
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illumination within 60 min. (f) The temperature difference between the evaporation surface and bulk water of the FR-evaporator and SV-evaporator simulated by COMSOL
Multiphysics respectively. (g) 3D steady-state simulation of the temperature distributions of FR-evaporator and SV-evaporator. (h) Thermal conductivities and infrared
images of FR-evaporator and SV-evaporator. (i) Long-term evaporation rates (30 days, 8 h per day) of FR-evaporator in 20 wt% brine under one sun.

long-term stability in saturated brine due to its rotation-
regeneration capacity. After 24 h, the cumulative evaporation of
FR-evaporator in saturated brine is 66.90 kg m2, while that of
SV-evaporator is only 41.72 kg m~2 (Fig. S17 online). With longer
working time, the comparative advantage of FR-evaporator will
be more obvious. In addition to the rotation-regeneration capacity,
the FR-evaporator also has advantages in thermal localization,
which is also crucial to efficient evaporation. Under one sun irradi-
ation, the upper surface temperature of the FR-evaporator rapidly
increases to 30 °C in approximately 6 min, and finally reaches a
steady-state temperature of more than 37 °C. In contrast, the final
evaporation temperature of the SV-evaporator is 35 °C (Fig. 4e).
Moreover, the underlying bulk water temperature of FR-
evaporator and SV-evaporator increases by 6.54 and 8.38 °C,
respectively, for the same bulk water volume. The corresponding
heat conduction losses are 43.51 and 66.19 mW, respectively
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(Table S1 online). We simulated the temperature distribution of
the FR-evaporator and SV-evaporator evaporation systems using
COMSOL (Fig. 4f, g). As shown, the simulation results are in good
agreement with the experimental results in Fig. 4e, demonstrating
the better thermal localization capability of the FR-evaporator. The
difference in thermal localization is attributable to the structural
anisotropy of wood, i.e., the difference in thermal conductivity in
different directions. Fig. 4h shows the results of the thermal con-
ductivity test for C/CuSnS. In the vertical direction, the evaporator
has a thermal conductivity (wet state) of 0.5561 W m~! K~! and
thus transfers more heat to the underlying water. In the horizontal
direction, C/CuSnS has a lower thermal conductivity in the wet
state (0.4562 W m~! K~!) because of the layered structure formed
by abundant channels. Therefore, the FR-evaporator performs bet-
ter in heat localization and the heat generated by light-to-thermal
conversion can be more effectively used for the vaporization of
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water. This is also evidenced by infrared photos taken during evap-
oration, as presented in Fig. S18 (online). The cycle stability of the
FR-evaporator is also explored. It is exposed to one sun for 8 h per
day in 20 wt% brine. After 30 days, the 8 h average evaporation rate
of the FR-evaporator is 2.86 kg m~2 h™!, which decreased by only
about 8% (Fig. 4i).

3.3.3. Outdoor fresh water collection

After the successful indoor experimental demonstration, we
further conducted a real solar-driven evaporation test to evaluate
the water harvesting capability of the FR-evaporator in natural
environments. An outdoor evaporation device is constructed that
allows simultaneous evaporation-condensation-fresh water col-
lection. The water inside the evaporation device can be replenished
in real time without disassembly. The device works continuously
for 9 h (8:00-17:00) under outdoor sunlight, as shown in
Fig. 5a-c. During this period, solar irradiation is carefully tracked
hourly using a portable pyranometer, and real-time ambient tem-
perature and freshwater collection production are also recorded.
Fig. 5d shows freshwater production as a function of ambient tem-
perature and solar intensity. At an average ambient temperature of
23.3 °C and an average solar intensity of 538.4 W m~2, the cumu-
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lative freshwater production of the FR-evaporator is 4.11 kg m2,
with an average yield of 1.22 kg m~2 h~!. The maximum freshwa-
ter collection rate is 1.83 kg m~2 h™! (12:00-13:00), confirming the
reliability of the FR-evaporator for desalination in practical
conditions.

4. Conclusion

Inspired by the “scoop water < pour water” cycle of water-
wheel, we have prepared an adaptive C/CuSnS FR-evaporator cap-
able of continuous operation of “accumulate salt < remove salt”,
which can achieve efficient and stable solar desalination in a wide
range of salt concentrations (from 0% to saturated). The FR-
evaporator is synthesized by simultaneous carbonization-
vulcanization method and simple mechanical grinding. Taking
advantage of wood’s natural water transmission channels and lay-
ered structure, it has outstanding water supply and heat localiza-
tion capabilities. The FR-evaporator removes salt using the
gravity of accumulated salt as the driving force for rotation and
its rotation-regeneration period decreases as the salt concentration
increases. Therefore, the FR-evaporator can maintain an evapora-
tion rate of about 2.797 kg m 2 h™! even in saturated brine under
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Fig. 5. (Color online) Outdoor test of the C/CuSnS FR-evaporator. (a-c) Digital photos of self-built solar desalination device. (d) Freshwater production rate, cumulative
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one sun irradiation for 24 h, which has not be achieved by any sta-
tic evaporator reported before. After 9 h of outdoor solar irradia-
tion, condensed water of 4.11 kg m 2 is collected and the water
quality meets the drinking water standards of WHO and EPA. Even
after 30 days of continuous exposure under one sun (8 h per day),
the FR-evaporator shows only an 8% decay in evaporation rate. In a
word, our study achieves long-term efficient solar-driven freshwa-
ter generation through adaptively rotating salt-removal, providing
a scalable solution for solar-driven desalination and wastewater
treatment.
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