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Passive multistage solar desalination enables durable high-
efficiency freshwater production
Wenzong Lia, Tianyi Mab, Xu Wanga, Lemin Zhanga, Wenna Gea, Chenguang Lua, Xiangge Baia, Jiahui 
Chua, Zichao Yuana, Shile Fenga and Yahua Liu a, c

Solar desalination presents a sustainable solution to global water scarcity, with reverse multistage distillation systems 
offering particularly high efficiency. The hydrophilic wick, serving as the evaporation interface in reverse multistage 
distillation systems, is an essential component. However, conventional hydrophilic layers suffer from low thermal 
conductivity and salt accumulation, which undermine long-term efficiency and operational stability. Here, we report a 
Volutharpa ampullacea perryi-inspired interface, featuring an aluminum-based superhydrophilic surface integrated with 
glass fiber conduits. This architecture enables rapid, directional transport of micron-scale liquid films, suppressing localized 
salt crystallization while reducing evaporation heat transfer due to the low thermal conductivity of glass fibers. Under one-
sun illumination, the system achieves a record solar-to-steam efficiency of 410% and a freshwater production rate of 6.25 
kg m−2 h−1, and meanwhile maintains stable operation without salt accumulation over extended periods. These results 
establish a new paradigm for solar desalination with scalable, efficient, and salt-resistant freshwater collection for global 
water-stressed regions.

1. Introduction
The escalating global demand for freshwater, fueled by rapid 
economic development and population growth, has left two-thirds 
of the global population facing water scarcity 1-5. Seawater, the most 
abundant water resource on earth, presents a viable solution 
through desalination 6,7. However, conventional desalination 
methods, such as electricity-driven reverse osmosis and thermal 
desalination, are highly energy-intensive and contribute significantly 
to greenhouse gas emissions8-10. Solar steam has recently gained 
attention as a sustainable alternative due to its energy-free 
operation and minimal carbon footprint 11-13. Among these 
technologies, solar-driven interfacial desalination has emerged as a 
promising strategy to address water scarcity 14-16.

Traditional solar-driven interfacial desalination system consists of a 
solar absorber, which converts sunlight into heat to generate steam, 
and a thermal insulator, which minimizes heat loss by localizing 
thermal energy at the surface 17,18. These systems often suffer from 
seawater infiltration, which reduces solar absorption by increasing 
surface reflectivity 19,20. Another key limitation lies in the freshwater 
collection system, typically a closed structure with a transparent 
cover that allows sunlight transmission and vapor condensation. 
However, steam condensation on the cover reduces light 

transmittance and increases reflectivity, leading to solar energy 
losses of up to 35% 21. Recently, solar-driven reverse multistage 
desalination has demonstrated significant advancements in 
seawater purification, offering higher evaporation rates and superior 
solar-to-water conversion efficiency 22,23. Unlike conventional 
interface desalination, this approach separates light absorption and 
condensation regions, enhancing solar energy capture and enabling 
latent heat recovery 24,25. This configuration supports the 
development of multistage evaporation systems, significantly 
boosting efficiency 15. 

Typically, a solar-driven reverse multistage evaporation system 
comprises several key components, including a photothermal layer, 
heat transfer layer, hydrophilic layer, and condensation layer 26-29. 
Among these, the hydrophilic layer plays a crucial role by ensuring 
continuous seawater replenishment and sustaining evaporation 
efficiency. Note that, current hydrophilic layers made from paper or 
cellulose exhibit poor thermal conductivity, while metal-based 
alternatives, though conductive, suffer from rapid salt accumulation 
due to inefficient brine discharge 30. Therefore, effective salt 
rejection and discharge remain critical challenges for the 
sustainability of metal-based reverse desalination systems 31-33.

In this study, we address these challenges through a biomimetic 
approach inspired by the water transport mechanisms of Volutharpa 
ampullacea perryi. We developed an aluminium-based reverse 
desalination device featuring superhydrophilic microscale V-groove 
arrays (SMVAs). These grooves enhance capillary-driven water flow, 
enabling rapid salt rejection and improved heat transfer for 
enhanced evaporation efficiency. Paired with flexible 
superhydrophilic glass fibres for continuous seawater supply and 
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drainage, the system achieves a solar-to-steam efficiency of 410% 
with a freshwater production rate of 6.25 kg m−2 h−1 under one-sun 
illumination. By eliminating low-conductivity materials and 
supporting up to 15 evaporation stages, this design offers a scalable, 
efficient solution for sustainable freshwater production.

2.Results and discussion
2.1 Preparation and characterization of SMVAs 

Marine gastropods can resist turbulent flows through surface-grown 
microgroove structures. Fig. 1a–c shows the optical and scanning 
electron microscopic (SEM) images of the Volutharpa ampullacea 
perryi, whose surface is densely covered with microgrooves 
approximately 150 μm wide and 100 μm deep. These structures 
promote rapid seawater transport along the groove walls (Fig.1d and 
Video S1). Inspired by this natural architecture, we fabricated SMVAs 
via picosecond laser etching (Fig. S1). Briefly, the superhydrophilic 
micro-scale V-groove arrays were fabricated on 500 μm-thick 
aluminum sheets using a picosecond laser with a wavelength of 
1060 nm 34-36. SEM image shows the microgrooves of 100 μm width 
(Fig. 1e) and 40 μm depth (Fig. S2). The enlarged view further 
presents nested subgrooves within the primary grooves, with their 
surface covered by a porous nanostructured layer (Fig. S3). Energy 
dispersive spectroscopy (EDS) analysis confirms the SMVAs 
comprises aluminum and oxygen, with Al content significantly 
exceeding oxygen (Fig. S4), indicating a composite surface of metallic 
aluminum and aluminum oxide. Additional X-ray photoelectron 
spectroscopy (XPS) spectra corroborate this composition37: major 

peaks at 531.48 eV (O1s) and 74.48 eV (Al1s) correspond to oxygen 
and aluminum, while deconvoluted peaks at 532.38 eV (-OH), 530.88 
eV (C=O), 74.78 eV (AlOx), and 73.58 eV (Al-Al bonds) confirm 
hydroxylation, surface oxidation, and metallic bonding states (Fig. 
S5).

The microgrooves function as capillary channels, enabling the rapid 
upward movement of water droplets from the base (Fig. 1f) 38,39. The 
advancing water front height 𝐻 with time (t), follows the Washburn–
Rideal equation 1.

 H2 = K(α, θ)γh
μ

t                                                         (1) 

where γ is the liquid surface tension, μ is the bulk liquid viscosity, h 
is the microgroove depth and K(α, θ) is a geometric factor dependent 
on the groove angle α and the liquid/surface contact angle θ. To 
measure the water rise height, we vertically mounted the sample and 
placed a 5 µL water droplet at its base, recording the time-dependent 
progression of H using a high-speed camera (Fig. 1g). The water 
climbs against gravity with an initial velocity of 156 mm s−1 before 
stabilizing at a steady-state velocity of ~ 41 mm s−1 upon reaching a 
height of 22 mm. The results align well with the classical Washburn 
model, confirming that H2  t. For comparison, we fabricated a 
superhydrophilic aluminum surface (SAS) without V-grooves. Water 
absorption on the SAS was significantly slower, requiring 
approximately 34 s to rise 20 mm (Fig. S6a). The SMVAs, however, 
supported a water rise in excess of 170 mm, albeit with a notable 
decrease in flow velocity at greater heights (Fig. S6b).  

Fig. 1 Characterization of the bioinspired superhydrophilic aluminum surface with V-grooves (SMVAs). (a) Optical image of the Volutharpa 
ampullacea perryi. and (b) Surface SEM image of the shell. (c) Cross sectional SEM image of the shell. (d) Water absorption capability of the 
shell surface. (e)SEM images of the V-groove structure of SMVAs at low and high magnifications. (f) Image sequences of the wicking behavior 
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of a water droplet on the SMVAs. (g) The water wet-front (H) propagation versus time, fitted with Washburn fit. (h) The cyclic temperature 
variation curves of the SMVAs under one sun illumination.

Moreover, the SMVAs exhibit superior heat transfer efficiency 
compared to smooth aluminum. Under one-sun illumination, they 
heat up more rapidly, reaching a maximum temperature increase ΔT 
of 32 °C (Fig. S7 and Note S1). Thermal stability was assessed through 
five on/off illumination cycles using a solar simulator (Fig. 1h). After 
five cycles, ΔT stabilized at 32 °C within 200 s, demonstrating 
excellent thermal transfer stability. With their enhanced heat 
transfer properties, SMVAs also facilitate rapid liquid evaporation 
(Fig. S8 and Note S2).

2.2 Performance of a single-stage evaporator using SMVAs

To optimize performance, three different types of single-stage 
evaporators based on SMVAs were designed (Fig. 2a) and their 
evaporation performance was evaluated under identical 
illumination. In SMVAs-A, water is supplied to the evaporation 

interface via direct contact with the SMVAs, whereas SMVAs-B and 
SMVAs-C employ flexible superhydrophilic glass fibers (FSGF) of low 
thermal conductivity for water transport. The water absorption 
capability of superhydrophilic glass fiber is shown in Fig. S9. 
Compared with SMVAs-A and SMVAs-B, the SMVAs-C incorporates a 
multilayer photothermal interface consisting of a solar-transparent 
polymethyl methacrylate (PMMA) layer, an air-based thermal 
insulation layer, and a solar absorber. Detailed information on the 
fabrication procedure and photothermal performance of the solar 
absorber is provided in Note S3. To ensure a high flow velocity along 
the SMVAs, we employed FSGF as the drainage component of the 
evaporator. In contrast to the rigid SMVAs, the FSGF can droop 
freely, allowing seawater to continuously infiltrate and ultimately 
reach the concentrated brine tank through a combination of capillary 
action and gravity (Fig. S12). 

Fig. 2 Fabrication and performance evaluation of different types of primary evaporators. (a) Schematic illustration of the structural design 
and evaporation mechanism of different types of evaporators. (b) Time-dependent mass variation of water for different evaporator types 
under one sun illumination. (c) Evaporation rate and solar-steam efficiency by different types evaporators under one sun illumination. (d) 
Temporal variation of the evaporation interface temperature for different evaporator types under one sun illumination. (e) Comparison of 
evaporation rates and solar-steam efficiency with previously reported values.

We next evaluated the solar vapor generation performance of three 
single-stage evaporators under constant 1 kW m−2 irradiation by 
monitoring time-dependent water mass loss. As shown in Fig. 2b, 
mass change curves for the three evaporators and a bare water 
surface reveal that SMVAs-C significantly outperforms the others, 
achieving a notably higher evaporation rate. Evaporation rates were 
calculated from the slopes of these curves, with SMVAs-C of area 
6 cm2 reaching 1.31 kg m−2 h−1 under one-sun illumination (dot in Fig. 
2c). Solar-to-steam efficiency (η) was calculated using the equation40  

η= mhv/CoptPo                                                             (2)

where m is the net evaporation rate, hv is the evaporation enthalpy 
of the water in the SMVAs (2350 J g−1), Po is the solar irradiation 
power and Copt is the optical concentration (Note S4). As indicated 
by the columnar in Fig. 2c, SMVAs-C achieved an efficiency of 
approximately 83% under one-sun illumination, outperforming the 
other designs. Despite the continuous high-speed water flow on the 
SMVAs, the flow thickness remains sub-micron (Fig. S13), resulting in 
an extremely low volumetric flow rate that minimizes thermal losses 
(Note S5). The contact thermocouple measurements (Fig. 2d) show 
that SMVAs-C rapidly reaches an evaporation interface temperature 
of 40.5 °C—higher than SMVAs-B (37.1 °C) and SMVAs-A (31.2 °C) 
under identical conditions.

Page 3 of 9 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/1

3/
20

26
 4

:5
4:

52
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5TA08988C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta08988c


ARTICLE Journal Name

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

Interestingly, the top surface and bulk water temperatures of 
SMVAs-C remain lower than those of the other evaporators due to 
the presence of an air insulation layer and the low thermal 
conductivity (0.04 W m−1 K−1) of the hydrophilic fibers. These 
features effectively reduce heat loss through convection and 
conduction (Fig. S15), yielding calculated losses of ~0.9% 
(conduction), ~2.5% (radiation), ~7.25% (convection), and ~3% 
(dissipation to the water phase) (Note S6). Furthermore, the high 
thermal conductivity of SMVAs enables rapid interfacial temperature 
rise, as confirmed by hot plate tests (Fig. S16a) where SMVAs reached 
higher steady-state temperatures faster than glass fibers. The 
thermal conductivity measurements indicate that the SMVAs achieve 
values of up to 220 W m⁻¹ K⁻¹ (Fig. S16b and Note S7). Consequently, 
SMVAs-C achieves superior evaporation rates compared to low-
thermal-conductivity alternatives (Fig. 2e).

2.3 Salt-rejection performance and durability of SMVAs-C in 
desalination

Effective salt-rejection is essential for sustainable solar desalination 
41-43. To demonstrate that the high-flow surface of SMVAs-C can 
prevent salt crystallization. We used SAS, a superhydrophilic 
aluminum surface without V-grooves, to fabricate a low flow velocity 
C-type evaporator. Under one sun illumination, the corresponding 
water mass change results for different flow-velocity evaporators is 
presented in Fig. 3a. The evaporation rate of SAS-C gradually declined 
and stabilized at approximately 0.96 kg m−2 h−1, markedly lower than 
that of SMVAs-C (1.31 kg m−2 h−1). In addition, continuous 
evaporation tests under one-sun illumination confirm the excellent 
stability of SMVAs-C during seawater purification. Even after 10 
hours of uninterrupted operation, the evaporation interface remains 
free of salt crystallization, demonstrating both effective salt rejection 
and long-term usability (Fig. 3b and Video S2). In contrast, the low-
flow C-type evaporator (SAS-C) exhibited visible salt crystallization 
within 15 min and became almost completely fouled after 1.2 h, 
severely impeding vapor escape and reducing performance (Fig. 3c 
and Video S2). 

Fig. 3 Salt rejection mechanism of the SMVAs-C evaporator induced by high flow velocity. (a) Mass change of seawater on evaporators with 
high and low flow velocities under one sun illumination. Optical images of the continuous solar desalination process on evaporators with 
high (b) and low (c) flow velocities using seawater as the bulk water source. (d) Evaporation rate for SMVAs-C evaporator using feedwater 
with different salinities under one sun illumination. (e) Water transport velocity of the SMVAs-C for the water with different salinities. (f) 
Time sequences of optical images of rapid dissolution of NaCl solid crystals at high flow rates. 

To systematically evaluate salt tolerance, we tested SMVAs-C with 
solutions of varying salinity: ultrapure water (0 wt.%), seawater (2.8 
wt.%), and saline solutions of 7 wt.%, 10 wt.%, 15 wt.% and 20 wt.%. 
As shown in Fig. 3d, the evaporation rate decreased slightly with 
increasing salinity, yielding 1.336, 1.31, 1.27, 1.15, 1.09 and 1.02 kg 
m−2 h−1, respectively. Despite the higher salt concentration, the 20 
wt.% brine maintained a stable evaporation rate (Fig. S17), 
underscoring the salt-resistance of SMVAs-C. This performance is 
attributed to its high water transport capacity, enabling an upward 
brine flow velocity of 29.1 mm s−1 against gravity (Fig. 3e), which 
efficiently removes concentrated brine to sustain high evaporation 
efficiency.

 Moreover, the high flow velocity at the SMVAs-C interface 
accelerates the dissolution of surface salt crystals. As shown in Fig. 
3f, salt crystals within V-shaped grooves dissolve completely within 
0.9 s due to the rapid water flow. To further verify this capacity, 
20 mg of NaCl crystals were manually added to the SMVAs-C surface 
during seawater evaporation under one-sun illumination. The salt 
crystals began dissolving immediately upon contact with seawater 
and fully disappeared within 20 min (Fig. S18 and Video S3), 
confirming the system’s strong salt-dissolution ability.
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2.4 Design and performance analysis of multistage reverse-
distillation devices

To maximize freshwater yield per solar absorption area, we 
developed a multistage passive solar desalination apparatus 
(MPSDA) based on SMVAs and condensation enthalpy recovery (Fig. 
4a) 44,45. The system features 3D-printed single-stage evaporation 
frames (2 mm thick) that integrate the SMVAs and the water 
supply/drainage. This innovative design combines hydrophilic and 
thermal exchange functions within a single layer: the SMVAs upper 
surface serves as the evaporation interface while the lower surface 

acts as the condensation heat-transfer layer, enabling an ultra-
compact 30 mm total device thickness (Fig. S19). Fig. 4b illustrates 
the working principle of the MPSDA. In each stage, the interfacial air 
layer acts as both a thermal insulator and a vapor transport medium, 
accelerating vapor delivery to the condensation layer and improving 
condensation efficiency. The top surface of this layer is covered with 
superhydrophilic glass fibers, which quickly absorb condensate 
droplets and drain them downward under gravity, enabling effective 
water collection.

Fig. 4 Solar evaporation performance under controlled indoor conditions. (a) Photograph of the indoor experimental setup. (b) Schematic 
diagram of the MPSDA operating in low-salinity water mode. (c) Mass variation of the MPSDA with different stages under one sun 
illumination. (d) Evaporation rate and solar-steam efficiency of the MPSDA with different stages under one sun illumination. (e) Temperature 
evolution across different stages during a 1.5 h test. (f) The notable advantages of MPSDA on the passive multi-stage evaporation system 
compared with other techniques from five aspects. Y, yes; N, no.

Systematic evaluation of stage number effects revealed significant 
performance improvements. As shown in Fig. 4c, mass change 
increases with stage count due to the utilization of condensation 
enthalpy from the vapor generated at each level. As the number of 
stages (n) increases from 1 to 15, the evaporation rate rises from 1.31 
to 6.25 kg m−2 h−1, and solar-to-steam efficiency improves from 189% 
to 410% under one-sun illumination (Fig. 4d). The nonlinear 
efficiency growth stems from heat losses due to imperfect sealing, 
with first-stage measurements showing 69% freshwater recovery 
and 31% vapor loss (Fig. S20). To investigate this performance 
enhancement, we performed real-time thermal profiling of each 
stage using contact thermocouples. As shown in Fig. 4e, under one-
sun illumination for 1.5 h, the first-stage temperature rose rapidly to 
45 °C within 500 s and stabilized at 50 °C. Thanks to the high thermal 
conductivity of SMVAs and the minimal thickness of each evaporator 
stage, the temperature drops between the first and third stages is 
just 8.5 °C, and only 22 °C between the first and fifteenth stages. This 
small gradient indicates efficient vertical heat transfer throughout 
the stack and minimal lateral heat loss, thereby boosting overall 
evaporation performance. Detailed mechanism of high evaporation 

performance is provided in Note S8. Consequently, the MPSDA 
demonstrates superior performance across five key metrics 
compared to previously reported solar distillation technologies (Fig. 
4f).

2.5 Outdoor solar desalination

While indoor testing under controlled solar flux provided valuable 
performance benchmarks for the MPSDA prototype’s performance, 
evaluating its stability under real-world conditions is essential for 
practical deployment. To this end, two MPSDA units, each 
incorporating a larger SMVAs (100 × 100 mm), were fabricated for 
outdoor testing (Fig. 5a). Superhydrophilic glass fiber filaments were 
integrated on both sides of each device to facilitate water supply and 
drainage (Fig. S22). The setup was installed on the rooftop of School 
of Mechanical Engineering, Dalian University of Technology, and field 
tests were conducted on May 20, 2024. The experiment began at 8 
a.m., with solar intensity and evaporation efficiency recorded hourly 
(Fig. 5b). As solar irradiance increased, the evaporation efficiency 
rose proportionally, peaking between 12:00 and 14:00 at 
approximately 900 W·m−2. During this peak, the evaporator achieved 
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an evaporation rate of around 4.5 kg m−2 h−1. Fig. 5c shows the 
cumulative increase in collected water volume, reaching 48 mL over 
8 hours. To further evaluate device performance under different 
weather conditions, we conducted an outdoor test on a cloudy day 
(Fig. S23a). Although cloudy conditions and solar flux fluctuations 
reduced overall performance, the multi-stage evaporator still 
exhibited strong outdoor productivity (Fig. S23b and Note S9). In 
addition, during outdoor experiments, the number of active stages 
in the reverse multi-stage evaporator varied between 8 and 12 due 
to fluctuations in ambient temperature and light intensity. To 
accommodate this variability, the system features a modular design 
that allows the number of stages to be adjusted according to the 
operating conditions (Fig. S24).

Ion chromatography analysis of the collected water (Fig. 5d) revealed 
ion concentrations well below the World Health Organization (WHO) 
drinking water standards. Furthermore, we measured the aluminum 
ion concentration in the solution. The detected concentration (0.02 
mg L−1) is well below the WHO drinking water standard of 0.2 mg L−1. 
These results confirm the its suitability for both drinking and 
agricultural use. We further verified the quality of the evaporator’s 
freshwater output during extended operation through continuous 
monitoring of total dissolved solids (TDS) 46-48. The results showed 
minimal fluctuation, with TDS values consistently between 30 and 40 
(Fig. S25a-b), meeting standard drinking water requirements. Ion 
content was also analyzed after 20 days of continuous operation. Ion 
chromatography revealed concentrations well below WHO drinking 
water standards (Fig. S25c).

Fig. 5 Solar evaporation performance under outdoor conditions (a) A prototype MPSDA designed to simulate practical water purification 
equipment. The experimental test rig consisted of (1) two multistage passive solar desalination apparatus (MPSDA), (2) the concentrated 
seawater collection devices, (3) a temperature recorder, (4) two Fresh water collection devices, (5) a seawater supply device, (6) a graduated 
cylinder. (b) Temporal variations in evaporation rate and solar flux. (c) Time sequences of optical images of the collected water a graduated 
cylinder. (d) Ion concentration of real seawater before and after solar thermal distillation. (e) Evaporation rate and water absorption of the 
SMVAs after continuous immersion in seawater for more than 60 days. 

Long-term durability of the SMVAs is critical to the MPSDA’s 
operational lifespan. To assess this, SMVAs samples were immersed 
in seawater for 60 days, with evaporation performance and surface 
wettability measured every 15 days. Results show that after 60 days, 
both evaporation rate and hydrophilicity remain virtually unchanged. 
As shown in Fig. 5e, the SMVAs maintains a stable evaporation rate 
of 1.3 kg m−2 h−1, and the spreading time of a 5 μL water droplet 
remains consistently within 0.3 s, indicating sustained 
superhydrophilicity. 

To protect the evaporator from environmental factors such as UV 
radiation, wind, and sand, we designed a three-layer shield 
consisting of a PLA frame, expandable polyethylene (EPE), and 
aluminum foil (AF) (Fig. S26). The EPE provides thermal insulation 
and reduces the impact of wind and sand 49,50, while the AF enhances 
UV reflection 51. Fig. S27a shows that it maintained stable freshwater 
collection for over 20 days of continuous operation. Under cloudy 

conditions, it produced ~ 27 mL of freshwater per day, corresponding 
to an average productivity of 670 mL kW−1 h−1. Under sunny 
conditions, production increased to ~ 50 mL per day, corresponding 
to 1.12 L kW−1 h−1. Scanning electron microscopy (SEM) images 
confirmed that the SMVAs retained a porous structure after 
prolonged operation (Fig. S27b). 

3.Experimental Section
3.1 Materials

Aluminum sheet with a thickness 500 μm and superhydrophilic 
fiberglass paper with a thickness 200 μm purchased from Shenzhen 
Universe Metal Materials Co. Ltd. and Shandong Jukai technology 
innovation Co. Ltd., respectively. MCNT aqueous dispersion with 
carbon nanotube content, length and diameter 10.6%, 10–20μm, 
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diameter ≥50 nm, respectively, was purchased from Beijing Boyu 
Hi-Tech New Material Technology Co. Ltd. Titanium nitride (TiN) with 
particle size 20 nm was purchased from Aladdin Chemical Reagent 
Network. The seawater was collected from the Yellow Sea, China.

3.2 Preparation of the SMVAs

A 500 µm-thick aluminum sheet was processed using a IceFyre 1064-
50 picosecond laser of 1060 nm wavelength and 200 µJ pulse–1. 
Optimized parameters include scan speed of 400 mm s⁻¹, interline 
spacing of 10 µm, V-groove pitch of 100 µm to generate the SMVAs 
with optimal water absorption performance.

3.3 SMVAs characterization

The microstructure of SMVAs was characterized by a scanning 
electron microscopy (SU-5000). XPS spectra were obtained by a X-
Photoelectron Spectrometer instrument (K-Alpha+). The SMVAs 
sample was mounted onto a vertical platform and 5 µL water was 
dripped onto the lower end of the SMVAs sample. The videos of 
water wetting dynamics were recorded using a digital camera. The 
ion concentration before and after desalination was tested ion 
chromatograph instrument (ICS-5000).

3.4 Experiments of evaporation and solar desalination

Evaporation tests were performed under a temperature of 20 ± 2 °C 
and a relative humidity of 45 ± 5%. Evaporation experiments under 
solar flux were carried out under a solar simulator (CME-sol8050-
ABB) equipped with an optical filter for the standard AM 1.5-G 
spectrum. An analytical balance with an accuracy of 0.01 g was used 
to record the evaporated mass. The temperature change of surface 
was recorded by a contact thermometer (JK-808).

Conclusions
In summary, we present an innovative solar-driven reverse 
distillation system that synergistically combines efficient heat 
transfer and active salt rejection for sustainable desalination. By 
integrating the condensation heat exchange and hydrophilic 
evaporation layers onto a single aluminum plate, the height of 
each stage is minimized, significantly improving heat transfer 
efficiency. The continuous, rapid water flow within the 
hydrophilic layer effectively transports concentrated brine 
away from the evaporation interface, thereby preventing salt 
accumulation. Leveraging the combined benefits of high 
thermal conductivity and efficient salt rejection, we constructed 
a 15-stage multi-stage passive solar desalination apparatus. 
Under one-sun illumination, the device achieves a high solar-to-
steam conversion efficiency of 410% and a water production 
rate of 6.25 kg m−2 h−1, while operating continuously for 10 
hours without salt crystallization. With its combination of 
superior performance and demonstrated durability, and cost-
effective design, this work represents a significant advance in 
practical solar desalination solutions for water-scarce regions.
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