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ABSTRACT: Solar-powered interfacial evaporation has emerged as a promising, sustainable
technology for clean water production with its minimal carbon footprint. Currently, extensive
research efforts focus on enhancing solar evaporation rates and broadening the applicability of
three-dimensional (3D) interfacial steam generators (SGs). For large-scale water production,
individual 3D SGs must be integrated into system-level SG arrays for deployment in portable
devices or solar distillation plants. Therefore, the SG array's configuration plays an even more
critical role in boosting solar evaporation. From a methodological perspective, the development
of numerical simulation and evaluation methods to predict the solar evaporation of SG arrays
is an emerging research frontier. Nonetheless, the complex energy-water-solute interactions
within SG arrays remain largely underexplored. Herein, 3D SGs and their integrated SG arrays
are developed. The temperature, relative humidity, airflow and air particle distributions
throughout individual SGs and SG arrays are simulated, guiding the optimization of SG
structures and the arrangement of SG arrays. By promoting cold evaporation, 8-Fin SG achieves
the highest water evaporation rate of over 2.3 kg m >h ! under 1 sun, with a further increase to
4.8 kg m 2 h™! under a moderate airflow, positioning it among the best-performing solar-
powered SGs. The circular array configuration of nine 8-Fin SGs (12 cm spacing) enables
sustained “all-cold evaporation” in each unit, where continuous energy harvesting from both
ambient air and bulk water drives an exceptional evaporation rate of 5.9 kg m™ h™! of the SG
array under natural sunlight. We present an integrated approach combining numerical
simulation with experimental studies of SG and their arrays, inspiring a new paradigm for

advancing SG arrays toward system-level applications.
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INTRODUCTION

Freshwater scarcity represents a critical and escalating challenge for human society, driven by
multiple interrelated factors such as rapid population growth, urbanization, unsustainable water
resource allocation, and intensifying climate change.! Currently, an estimated 1.8—2.9 billion
people experience severe freshwater shortages for at least four months annually, with
projections indicating a worsening crisis. By 2050, global freshwater demand is expected to
increase by 19%, leaving 75% of the global population facing clean water scarcity.> Ensuring a
consistent and reliable supply of clean water is thus an urgent global imperative. In response,
advanced water purification technologies, including membrane filtration, thermal distillation,
and reverse osmosis, have been developed over recent decades. While these innovations show
promise, critical challenges persist, particularly concerning their energy consumption,
operational costs, water treatment efficiencies and environmental impacts. Hence, addressing

these gaps is essential to achieving sustainable solutions.> *

The sun serves as a primary source of renewable energy for our planet. Recent advancements
in solar-powered interfacial evaporation have positioned this technology as a sustainable
solution for water treatment.™ ® Its low-maintenance, grid-independent and user-friendly nature
makes it particularly beneficial for producing portable clean water in remote, arid, and semi-
arid regions.”” Innovative strategies such as environmental energy harvesting, vaporization
enthalpy recycling and salt-rejecting have enabled water evaporation rates to exceed the
theoretical upper limit of brine.”> ' ! The rational design and controlled fabrication of
photothermal composites in three-dimensional (3D) monolithic forms (i.e., aerogels, hydrogels
and sponges/foams) — featuring micro- and macro-scale attributes like structural elements,
configuration, and porous architectures — has garnered significant research interest.'?"!
Particularly, 3D interfacial steam generators (SGs) are highly desired for their ability to

synergistically enhance clean water production and support hybrid applications such as all-day



operations, zero liquid discharge, photosynthesis and environmental stimuli response. ' 17-26

The unique functionalities of 3D SGs arise from the intricate distributions of energy, water and
salts within their structural components and device configurations.?’** Thermal energy
distribution critically determines energy losses and gains on evaporation surfaces, while water
supply and directional diffusion govern thermal management, salt rejection and evaporation
rates.® Additionally, the porous structure and pore size distribution can be precisely modulated
to enhance effective evaporation areas, steam release interfaces and cold evaporation zones.
Rational fabrication of 3D SGs with multiscale hierarchical structures not only minimizes
material consumption but also eliminates “dead evaporation zones”.3" 32 As a result, the
operation of 3D SGs represents a complex, multi-physical-field coupled process. However, due
to the structural diversity of 3D SGs across applications, the correlations between energy, water
and salts remains highly dependent on specific structural designs and device configurations,
rendering it challenging to generalize. In this context, a comprehensive study on the energy-
water-solute nexus within 3D SGs is essential to optimize evaporation performance and hybrid

functionalities.

To develop a more effective design strategy, numerical simulations — encompassing both
macroscopic and microscopic-scale methods — can be used as powerful tools to investigate the
dynamic processes of solar energy, heat, fluid and vapor within 3D SGs.*® In recent years,
numerical simulations have been extensively used to guide material design and optimize device
configurations of 3D SGs, significantly enhancing evaporation performance while improving
design and fabrication efficiency.***® Specifically, numerical simulations provide essential
support in uncovering the underlying mechanisms governing the balance of water, energy and
environment (i.e., temperature, humidity, airflow and water wave) during photothermal
conversion and reactions.****? Macroscale simulating methods (i.e., COMSOL Multiphysics,

Fluent, OpenFOAM and ANSYS) have proven instrumental in elucidating the intricate
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correlations among gradient structures, thermal and mass transport, energy management, and
the coupling of thermal and flow fields during solar evaporation.***¢ These methods enable
detailed representations of the dynamic distributions and transfers of energy, water, humidity
and salt across both structural components and their surrounding environment, thereby
providing invaluable insights into the devices’ dimensions, operations and functions.*’? In
addition, microscale simulating simulations (i.e., density functional theory, molecular dynamics
and Monte Carlo methods) reveal kinetic characteristics and motion states of water molecules

during solar evaporation, which remain inaccessible to experimental observation.3->

Despite significant progress, current simulation techniques predominantly focus on individual
3D SGs. To enable efficient clean water production, 3D SGs must be integrated into system-
level arrays, suitable for deployment in portable devices or solar distillation plants.>’ For large-
scale implementation of 3D SG arrays, boosting photothermal conversion, solar evaporation
and water collection within a compact area is of paramount importance.’® > Beyond the
optimization of individual SGs, the SG array's configuration — encompassing its shapes, sizes
and inter-spacing — plays an even more critical role in enhancing evaporation performance.
This gap — stemming from the complex, underexplored energy-water-solute interactions
within 3D SG arrays — has constrained the development of system-level designs and scalable
fabrication strategies for real-world, open-water applications. For future design, we believe that
advancing numerical simulation and experimental evaluation methods to accurately design and
predict the holistic evaporation performance of SG arrays and desalination systems represents

a compelling research frontier, yet such a proof-of-concept remains elusive.
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Figure 1. Schematic illustration and digital photographs of individual SGs and SG arrays

optimized based on numerical simulation and experimental evaluation in this study.

In this contribution, a series of 3D SGs and their integrated SG arrays were fabricated and
optimized to enhance solar-powered interfacial evaporation (Figure 1). Numerical simulations
and experimental studies were synergistically conducted to optimize the structural components,
device configurations of individual SGs and the arrangement of SG arrays. On one hand,
COMSOL Multiphysics was employed to simulate the temperature, relative humidity (RH) and
airflow distributions throughout SGs with varying numbers of fins, guiding the modulations of
side fins and the arrangement of SG arrays. On the other hand, the experimental evaluation was
performed under indoor, outdoor, windless and windy conditions. For individual SG units, the
top surface efficiently converted solar energy into heat, facilitating solar evaporation, while
excess thermal energy was transferred to the side fins to promote cold evaporation. Among five
SGs, 8-Fin SG achieved the highest water evaporation rate of over 2.3 kg m2h™! under 1 sun,

and the value further increased to 4.8 kg m > h™! under a moderate airflow of 2 m s

, placing it
among the best-performing solar-powered SGs reported to date. Based on 8-Fin SG, the circular

array with 12 cm spacing attained a water evaporation rate of 5.9 kg m™2 h™! under natural

sunlight. In this array, all structural components in each SG maintained temperatures



consistently lower than both air and water, enabling an “all-cold evaporation” mode with
significant energy input from air and water into all SGs. This work highlights the significance
of system-level array design in scaling up solar-powered interfacial evaporation for real-world

applications, considering both theoretical and experimental perspectives.

RESULTS AND DISCUSSION

Fabrication and Characterization of SGs

(a) Modular design

—
Assembly
~ " o : —
4 "’ Disassembly
d Photothermal film
Wooden slices 3D-printed scaffold 3D SG

(b) Sequential modeling images

4 Fins 6 Fins 8 Fins 10 Fins 12 Fins

Figure 2. (a) Process flowchart for fabricating 3D SGs. (b) Sequential modeling images and (c)
digital photographs of 3D SGs featuring heatsink-like structures with varying fin counts (from
4to 12).

The fabrication process of 3D SG is depicted in Figure 2a. All fins (5.0 cm % 1.4 cm X 0.5 cm)

within the heatsink-like structures were constructed from balsa wood, one of the lightest natural



woods available. This characteristic imparts excellent buoyancy, making balsa particularly
suitable for SGs designed to float on water. Despite its lightweight nature, balsa boasts a high
strength-to-weight ratio (0.12 N-m kg '), which is advantageous for modeling purposes. In
addition, the porous and oriented structure of balsa enhances its capacity for water diffusion
and thermal insulation in specific directions.®’ Furthermore, a hydrophilic fiber mat, fabricated
via an optimized electrospinning method using black polyurethane as the raw material, served
as the photothermal layer atop SG. This fiber mat is not only strong and resistant to stretching
and shrinking, but also more cost-effective than many natural fibers. A 3D scaffold was
fabricated using extrusion-based 3D printing, which integrated the wooden slices as side fins
and the photothermal film as the top surface. The fins directly contacted the photothermal layer,
facilitating efficient water transport from the bottom to the top. This modular design allowed

for easy disassembly of the fins from SGs.

The structural design and modeling of SGs are illustrated in Figure 2b. To modulate the number
of fins, slots were incorporated into the 3D scaffold with rotational intervals of 90°, 60°, 45°,
36° and 30°. This configuration allowed for the assembly of five SGs with different fin counts:
4, 6, 8, 10, and 12 fins, respectively. Digital photographs of five SGs are presented in Figure
2c¢. All SG variants maintained a consistent height (5.3 cm) and diameter (6 cm) for comparative
analysis, except for the systematic variations in the number of fins. The heatsink-like structures
were designed to scale up evaporation areas of the SGs, enabling efficient convection to pass
through their internal channels. The modular, disassemble design of SGs allowed for the
modulation of side fins, facilitating the evaluation and optimization of evaporation performance,

corroborated by simulation results.
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Figure 3. (a) Schematic illustration of structural components and their functions within SG. (b)
SEM images of photothermal fabric (left: top view and right: bottom view). (c) Cross-sectional
SEM images of balsa wood (left: longitudinal cross-section and right: transverse cross-section).
(d) Contact angle measurements of photothermal fabric. Water contact angle measurements of
(e) longitudinal and (f) transverse cross-sections of balsa wood. (g) Water diffusion

characterization of balsa wood along the vertical (V) and horizontal (H) growth directions.

3D SG comprised three structural components: a photothermal fabric, detachable fins and a 3D-
printed scaffold (Figure 3a). Given the critical role of balsa wood as a primary structural
component in SGs, its structural stability was evaluated under extreme aqueous conditions,
including highly acidic (pH = 1), alkaline (pH = 14) and saline (20 wt% NaCl) environments.
After 14 days of immersion, the balsa wood sheets exhibited no dissolution or deformation,
indicating their excellent structural stability for applications under harsh conditions (Figure S1).
Notably, all SGs with varying numbers of fins sustained a 500 g load without collapse,

exhibiting their structural stability and integrity (Figure S2). In addition, the photothermal



fabric afforded a broad absorptance of ~82.1% across the 250 — 2500 nm range, effectively
absorbing the entire solar spectrum (Figure S3). Scanning electron microscope (SEM) imaging
revealed a densely packed, bead-free nanofiber structure with an average fiber diameter of 44.3
nm (Figure 3b and Figure S4). Diameter distribution analysis was performed using Nano
Measurer software on over 200 fibers across five distinct regions. An isotropic pore structure
was observed in the underwater adhesive between the photothermal fabric and balsa wood. As
aresult, the photothermal fabric converted sunlight into thermal energy, heating the liquid water

diffused from the balsa wood into the fabric and enabling the subsequent release of water vapor.

The balsa wood-based fins exhibited pronounced structural anisotropy as depicted via macro
photography and SEM images (Figure 3¢ and Figure S5). The hierarchical porous structure of
the balsa wood, formed by vessel and tracheid elements, spanned multiple length scales. The
lumina of the vessels (microchannels) generally aligned along the longitudinal direction (the
growth direction), where vessel and tracheid provided the large-size and small-size channels,
respectively. This multiscale, anisotropic architecture facilitated efficient pathways for
multiphase transport of water, nutrients and organic substances within the wood. Beyond water
diffusion in SGs, heatsink-like structures with varied fin counts can increase the evaporation
areas of SGs. Additional energy input pathways for evaporation could be created when the fin
temperatures were lower than those of surrounding air and water. For individual SGs, this study
evaluated the influences of fin count on their evaporation area, airflow, energy gain, and

evaporation rates.

Previous reports have evidenced that hydrophilic porous surfaces can facilitatO.e the expulsion
of water vapor from photothermal layers while preventing the accumulation of salt crystals,
which is crucial for solar desalination.®’ ® To assess this property, contact angle (CA)
measurements were performed, revealing a hydrophilic surface (CA value: 108°) on the

photothermal fabric (Figure 3d). In addition to water, the fabric exhibited high CA values when
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tested with hydrophilic organic solvents such as glycerol and ethylene glycol, further validating
its hydrophilic characteristics. CA measurements also reveal the hydrophilic nature of the cross-
sections of balsa wood. Here, the cross-sectional surface perpendicular to the growth direction
(vertical direction, denoted as V) showed a CA value of 75° at 1 s, which decreased to 21° after
2 s (Figure 3e). The cross-sectional surface parallel to the growth direction (horizontal direction,
denoted as H) showed a slightly higher initial CA of 77° at 1 s, but it rapidly dropped to zero
after 2 s (Figure 3f). Similarly, for organic solvents, the distinct CA responses to glycerol and
ethylene glycol further suggest morphological variations between the V and H cross-sections

of balsa wood (Figure S6).

To further investigate water transport properties, the water diffusion along the vertical (V) and
horizontal (H) directions relative to the growth axis was characterized using an image sequence
(Figure. 3g). In the vertical direction, water diffused to a distance of 4.3 cm within 15 min. A
faster water diffusion was observed in the horizontal direction, where water reached a height of
5.5 cm in the same time frame. These results indicate superior water transport along the growth
direction of balsa wood. Consequently, all fins were tailored from the balsa wood, with the

wood's growth direction oriented perpendicular to the water surface.

Solar Evaporation Characterization of SGs at Indoor Conditions
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Figure 4. Solar evaporation characterization under windless and 1 sun conditions: (a) IR images
at a steady state, (b) surface temperatures, (c) mass changes of water and (d) water evaporation
rates of SGs over 60 min. Solar evaporation characterization under light breeze (2 ms™!) and 1

sun conditions: (e) IR images at a steady state, (f) surface temperatures, (g) mass changes of

Indoor water evaporation measurements were performed under 1 sun (AM 1.5G, 100 mW c¢m?)
at ~28 °C and ~50% RH. The bottom sides of all SGs were immersed in water, ensuring
consistent height (5.1 cm) above the water surface for reliable comparisons. During the

evaporation tests, solar illumination was exclusively directed onto the top surface of all SGs,



with the evaporation area defined as the projected surface area (diameter: 6 cm) to ensure
consistent and reliable comparison across all SGs. To date, numerous 3D SGs with varying
structures, dimensions and heights have been developed, while it is widely accepted that their
projected surface areas are typically used as the standard metric for determining evaporation
rates.%® Tests were conducted under breezeless and breezy conditions, with air velocities set at
0 and 2 m s !, respectively. Temperature changes of top surfaces and side fins of SGs, water
and air were monitored using an infrared (IR) camera and thermocouples. Under calm (windless)
and 1 sun conditions, the surface temperatures of all SGs rapidly increased, reaching an
equilibrant state in 5 min (Figure 4a and Figure 4b). SGs with fewer fins exhibited higher
surface temperatures, while equilibrant temperatures decreased with increasing fin number. The
surface temperatures of five SGs ranged from 36.0—39.5 °C, consistently exceeding the ambient
temperature (~28 °C). On the other hand, the fin temperatures of all SGs ranged from
25.6—26.5 °C, remaining below the ambient temperature. These results highlight the presence
of energy input pathways from the surrounding air to all SGs. Water evaporation rates were
determined by measuring water mass loss over 60 min (Figure 4c¢). All SGs demonstrated
significantly enhanced evaporation compared to neat water, as indicated by the sharp declines
in water mass. The evaporation rates under calm and 1 sun conditions are summarized in Figure
4d. The rates were measured at 1.53, 1.74,2.33, 2.19 and 1.94 kg m 2 h! for SGs with 4, 6, 8,
10 and 12 fins, respectively, with 8-Fin SG achieving the highest rate. Although increasing fin
number expanded the evaporation area, it did not consistently enhance evaporation rates, as the
rates gradually declined for 10- and 12-Fin SGs. These results reveal that solar evaporation can
be effectively modulated by the fin number, with 8-Fin SG attaining the optimized performance

among five SGs.

Airflow over water represents a critical environmental factor influencing interfacial water

evaporation. Under light breeze (2 m s ') and 1 sun conditions, the surface temperatures of all
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SGs rapidly increased, stabilizing in equilibrium within 5 min (Figure 4e and Figure 4f). For
each SG, the surface temperatures under airflow were lower compared to those under calm
conditions, attributable to enhanced convective heat loss. Interestingly, a consistent trend of
decreasing equilibrium temperatures with an increasing number of fins was observed, mirroring
the results obtained under calm conditions. Under enhanced convection, the surface
temperatures of five SGs decreased compared to the calm condition, falling within the range of

28.3—-30.2 °C, yet remaining higher than the ambient temperature (~28 °C). Notably, the side
fins of all SGs exhibited significantly lower temperatures, ranging from 18.1-20.1 °C. Both

windless and light breeze conditions highlight the mechanisms of energy transfer from the
surrounding air, contributing to improved water evaporation. Furthermore, water evaporation
rates were quantified by measuring water mass loss over 60 min (Figure 4g). Compared to calm
conditions, airflow significantly enhanced water evaporation across all SGs. As summarized in
Figure 4h, the evaporation rates under airflow and 1 sun were 3.92, 4.27, 4.80, 4.20 and 4.01
kg m2 h™! for SGs with 4, 6, 8, 10 and 12 fins, respectively. Notably, 8-Fin SG achieved the
highest evaporation rate among five SGs, independent of convection. These results disclose that
the heatsink-like structures in SGs enhance water evaporation by increasing evaporative surface
area, promoting energy input from environment. The advantages of the structural modifications
were closely linked to the optimization of side fins, underscoring the critical role of precise

design in maximizing interfacial evaporation rates.
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Figure 5. Temperature distribution characterization under windless and 1 sun conditions: (a)
Temperature distributions of all SGs at a steady state. (b) Simulated temperature distributions
of 8-Fin SG over 60 min. (c) Temperature changes of air, water and structural components
within 8-Fin SG over 60 min. (d) Simulated and measured temperatures of fins within 8-Fin

SG over 60 min. (¢) Measured water temperature under 8-Fin SG over 60 min.

COMSOL Multiphysics was used to simulate the temperature distribution of SGs under
windless and 1 sun conditions, aiming to validate the experimentally observed temperature
variations of SGs and their surrounding environment during solar evaporation. The simulations

employed the heat transfer module for solids and fluids, governed by the following equations 1

and 2,046
pCu-VT+V-q=0+0,, (1)
g=—kVT 2)

where Q represents the thermal flux (W m™), Qwa denotes the additional thermal effect term
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(W m™), g is the heat flux, k is the thermal conductivity, p corresponds to the density of water,
Cr is the specific heat capacity of water at constant pressure, pCp is the effective volumetric
heat capacity of water under constant pressure, u represents the fluid velocity field and VT is
temperature gradient (K m™'). 3D geometric models were constructed to match the actual
dimensions of all SGs (Figure S7a). The fundamental material properties (i.e., density,
temperature, thermal conductivity, and heat capacity at constant pressure) of the water-saturated
photothermal mat and balsa wood, along with environmental parameters (i.e., solar intensity,
RH and ambient and water temperatures) were determined based on experimental
measurements. The model incorporated Multiphysics simulations, accounting for heat transfer
within both solid and fluid domains. Physical boundary conditions were defined by considering
the density, isobaric heat capacity, and thermal conductivities of the structural components and
bulk water. The initial temperatures of all structural components were set to match the measured
values obtained via IR imaging and thermocouples. A uniform heat flux of 100 mW c¢m 2 was
applied to the top surfaces of all SGs as the solar energy input. The mesh of all SG models was
generated with careful refinement of the boundaries of the structural components, air, and water
(Figure S7b). In the steady state, the surface temperatures of five SGs ranged from 36.5 to
37.7 °C, which closely aligned with the experimentally measured values (Figure Sa). The
temperature of the bulk water remained within a narrow range of 26.7-26.9 °C. For all SGs, it
1s noted that the temperatures of the side fins (26.2—26.5 °C) were lower than those of the top
surfaces, surrounding air (~28 °C) and bulk water. The simulation reveals that SGs harvested

energy both from the surrounding air and the bulk water during solar evaporation.

A transient simulation was performed using an 8-Fin SG model to analyze the dynamic
temperature variations in water-saturated structural components, air and bulk water during solar
evaporation. The temperature distribution was recorded at 1 min intervals over a 60 min

duration. Sequential thermal images revealed that the temperatures of the water-saturated side
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fins consistently remained lower than those of the surrounding air and bulk water throughout

the 60 min solar evaporation (Figure 5b and Video S1).

To experimentally validate the simulated temperature profiles, temperature variations of 8-Fin
SG and the surrounding environment were monitored using IR imaging and thermocouples
under windless and 1 sun conditions (Figure Sc). The surface temperature of the 8-Fin SG
exhibited a rapid increase, stabilizing at ~37.3 °C within 5 min. On the other hand, the
temperatures of air and bulk water remained relatively stable at ~27.8 °C and ~26.7 °C,
respectively. Notably, the lowest temperature was recorded at the side fins of SG, which retained
a stable temperature of ~26.2 °C throughout the duration (Figure 5d). Sequential images in
Figure 5b revealed a slight increase in temperature of the side fins from 25.5 °C to 26.8 °C,
attributable to energy input from the surrounding environment. Although the measured
temperatures of side fins were inevitably influenced by additional heat exchange pathways
between SG and environment, the observed values remained consistent with the simulated
temperature range. The gradual temperature decline in bulk water further corroborates the
energy transfer from bulk water to the side fins of SG (Figure Se). In developing the simulation
model, we assumed that the SG absorbed heat exclusively from solar radiation, bulk water and
the surrounding environment. The light intensity and air temperature were modeled as constant
values, derived from measured experimental data. However, during actual experimental
conditions, minor fluctuations in air temperature and movement may occur, potentially
introducing slight discrepancies. Despite these variations, the results from both the simulation
and experimental measurements exhibit minimal differences. Notably, both approaches
consistently demonstrate that the fin temperature remained lower than that of the air and bulk
water throughout the evaporation process. These results highlight the accuracy and consistency
of both the simulated and measured temperature changes in 8-Fin SG, air and bulk water during

solar evaporation.
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To further clarify the contributions of hot and cold surfaces to evaporation, either the top surface
or the side fins of the 8-Fin SG were selectively covered with tinfoil (Figure S8a). This approach
enabled the isolation and evaluation of solar evaporation contributions from the hot surface (top)
and the cold surface (fins). Solar evaporation was conducted over 60 min under windless and 1
sun conditions (Figure S8b and S8c). The evaporation rate of unmodified 8-Fin SG was as high
as 2.33 kg m 2 h™!. When only the top surface was exposed, the evaporation rate was 1.24 kg
m 2 h™!, while the evaporation rate from the fins alone was limited to 0.63 kg m2 h™'. The
results reveal that evaporation from the hot surface dominated the total evaporation in 8-Fin SG,

while the cold fins also contributed to water evaporation.

An analysis of the energy balance, energy losses, and energy gains was conducted based on the
performance of 8-Fin SG during 1 h of solar evaporation (Section S12, Table S1 and Figure S9).
Owing to the elevated surface temperature of SG compared to the surrounding air, the SG
surface experienced inevitable radiation and convection losses. The total energy output
comprised the energy expended in water evaporation (4.48 W), along with losses due to
radiation (0.17 W) and convection (0.13 W), yielding a total output of 4.78 W. Conversely, the
side fins, with temperatures lower than both the SG surface and the surrounding air, gained
energy via radiation and convection from the surrounding air. Additionally, since the
temperature of the side fins was lower than the water beneath SG — resulting in a 1 °C decrease
in water temperature during solar evaporation — thermal conduction from the water further
contributed to energy gain in the fins. The total energy input included solar irradiation (2.58 W),
along with environmental energy inputs through radiation (0.14 W), convection (0.10 W) and
conduction (0.20 W), summing to a total of 3.02 W. These results quantify the energy losses
and gains within the 8-Fin SG, suggesting that a portion of the energy loss can be recaptured

through the energy gain from the surrounding environment during solar evaporation.

Solar desalination of 8-Fin SG was evaluated using different brine solutions under windless and
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1 sun conditions (Figure S10a and S10b). The evaporation rate in a 1% NaCl solution reached
1.93 kgm 2 h ! over 1 h, while an evaporation rate of 1.71 kg m > h™! was achieved in seawater
over the same duration. Both values are comparable to the evaporation rate of 2.33 kg m 2 h™!
obtained in freshwater. Furthermore, cyclic solar desalination tests were conducted, where the
8-Fin SG was subjected to alternating 12 h illumination under 1 sun and 12 h dark conditions,
simulating day—night cycles (Figure S11). Over 15 cycles, an average evaporation rate of 1.68
kg m~ h™! was retained. These results highlight the performance and stability of 8-Fin SE for

solar desalination in saline environments.

Solar Evaporation Simulations of SGs
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Figure 6. (a) Boundary condition settings for convection simulations of SGs. (b—f) Airflow
distributions across five SGs with varying fin number under 1 sun and a light breeze (air
velocity: 2 ms™).

Solar evaporation characterization demonstrates that convection flow significantly enhanced

the water evaporation rates of SGs when the number of their side fins was fewer than eight.
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However, experimental studies did not fully explain the observed phenomenon: the water
evaporation rates of SGs reached their highest value when eight fins were incorporated, and
decline gradually as the number of side fins exceeded eight. To address this question, COMSOL
Multiphysics was employed to simulate the air velocity and RH distribution throughout SGs,
and the changes of their surrounding environment during solar evaporation. A Multiphysics
approach was applied to the model, incorporating air turbulence, heat transfer across multiple
domains, and water vapor transport in the surrounding air. Boundary conditions for each SG
were defined on the blue surfaces, representing the boundaries for convective flow inlet and

outlet, vapor outlet and evaporation flux (Figure S12). The simulation of air velocity

distribution can be expressed using the following equations 3—5,%% ¢

p%er(u-V)u:V{—pIJrK] (3)

op

—+V- =0 4

2TV (pu) 4)
2

K:(y+yT)(Vu+(Vu)T)—g(y+yT)(V-u)I (35)

where u is the velocity field, p is the density of the fluid, p is the pressure, / is the constitutive
relation coefficient, K is the fluid viscosity, u is denoted as the dynamic viscosity, ur is turbulent
viscosity; V is gradient operator; V- is divergence operator, (Vu) is velocity gradient tensor,
(Vu)' is transpose of the velocity gradient tensor. 3D geometric models were constructed to
accurately reflect the dimensions of all SGs, with an outer cuboid (40x20x10 cm?®) representing
the surrounding air volume (Figure 6a and Figure S13a). The critical properties (i.e., density,
porosity, thermal conductivity, and heat capacity) were specified for each structural component,
while environment parameters (i.e., solar intensity and ambient temperature) were based on
experimentally measured values. The meshes were generated, with specific refinement applied

to the interfaces between all SGs and the surrounding air (Figure S13b). Two air velocity
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conditions were considered: one representing a negligible value (10! m s™!) to simulate a calm
condition, and the other corresponding to a light breeze (2 m s~ ). Upon reaching a steady state
under a windless condition (air velocity: 107!® m s™"), the air velocity distribution around five
SGs and the surrounding environment are depicted in Figure S14. The images show negligible
variation in air velocity around SGs with different fin configurations. Notably, the airflow
within all SGs was close to zero, indicating the absence of convection passing through the side
fins of SGs. As the air velocity increased to 2.0 m s, the airflow passed over the top surfaces
and lateral fins of all SGs (Figure 6b—f). For each SG, a distinct region of reduced velocity,
referred to as the “stagnation zone” was observed, as the airflow passed through the SG. The
size of this stagnation zone was smallest in the 4-Fin SG, and progressively enlarged with the
addition of lateral fins. Notably, 12-Fin SG exhibited the largest stagnation zone, where the air
velocity was significantly reduced within the outlet area. This result indicates that airflow can
pass through the lateral fins of SGs, yet an excessive number of fins obstructed the smooth

pathways of airflow through SGs, leading to increased flow resistance.
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Figure 7. (a) RH distributions of 8-Fin SG under 1 sun and windless conditions (air velocity:
1071 m s7!). (b—f) RH distributions of SGs with varying fin number under 1 sun and a light
breeze (air velocity: 2 m s™!).

Subsequent simulations of heat transfer and moisture transport were conducted based on the
steady-state airflow (fluid field) to determine the RH distributions around SGs. The simulation
866,67

of RH distribution can be expressed using the following equations 6—

Mu-VC +V-g=G

(6)
g=-M DVC, )
C,=¢C,, (®)

where My is the molar mass of vapor, u is the air velocity field, Cy is the vapor concentration, g
is the moisture flux, G is the moisture source, D is diffusion coefficient, @ corresponds to RH
and Csa represent the vapor saturation concentration, respectively. To simulate evaporation

! was applied. Once a steady

under windless conditions, a negligible air velocity of 1071 m s~
state was reached, the simulated RH distributions around SGs are presented in Figure 7a and
Figure S15. Similar to the airflow patterns, all SGs exhibited nearly identical RH distributions
under the windless condition. Evaporated moisture accumulated distinctly around all SGs, with
the regions of low air velocity inside SGs displaying high RH levels. On the other hand, the
presence of convection (air velocity: 2.0 m s™') effectively removed the evaporated moisture,
preventing the accumulation of water vapor around SGs (Figure 7b—f). Notably, an increase in
the number of fins and the corresponding expansion of the stagnation zone for airflow led to a
gradual enlargement of high RH regions around SGs, particularly in the outlet area of water
vapor. Compared to SGs with fewer fins, the high RH regions of 10-Fin and 12-Fin SGs more

pronounced, with RH values approaching 100%. The simulated RH distributions closely

matched the airflow patterns.
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In brief, our heatsink-inspired SG design used lateral fins to enhance solar-powered evaporation
by expanding surface areas and improving thermal distribution. Notably, the indoor
experimental results indicate a non-monotonic performance relationship with fin number (4—12
fins), with the 8-Fin configuration achieving peak evaporation rates. Furthermore, COMSOL
simulations demonstrate that excessive fins (10 and 12) created pronounced airflow stagnation
zones and localized high-humidity regions (RH: ~100%) within SGs, significantly impeding
vapor diffusion. These results establish that optimal fin number critically balanced surface area
expansion with humidity and airflow management, thereby maximizing the solar-powered

evaporation performance.

Solar Evaporation Simulation of SG Arrays
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Figure 8. (a) Digital photographs and (b) geometric modeling of square, circular and diamond

arrays based on 8-Fin SGs. Simulations of (c) airflow distribution and (d) average dwell time

of air particles across square, circular and diamond arrays under a light breeze (air velocity:

0.0l ms™h.

Portable instruments and large-scale water plants designed for future solar distillation could be

based on strategically arranged high-performing SGs for boosting interfacial evaporation and

clean water production. In addition to evaluating the airflow, RH distribution, and evaporation

performance of individual SGs, comprehensive simulations were conducted to optimize SG

array configurations for large-scale and outdoor applications. 8-Fin SG was selected as the
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building block for all arrays, due to its superior evaporation rate compared to other SGs. Arrays
in square, circular and diamond shapes were fabricated, with each array comprising nine 8-Fin
SGs (Figure 8a). The inter-SG spacing for the square, circular, and diamond arrays were

[}

defined as 'a', 'a', and '(a + b)/2', respectively. For optimization, the spacing distances in each
array were varied at 8, 10 and 12 cm, resulting in nine SG arrays for simulation. In previous
outdoor experiments, natural convection plays a role in sweeping water vapor away from
individual SGs and the arrays, with the removal rate controlled by the array consignations. To
elucidate this process, the vertical movement and dwell time distribution of air particles passing
through these SGs arrays were simulated. The varying array arrangements and spacing
distances resulted in differences in the dwell time of air particles, as they traversed the SG
arrays. The air velocity distribution field formed the foundational basis for the dwell time

simulation. Specifically, air particles were subjected to dwell time distribution calculations

within this velocity field to determine their dynamics throughout SG arrays.

All SG arrays were integrated with COMSOL Multiphysics, accounting for air turbulence, fluid
flow and particle tracking. The dynamics of air particle movement and dwell time can be

described by the following equations 9 and 10,

dq p,—p 1
—2q=p—g+—(u—v) 9)
dt P, T

P

T
v=—"LF  +u (10)
m

other

where p, is the density of the air particle, p is the density of the surrounding fluid, g is the
acceleration due to gravity; u is the velocity of the surrounding fluid, v is the velocity of the
particle (v = dq/dt), 1, is the lagrangian time scale, Fotmer 1S the sum of all the forces except for
the trailing force, and m, is mass of the air particle. 3D geometric models for nine arrays were

constructed to accurately represent the dimensions of individual SGs (diameter: 6 cm and height:
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5.3 cm), with an enclosing cuboid (50x40x10 cm?) designed to simulate the surrounding air
volume (Figure 8b). The aerodynamic diameter of the air particles was defined as 5.0x1077 m,
with a particle density of 1.204 kg m™>. Physical boundary conditions were established to
specify the entrance and outlet for air particles. Meshes were generated for all nine arrays, with
particular refinement applied to the interfaces between each SG and the surrounding air (Figure
S16). The simulation included 3000 air particles with an initial velocity of 0.01 m s™!, and the
dwell time of air particles within different SG arrays were recorded (Figure S17 and Video S2).
During the simulation of the dwell time of air particles, the initial velocity of the particles should
be defined within an appropriate range to enable accurate observation of their movement. As a
result, the initial velocity was adjusted to 0.01 m s™!, allowing for a more detailed and precise
analysis of particle movement and distribution. In addition, the airflow direction was
consistently defined as parallel to the water surface, ensuring uniform passage through the SG

arrays.

The convection distributions across the nine arrays were presented (Figure 8c and Figure S18,
S19 and S20). For each array, the transient pathways of air particles were analyzed, indicating
that the dwell time followed a normal distribution. It is hypothesized that air particles can carry
water molecules away from the SGs and the array during evaporation. In these arrays, where
all SGs were identical, a longer dwell time of air particles within the array increased the
likelihood of interaction with water vapor generated by the SGs. Consequently, SG arrays with
longer dwell times of air particle could present higher evaporation rates. The average dwell
times for the nine arrays are summarized in Figure 8d. For square arrays, the array spacing
with 10 cm SGs resulted in the longest dwell time of 39.3 s. For circular arrays, the longest
dwell time of 40.2 s was observed with a 12 cm SG spacing, while the diamond arrays showed
a maximum dwell time of 39.9 s, also at a 12 cm SG spacing. These results indicate that the

average dwell time of air particles can serve as a reliable metric for assessing the evaporation
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performance of SG arrays. The validity of the simulation results was corroborated through

outdoor experiments with SG arrays, as detailed in the following section.

Outdoor Characterization of SG Arrays
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Figure 9. Digital photographs of the experimental setup for outdoor characterization of (a)
square, (b) circular and (c) diamond SG arrays under a real sky. Summary of cumulative water
loss during evaporation in (d) square, (e) circular and (f) diamond arrays. Summary of (g)
temperature distribution and (h) water evaporation of the circular array (spacing distance: 12

cm). (i) Energy flow pathways of 8-Fin SG in an “all-cold evaporation™ array.

To evaluate the evaporation performance of SG arrays under real-world conditions, outdoor
experiments were conducted during the daytime (9:00—17:00) in June, Qingdao, China. 8-Fin
SG was selected as the building block for all arrays, in good agreement with the simulation
parameters. Nine arrays, configured in square, circular, and diamond SG arrangements with

varying spacings (8, 10 and 12 cm) were placed on water bodies, and the mass changes of water
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were recorded over time (Figure 9a—c). All individual SGs were fixed into designated holes on
plastic foams, with both the SGs and holes sharing the same diameter. This configuration
ensured that the surrounding water body was covered by the foam, effectively eliminating the
influence of evaporation from the exposed water surface. Filtered natural seawater was
employed as the water source for the outdoor experiments. The position of the sun was tracked
using azimuth and elevation angles. On a sunny and breezy day, the solar elevation angle was
30° at 9:00, peaked at 72° around 13:00, and dropped below 30° by 18:00 (Figure S21a). Critical
environmental parameters, including solar intensity, air velocity and RH were continuously
monitored (Figure S21b). In the daytime, solar intensity ranged from 60—102 W m2, while air
velocity varied between 0.3 and 2.2 m s '. The summer air remained dry, with RH values

between 18% and 33%.

The total water losses of nine SG arrays were evaluated over 8 h, and resulting water mass
changes are summarized in Figure S22, S24 and S26. For the square arrays with spacings of 8,
10 and 12 cm, the total water losses were 879.9, 893.8 and 849.5 g, respectively (Figure 9d).
For the circular arrays, these values were 879.5, 845.1 and 955.8 g, respectively (Figure 9e).
The diamond arrays with 8, 10 and 12 cm spacings showed total water losses of 885.5, 926.7
and 940.9 g, respectively (Figure 9f). Notably, the measured water losses of the SG arrays were
in good agreement with the simulated dwell times of air particles, with the highest evaporation
in each group corresponding to the arrays exhibiting the longest dwell times of air particles.
Among the nine arrays, the circular array with a 12 cm spacing attained the highest water

evaporation over 8 h, highlighting its superior evaporation performance.

Within this circular array, the temperature changes of air, water, SG surfaces and fins were
monitored for individual 8-Fin SG units over the same period (Figure 9g). Consistent with
single-unit tests, all SG fins demonstrated the lowest temperatures, remaining lower than both

air and water, providing additional evidence of energy harvesting from the surrounding
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environment. Notably, the surface temperature of each SG decreased below the ambient air
temperature during evaporation, demonstrating the complete elimination of radiation and
convection losses in the SG array. The observed “all-cold evaporation” phenomenon,
characterized by zero thermal energy loss, aligns with recent reports in the literature.%® In such
systems, surface reflection from photothermal layers emerges as the dominant energy loss
mechanism, while convective and radiative losses are effectively eliminated through sub-
ambient operation. The water evaporation rates of all SG arrays in the daytime are summarized
in Figure S22—S26. Among the nine SG arrays, the circular array with a 12 cm spacing achieved
the highest evaporation rate. The highest evaporation (149.7 g) of this SG array occurred at
noon (12:00 — 13:00), achieving an impressive evaporation rate of 5.89 kg m 2 h™! under real-
sky conditions (Figure 9h). In contrast, the evaporation rate of neat water during the same
period was only 0.64 kg m > h™! (Figure S28). The outdoor measurements based on a variety of
SG arrays corroborate the simulation results, demonstrating that the dwell time of air particles

is a reliable metric for assessing the evaporation performance of SG arrays.

An energy balance analysis was conducted on a circular array with 12 cm spacing, specifically
focusing on each 8-Fin SG during a 1 h of solar evaporation at noon (12:00 — 13:00). The energy
nexus and reversed energy flow pathways of SG are illustrated in Figure 9i. The solar energy
input was estimated to be 1.29 W for each SG. Given that the temperatures of both the surface
and side fins were lower than the surrounding air, these fins absorbed energy from air through
radiation and convection, contributing a remarkable energy gain equivalent to 128.7% (1.67 W)
of the incident solar radiation. Additional energy input from the water beneath each SG further
enhanced the overall energy gain of the SG array. Assuming that 100% of the incident solar
energy was used for evaporation, the SG array demonstrated an exceptional energy efficiency
of ~401.0%, driven by the supplementary energy input from the environment (air and water)

in conjunction with the incident sunlight. The energy nexus for each SG within this array can
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be expressed by equation 11,7
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where Ei, is the incident solar energy, a denotes the light absorption coefficient, Econvection-1 and
Eradiation-1 Tepresent the convection and radiation losses from photothermal surfaces (i.e., black
mats), respectively. Econvection-2 and Eradiation-2 represent the convection and radiation energy gains
at cold evaporation surfaces (i.e., fins) from environmental sources (air and water). This
formulation reveals that, rational design of 3D SGs and SG arrays can achieve a fundamental
reversal of conventional energy flow through all-cold evaporation. Instead of dissipating
thermal energy to the environment, each SG in the array actively harvested thermal energy from
both bulk water and surrounding air, enabling complete elimination of thermal losses, additional

energy input from the environment, and dramatic enhancement of evaporation performance.

A single-stage, portable water production device was fabricated, incorporating the optimized 8-
Fin SG array with a circular configuration and a 12 c¢cm spacing between units (Figure S29).
Long-term solar distillation tests were conducted by deploying the device under real sky for 15
days. The device demonstrated a daily water collection capacity of up to 269.6 g (10.6 kg m
d ') under sunny conditions and 134.1 g (5.3 kg m 2 d"!) under cloudy conditions (Figure S30).
Water quality was characterized via an inductively coupled plasma mass spectrometry (ICP-
MS). After solar distillation, the concentrations of key elements (Na, Mg, K, and Ca) were well
below WHO drinking-water quality standards (Figure S31). The results highlighted the
effectiveness of solar-powered SG arrays in producing safe, potable water. Beyond solar
evaporation, synergistic clean water collection has received comparatively less attention.
Conventional solar stills often suffer from limited clean water collection rates due to inefficient
air cooling and condensation within sealed chambers. To address this, innovative single- and
multi-stage water purification systems have emerged, leveraging separated evaporation and
condensation pathways, directional vapor flow, passive cooling enhanced by convection and
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water, and radiative cooling to the deep sky.”

CONCLUSION

In summary, a series of 3D SGs was successfully fabricated and demonstrated for high-
performance solar-powered interfacial evaporation, supported by a combination of numerical
simulations and experimental validation. This capability was validated not only for individual
devices but also for integrated SG arrays. The distinctive advantages of combining numerical
simulations and experimental studies in this work are summarized as follows: (i) Rational
design of heatsink-like SGs: 3D SGs consisted of a top photothermal surface seamlessly
integrated with heatsink-like side fins, forming a monolithic, modular and disassemble structure.
Upon solar irradiation, the top surface efficiently converted solar energy into heat, driving solar
evaporation. Simultaneously, excess thermal energy was channeled into the side fins with
expended evaporation areas, thereby enhancing cold evaporation. (ii) Optimization of SG
configurations via simulation and experimental studies: COMSOL Multiphysics was employed
to simulate the temperature, RH and airflow distributions throughout SGs with varying numbers
of fins, guiding the modulations of side fins within SGs. The experimental results confirmed
the numerical simulations under both calm and light breeze conditions. Among five SGs, 8-Fin
SG attained the highest water evaporation rate of over 2.3 kg m2h ! under 1 sun, and the value

further increased to 4.8 kg m2h! under a decent airflow of 2 m s~!

, positioning it among the
best-performing solar-powered SGs to date. (ii1) Demonstration of SG arrays with zero thermal
loss: The arrangement and spacing of best-performing 8-Fin SG in square, circular and diamond
configurations were investigated. The simulated dwell time of air particles can serve as a
reliable metric for evaluating the evaporation performance of SG arrays, which was
corroborated by outdoor evaporation experiments. Among the three array forms, the circular

SG array with 12 cm spacing attained a water evaporation rate of 5.9 kg m h™! under natural

sunlight. Remarkably, all structural components (both surface and fins) of each SG maintained
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sub-ambient temperatures relative to both air and water throughout operation, achieving
sustained all-cold evaporation with zero thermal losses under real-sky conditions. This study
demonstrates the first example of combining numerical simulation and experimental studies for
boosting solar-powered interfacial evaporation based on an integrated SG array design. It
establishes a new paradigm for advancing SG arrays toward future advanced, tailored system-

level applications.

EXPERIMENTAL SECTION

Fabrication of individual SGs. The balsa wood was precision-cut into cylindrical shapes with
aradius of 3 cm and a height of 0.3 cm. Photothermal layers were fabricated by electrospinning
commercial black polyurethane, forming nanofibrous mats that were subsequently assembled
as the top surface of SGs. The balsa wood was shaped into rectangular sheets of uniform
dimensions (5 cm x 1.4 cm x 0.5 cm) to construct the side fins of the SGs. Using a 3D printer,
various structural frameworks were fabricated to enable the rotational positioning of the fins
around the circumcenter of the upper circular surface, with angular increments of 90°, 60°, 45°,
36° and 30°. By assembling the top surface of the SG with the fin components using these 3D-
printed frameworks, SGs with varying fin counts (4, 6, 8, 10 and 12) were fabricated, resulting
in a modular and dismountable design.

Solar evaporation measurements. Indoor solar evaporation experiments were conducted
using a xenon lamp (CEL-S500, CEAULIGHT) with an AM 1.5 G optical filter at room
temperature of ~28 °C and a humidity of ~50%. The solar flux was calibrated using a
thermopile connected to a power meter (CEL-NP2000, CEAULIGHT). The water’s mass
changes were real-time recorded by using a high-precision electronic balance (QUINTIX224-
1CN, Sartorius, accuracy: 0.1 mg). The temperature distributions of SGs, air and water were
monitored by an IR camera (223s-L19, Fotric Precision Instruments) and k-type thermocouples.

Outdoor solar evaporation experiments were conducted in June at Ocean University of China,
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Qingdao, China.
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