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ABSTRACT

Freshwater scarcity is a pressing issue worldwide, and solar steam generators (SSGs) have emerged as a promising device for seawater
desalination, harnessing renewable solar energy to facilitate sustainable water evaporation. The facile fabrication approach for SSG with
complex topologies to achieve high water evaporation efficiency remains a challenge. Herein, a MIL-101 (Fe)-derived C@Fe;0,4 ink was
employed to multi-jet fusion (MJF) printing of polymeric porous SSGs with specific topologies. The optimized porous structure endows the
printed SSGs with capillary force, greatly promoting water transport. The tree-like topology enables high water evaporation rates under vari-
ous simulated solar radiation conditions. A finite element model was built to fully understand the light-to-thermal energy conversion and
water evaporation processes. Moreover, the MJF-printed SSGs exhibit self-cleaning properties and can automatically remove accumulated
salt on their surfaces, enabling sustainable desalination. During prolonged testing, the water evaporation rate of the SSGs remained relatively
stable and reached as high as 1.55kg m >h ™', Additionally, the desalinated water met the standards for direct drinking water. This study
presents a state-of-the-art technology for producing efficient SSGs for desalination and introduces a novel method for MJF printing of func-
tional nanocomposites.
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. INTRODUCTION

Water scarcity is a significant problem in areas with increasing
water consumption, caused by urbanization and the increasing
demand for freshwater in households." One solution to this problem is
the desalination of seawater, which can be achieved through the appli-

To enhance the steam generation efficiency, SSGs with high sun-
light absorptivity and large specific surface area are desired.”
Researchers are exploring the use of substances such as carbon-based
nanomaterials and metallic nanomaterials (gold and metal oxides)
with high absorbance in sunlight spectrum.” '’ However, the use of

cation of solar steam generators (SSGs) or solar-driven water evapora-
tors.” * While the performance of SSGs depends heavily upon weather
conditions and geographical location, their potential remains promis-
ing in numerous global regions, such as Singapore, Greece, and Saudi
Arabia. There are three primary methods to increase the rate of water
evaporation: raising the temperature of water, increasing the surface
area of water, and accelerating surface air flow. SSGs use nonpolluting
solar energy to improve the efficiency of seawater desalination mainly
through the first two methods.

powder nanomaterials in seawater evaporation must be approached
with caution due to the complex recycling process and potential sec-
ondary pollution on water bodies. In addition, the commonly used
subtractive manufacturing process for fabricating structures with large
surface areas is relatively complicated, hindering the development and
practical implementation of advanced SSGs. Therefore, the effective
utilization of solar energy and converted heat and the feasible fabrica-
tion of SSGs with complicated structures are critical factors for devel-
oping practical SSGs for seawater desalination.
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The combination of carbon-based nanomaterials and metal oxide
nanoparticles has been scientifically validated as an effective approach
for producing high-efficiency solar steam generation devices.'""'” This
approach combines the advantageous properties of carbon-based
materials, including low cost, reusability, and a broad solar absorption
spectrum. Nontoxic metal oxides, on the other hand, offer high con-
version efficiency and chemical stability to the SSG devices.'”'* Metal-
organic frameworks (MOFs)-derived carbons, metal oxides, and
carbon-encapsulated metal oxides have outstanding advantages in
terms of ease of preparation, inherent diversity, and precise control of
physicochemical properties.” "

The high surface area and porosity of MOFs provide an ideal
template for the synthesis of carbon-encapsulated metal oxides with a
highly ordered hierarchical structure, which can significantly enhance
sunlight absorption efficiency.””*’ This theoretically leads to high
solar-to-steam conversion efficiency and steam generation rate.
Powder materials pose a challenge for recycling in real-world seawater
desalination applications. They were deposited on the surface of fabrics
or porous materials, limiting their ability to improve the efficiency by
designing configurations or surface structures.”"”” Therefore, finding a
solution to effectively utilize these high-performance materials as SSGs
has become a pressing issue.

Multi-jet fusion (MJF) is a powder bed fusion additive
manufacturing technology, which can prepare complex products with-
out external supporting structures, and shows high printing efficiency
due to its inkjet printing mode.”>”” The MJF printing process consists
of three stages: powder spreading, ink jetting, and powder fusing. By
repeating these cycles, products with the desired structure can be pro-
duced. The replaceable and modifiable fusing agents endow the black
printed parts with a high light absorbency. Our previous work has
demonstrated the feasibility of using functional inks as the fusing
agents to enhance the functionality of printed parts.”® The develop-
ment of inks with good photothermal performance not only aids in
the printing of high-quality products but also holds great promise for
enhancing the light absorbance and photothermal conversion effi-
ciency of the final product for SSGs applications. The combination of
functionalized fusing agents and MJF printing shows promising poten-
tial for producing high-performance SSGs.

Nevertheless, the accumulation of salt on the SSGs surface under
high working intensity, such as concentrated brine and strong solar
irradiation, inevitably reduces the supply of water and the photother-
mal properties of the SSGs.””” Solving this problem is the most
important and difficult task to maintain sustainable performance of
SSGs for seawater desalination. The self-cleaning mechanism of salts
from SSGs surface can be divided into three parts, namely, mechanical
removal, shielding effect, and force-driven fluid flow.”' Among them,
the force-driven fluid flow method is widely used because it can be
realized through structural design.”” Capillary force in porous materi-
als is widely used in nature to drive water flow, which can be used to
improve the self-cleaning efficiency of SSGs.””** Acquiring capillary-
structured SSGs through conventional subtractive manufacturing
techniques demands intricate preparation procedures and specific
structural designs, resulting in elevated production costs and hindering
their widespread applicability.

Computer-aided design (CAD) facilitates the MJF printing of
diverse and porous structures.””’* The recommended minimum fea-
ture size with standard MJF print quality is approximately 0.5 mm.””
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Internal cavities with such small size in printed porous parts present a
challenge when attempting to clean unmelted powder from these sur-
faces. Consequently, producing capillary structures (continuous
micrometer-scale pore structure) with MJF printing is difficult. One
potential solution is to utilize pore-forming agents, such as water-
soluble salts, polymers, and small organic molecules. These agents can
facilitate the efficient creation of porous structures while improving
the sustainability and environmental friendliness of the material, as
they are recyclable.”*”” To date, no reports have been made on MJF
printing of porous materials with capillary structures. The utilization
of CAD-assisted design and tailored material formulations enables the
fabrication of capillary structures through MJF printing, rendering
MJF a highly promising technology for SSG applications.

In this work, a photothermal ink, composed of water, surfactant,
and MOFs-derived carbon encapsulated Fe;O, (C@Fe;0,4) hybrid,
was synthesized and applied as the fusing agent for MJF printing. The
porous SSGs with complex topologies were designed, printed, and
applied for water evaporation and seawater desalination. Thermostable
and low-toxicity sodium carbonate (Na,CO;) was applied as a porogen
for printing porous polyamide 12 (PA12)-based parts with capillary
structure. The characterization of the structures and morphologies of
both the synthesized ink and printed SSGs was performed to optimize
the material formulations. Based on the above-mentioned design
schemes, a series of MJF-printed porous SSGs with special surface
structures were prepared, which exhibited excellent photothermal per-
formance and salt self-cleaning properties. This work offers a fast and
easy preparation method for the fabrication of 3D SSGs with complex
structures and high efficiency and has the potential to expand the
application fields of MJF technology.

Il. METHODOLOGY
A. Materials

FeCl;-6H,0 and terephthalic acid were purchased from Sigma-
Aldrich Pte. Ltd. The PA12 powder used for printing was HP 3D High
Reusability PA12 with a median size of 52.6 um and a peak melting
temperature of 188.4°C. Flow diagram with images of the process of
the preparation of ink and porous SSGs was portrayed in Fig. S1.

B. Preparation of C@Fez0O, ink

The precursor of C@Fe;0, hybrids, MIL-101 (Fe) was synthe-
sized from FeCl;-6H,0 and terephthalic acid (mole ratio 2:1) in DMF
solution. The mixture was transferred into a Teflon-lined stainless-
steel autoclave and heated at 120 °C for 6 h. The obtained precipitates
were collected by centrifugation and annealed at 800 °C for 3 h with
the heating rate of 5°C min™' under nitrogen condition. The obtained
black products are C@Fe;0, hybrids. Certain hybrids were dispersed
into 2mg ml™" PVP solution and treated with probe sonication for
1.5 h (250 W). Poorly dispersed C@Fe;O, hybrids were removed by
centrifugation at 3000 rpm for 30 min. Consequently, a well dispersed
black C@Fe;0, ink was prepared.

C. Preparation of porous PA12-based SSGs

A series of volume ratios between Na,CO; and PA12 powder
(20:80, 30:70, and 40:60, named as N,/Py, where N, P, x, and y denote
Na,COs, PA12, volume of N, and volume of P, respectively) were pre-
pared for printing. Na,CO; was milled at 300 rad/min for 10 min and
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then sieved using a 300 meshes stainless steel sieve to screen the par-
ticles with sizes less than 50 yum. The mixed powders have great flow-
ability and are suitable for MJF printing. Except that the fusing agent
was replaced by C@Fe;0, ink, other printing conditions were the
same as pure PA12. The powder was spread on the print bed with a
roller, and the ink was sprayed on the powder according to the design
pattern. Under the irradiation of the IR lamp, the ink absorbed heat
and melted the Na,CO5/PA12 powder to form a product unit. By
stacking layer by layer, a Na,CO3/PA12 composite material with a
unique structure was produced. To remove Na,COj in the composites
to form porous structure, the fabricated parts were immersed in tap
water and ultrasonically treated in water bath for 30 min (150 W). The
obtained products were dried in an oven at 80 °C for later use.

D. Simulation

The heat and moisture air transfer process in the generator sys-
tem are simulated by a finite element (FE) model built in the
COMSOL Multiphysics software. As shown in Fig. 1, the established
model has the same dimensions as one unit of the printed sample. The
porous medium domain, free flow domain, and water domain are,
respectively, drawn in purple, white, and gray. The height of the free
flow domain and water domain are 10 times and 2 times the thickness
of the porous SSG plate, respectively. It is noted that the height of the
water domain is set at 0 if the SSG is not in direct contact with the
water surface.

The temperature variation is solved by the energy equation as
follows:

oT
pcPE +pu- VT +V - (—kVT)

= Qsolar + Qraa + Qevap + Qconva (1)

where p is the material density, s the heat capacity, and k is the ther-
mal conductivity. The fluid velocity field u in the free flow domain and

Free flow domain

Porous domain
(containning water vapor
and liquid water)

| Water domain

FIG. 1. Finite element model of one “tree” unit for the simulation of heat and mois-
ture air transfer process. From top to bottom, the model comprises three computa-
tional domains, including the free flow domain, porous medium domain, and water
domain.
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porous medium domain are solved by the Navier-Stokes equation and
Brinkman equation, respectively. It is noted that the material proper-
ties of the porous medium depend on the concentrations of liquid ¢
and vapor ¢, which is solved by Fick’s first law.

As indicated in Eq. (1), there are four kinds of heat sources in this
generator system, including the solar irradiation Q.. radiation loss
Qraa> heat evaporation Qevaps and thermal convection Qcony. The
expressions of these heat sources are

Qsolar = tsolar |71 - Z,
Quua = eo(T* — T}),
Qevap = Hyky(Coat — ¢v),
and  Qeonv = heony(T — To),

(@)

where o is the surface absorptivity, I, is the incident solar intensity,
¢ is the material emissivity, o is the Stefan-Boltzmann constant, Hy is
the heat of evaporation, k, is the mass transfer coefficient, ¢, is the sat-
uration vapor concentration, fi..ny is the convective heat transfer coef-
ficient, and T is the environment temperature. All data used in this
work are listed in Table S1.

Five moduli of COMSOL are generated together to simulate the
above-mentioned equations. Specifically, the fluid heat transfer module
is employed to simulate Eq. (2), while Qgjar and Qyaq are coupled to
Eq. (2) by applying the surface-to-surface radiation module. The fluid
velocity field is solved within the laminar flow module, and the transfer
of liquid water and moist vapor in porous medium domain are deter-
mined by two dilute species transport moduli. In the current simula-
tion, the calculation domain is segmented into 30917 tetrahedral
meshes with a maximum size of 0.0219 mm. The employed time step
is 0.025 min. The applied computational domain, mesh size, and time
step have been checked to ensure both high numerical accuracy and
computational efficiency in the study.

E. Characterization

XRD patterns were recorded on Shimadzu 6000 x-ray diffractom-
eter with Cu Ko radiation (4 =0.154 nm) to investigate the crystalline
structures of the materials. The powder sample was flattened in the
designed holder and placed horizontally on the test bench.
Transmission electron microscopy (TEM, JEM-2100F, Japan Electron
Optics Laboratory Co., Ltd., Japan) was employed to investigate the
micromorphology of MOF and C@Fe;O, hybrids. To confirm the ele-
mentary composition of C@Fe;04, x-ray photoelectron spectroscopy
(XPS) was applied on the samples with a VG ESCALB MK-II Electron
spectrometer (Al Ko excitation source at 1486.6 €V, Japan). The mor-
phology of the fillers and fracture surfaces of the printed samples was
characterized using a scanning electron microscope (SEM) (JSM-5600
LV, JEOL, Japan). The flowability of PA12 composite powder was
investigated before printing by a flowability measurement instrument
(Revolution Powder Analyzer, Basel, Switzerland). The avalanche
angle was measured 250 times, and the rotation rate of the drum was
0.6 rpm. The mechanical properties of the printed samples were char-
acterized by the Shimadzu AGX 10kN universal tester at a crosshead
speed of 10 mm min™". Five samples (ASTM D638 Type V standard)
were measured for each group. The apparent viscosity of the agents
was measured at a shear rate ramp from 0.1 to 100 s™' by a rotational
rheometer (DHR-2, TA Instruments, USA) with a parallel plate geom-
etry of 40 mm in diameter. The temperature distribution of the powder
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bed and printed parts was recorded by an infrared camera (A655sc,
FLIR systems, Inc., USA).

11l. RESULTS AND DISCUSSION
A. Characterization of inks

The schematic synthesis process of C@Fe;0, ink for MJF print-
ing is shown in Fig. 2(a). Well-dispersed hybrids in the water facilitated
the fabrication of porous PAl2-based SSGs via MJF printing
[Fig. 2(b)]. The detailed preparation processes of porous SSGs are
shown in Fig. S2(a). The capillary structure formed by the continuous
pores can generate the surface tension force that promotes the upward
flow of water.”’ Like how capillary forces facilitate water transport in
plants, the presence of continuous micrometer-scale pores in the
porous printed parts can promote water transport from the container
to the surface of the SSGs [Fig. 2(c)]. To enable seawater desalination
in natural environments, porous PA12 columns were constructed to
support the SSG and draw water to the surface of the SSG. The col-
umns help to prevent direct contact between the SSG and water sur-
face, thereby reducing the propagation of heat toward the water and
facilitating heat accumulation on the surface of the SSG. These capil-
lary structures, combined with the SSG configuration, reduce thermal
losses and improve the efficiency of water evaporation [Fig. 2(d)].

MIL-101(Fe) was prepared by reacting FeCl;-6H,O and 14-
dicarboxybenzene as precursors. The resulting transmission electron
microscopy (TEM) image in Fig. S2(b) revealed the formation of
octahedral-shaped MIL-101(Fe) crystals with sizes around 2 um,
which exhibited a concave surface and confirmed the successful syn-
thesis of the MOF."" A one-step-controlled calcination method was
utilized to prepare the C@Fe;0, hybrids. Due to the collapse of the
crystal structure of the synthesized MOF, a morphologically aggressive
transformation of MIL-101(Fe) was observed after the pyrolysis pro-
cess. Energy-dispersive spectrometry (EDS) indicated that the sample
was mainly composed of C, O, and Fe [Fig. S2(c)]. The TEM image
displays the presence of opaque matrices (amorphous carbon)
wrapped with black spots (magnetic Fe;0, nanoparticles with an aver-
age diameter of around 50nm) [Fig. 3(a)]. This constitution was
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confirmed by the enlarged TEM image [Fig. S2(d)], suggesting that
Fe;04 nanoparticles were embedded in the amorphous carbon. A
high-resolution TEM (HRTEM) image in Fig. 3(b) provides further
insight into the structural information on the building blocks. The
HRTEM image clearly shows the lattice fringe with an interplanar
spacing of 0.253 nm, assigning to the (311) crystal plane of Fe;0,."”

Figure 3(c) shows three characteristic powder x-ray diffraction
(PXRD) peaks at 20 = 8.7°, 19.7°, and 22.5°, which confirm the forma-
tion of MIL-101(Fe). These peaks match well with those reported in
previous studies.””** After annealing at 900 °C for 3 h, the original dif-
fraction peaks were no longer observed, indicating a transformation of
the crystalline structure into a new phase. The XRD peaks were located
at 18.2°, 30.2°, 35.5°, 43.3°, 53.2°, and 56.7°, corresponding to (111)
(220) (311) (400) (422), and (511) reflections of the cubic spinel struc-
ture, in accordance with the TEM results.”” These peaks are consistent
with the major peaks of Fe;0, (JCPDS file No. 01-079-0419),"* indi-
cating that the Fe;O, crystal structure resulted from the pyrolysis of
MIL-101(Fe) to form a C@Fe;0, hybrid.

The full x-ray photoelectron spectroscopy (XPS) spectra of the
MIL-101 (Fe) and C@Fe;04 nanomaterials are shown in Fig. S2(e).
The degradation of organic parts in MOFs increased the mass ratio of
Fe-containing compounds, as demonstrated by the increased atomic
content of Fe from 5.89% for MIL-101 (Fe) to 10.13% for C@Fe;0,.
Figure 3(d) presents the narrow scan XPS spectra of C 1s and Fe 2p in
C@Fe;0, hybrids. The C 1s spectrum can be deconvoluted into three
components C=C/C-C (284.7¢V), C-O (286.1eV), and C=0
(288.9€V), confirming the high content of C= C/C-C carbon, which
benefits the light absorption.”” The fitted peaks at 710.0 and 726.3 eV
correspond to Fe 2ps/, and Fe 2py, of Fe’t, while the fitted peaks at
708.6 and 724.1 eV correspond to Fe 2ps/, and Fe 2py, of Fe*", respec-
tively, confirming the existence of Fe;O, in the hybrids."" " By utiliz-
ing XRD, XPS, and TEM, it is demonstrated that one-step-controlled
calcination is a viable method for converting MIL-101(Fe) precursors
into C@Fe;0,4 hybrids.

The viscosity of the ink and the flowability of the powder are the
key factors that determine the MJF printability of the formulations.”’
C@Fe;0, ink has a similar viscosity with the commercial HP fusing
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FIG. 2. The fabrication and application of MJF-printed SSGs. (a) Schematic synthesis process of the C@Fe3;0, ink for MJF printing. (b) lllustration of the MJF testbed setup
and the structure of printed SSGs. (c) Schematic illustration of transpiration in plants and water transport in trunk and porous materials. (d) The illustrated evaporation process

of water on the surface of MJF-printed SSG under solar irradiation.
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FIG. 3. The characterizations of C@Fe304 hybrid. (a) TEM image of C@Fe304 hybrid. (b) HRTEM image of C@Fe3;0,4 hybrid. (c) XRD curves of MIL-101 (Fe) and C@Fe304
hybrid. (d) High resolution Fe 2p and C 1s spectra and their fitting lines of C@Fe30, hybrid. (e) Viscosity of the C@Fe30, ink as a function of shear rate. The inserted digital

image is a printed butterfly pattern via C@Fe304 ink.

agent (FA), since they have comparable concentration [Fig. 3(e)]. The
value of the inverse Ohnesorge number Z is used to evaluate the ink
droplet jetting behaviors and can be calculated by

Z=+/pyd/n, 3)

where p, 7, and # denote the density, surface tension, and complex vis-
cosity (at 100 s ") of the ink, respectively. The p of the commercial FA
and synthesized C@Fe;O, ink was 1.105 and 1.125 g~cm73, respec-
tively. The 7y values for C@Fe;0, ink and commercial FA were deter-
mined as 43.6 and 31.6 mN-m ', respectively, using a contact angle
meter. Based on the above-mentioned data, the Z value of the com-
mercial FA and the C@Fe;0, ink can be calculated as 7.959 and 3.173,
respectively, within the range from 1 to 10, demonstrating that the ink
droplet jetting will be stable.”

After being filled with the C@Fe;O, ink, the cartridges were
mounted on the MJF testbed for printing tests. As shown in the image
inserted in Fig. 3(e), the ink is capable of printing the designed pattern,
and the maximum resolution of the pattern could reach below
200 um, which shows that the prepared ink has good printability. The
photothermal properties of the designed ink are also important for
MJF printing. Inks with good heat absorption performance can not
only reduce the intensity of infrared light during printing but also
improve the photothermal performance of the printed SSGs. The sim-
ulated solar irradiation device is a Xenon light source (HF-GHX-XE-
300, Hefan, China), while the temperature of the sample is detected

and recorded by an infrared camera (FLIR A6000, Teledyne
Technologies, U.S.) [Fig. S2(f)].

Figure 4(a) shows the photothermal performance of the printed
PA12 plate using the C@Fe;0, ink under different irradiation intensi-
ties. The temperature of the PA12 plate could reach 47.3°C in 100 s
under 1 simulated solar irradiation (1 sun). In contrast, the corre-
sponding temperature of the plate printed by commercial FA could
only reach 42.1°C [Fig. S2(g)], confirming the superior photothermal
performance of the C@Fe;0, ink. Additionally, the temperature decay
profile after turning off the irradiation indicates that the C@Fe;0, ink
has a slower cooling rate, which can be advantageous in maintaining
the temperature of printed SSGs.

The carbon coating on the surface of the Fe;O, nanoparticles
enhances their photothermal properties, leading to improved photo-
thermal conversion efficiency [illustrated in Fig. 4(b)]. The C@Fe;0,
can efficiently absorb near-infrared light and convert it into heat, due
to the combined effects of the carbon shell and Fe;O, core. In addition,
Fe;0, has excellent stability and low toxicity, making it a safer option
for water treatment applications compared to other photothermal
agents.”” The carbon shell also provides a protective barrier, shielding
the iron oxide core from degradation, oxidation, and other unwanted
reactions.”* The use of a stable filler can reduce the adverse impact of
SSGs on water safety.

To investigate the stability of the MJF-printed porous SSGs, they
were immersed in both seawater and de-ionized water, respectively.

Appl. Phys. Rev. 11, 031407 (2024); doi: 10.1063/5.0200505
Published under an exclusive license by AIP Publishing

11, 031407-5


pubs.aip.org/aip/are

Applied Physics Reviews

a ——0.5sun b
504 ——1.0sun ;
)
<
(0]
S 40
®
[
E
£ 30
'—

201

0 100 200 300
Time (s)

ARTICLE pubs.aip.org/aip/are
E 44 :]g?sat:l’:;e\:vater
=
£ ] ‘T
s
s
£ 2
[0
g
S .
s
0

Before After

FIG. 4. The photothermal performance of MJF-printed SSGs. (a) The heating and cooling behavior of the dried ink (inserted digital image) under different simulated solar inten-
sities. (b) Schematic diagram of the photothermal mechanism of C@Fe;0,4 hybrid. (c) The concentration of iron ions in seawater before and after the samples were immersed

for one month.

After being placed outdoors for one month, the concentration of Fe>*
ions in the liquids were monitored. As shown in the inserted graph
[Fig. 4(c)], no black precipitate was observed in the seawater, and the
Fe’" ion concentration in both seawater and de-ionized water before
and after immersion remained almost unchanged. This suggests that
the prepared C@Fe;0, ink can be safely utilized for MJF printing of
polymeric SSGs for seawater desalination and water evaporation, with-
out posing any potential hazards from the raw materials.

B. Characterization of printed samples

The PAI2 powder used in this work had a median size of
52.6 um and a peak melting temperature of 188.4 °C. While the aver-
age size of milled Na,CO; powder was 24.6 um [Figs. S3(a) and S3(b)].
The effect of powder formulation on its flowability can be character-
ized by an avalanche angle tester. When the powder in the container
rotates with the motor, it will produce a collapse angle, that is, an ava-
lanche angle. The larger the value of the avalanche angle o, the worse
the fluidity of the powder [Fig. S3(0)].” Figure 5(a) shows that the
flowability of composite powders deteriorates with the increase in
Na,COj; content. The peak value of o increased from 52.5° for pure
PA12 to 67.5° for N5o/Pso. The avalanche angle of Na,CO; was 65.3°,
much higher than that of pure PA12 powder [Fig. S3(d)]. The small
Na,COj; particles fill the voids between PA12 powders and increase
the density of composite powders, making the powder denser and

more compact. Therefore, formulations with high Na,CO; content are
not suitable for MJF printing. The superior formulations in this work
are N20/P80 and N30/P70.

To verify the porosity of printed samples with different volume
ratios of Na,CO3, the XRD, scanning electron microscope (SEM), and
micro-computed tomography (Micro-CT) were applied. The Na,CO;
existed in N3o/Py, can be easily removed by ultrasonication at 150 W
for 30 min. After sonication treatment, the sharp peaks of Na,COs; dis-
appeared in the XRD curve of porous PA12 [Fig. 5(b)].

There are some small and island-like holes within N,o/Pg, indi-
cating no continuous holes formed in this formulation [Fig. S4(a)]. In
contrast, continuous holes were observed in N3y/Py, Njo/Pgo and
Niso/Psq [Figs. 6(a) and 6(b) and S4(b) and S4(c)]. However, the skele-
tons became thinner with the decreasing volume ratio of PA12, which
theoretically impaired the mechanical strength of porous products.

The voids existing inside the material inevitably deteriorate its
mechanical properties. Nonetheless, thanks to the outstanding
mechanical properties of PA12, even at high porosity levels (>30%), it
can still satisfy the strength criteria for the application of SSGs. As
shown in Fig. 6(c) and Table I, the tensile strength of porous SSGs
decreased with the increasing porosity, that is, from 7.75MPa for
N,o/Pgo to 1.16 MPa for Nso/Psy. The N3o/P, component is signifi-
cantly stronger than Nyo/Pgo and is better suited for practical applica-
tions. The voids in the matrix act as force concentration sites, thus
weakening the ability of SSGs to resist external forces. Since the
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FIG. 6. Porosity control of the MJF-printed SSGs. SEM images of fractured surface of porous N3o/P7o under (a) low and (b) high magnifications. (c) Strain-stress curves of
printed porous materials. The 3D micro-CT images of printed (d) Nao/Pgo, (€) N3o/P70, and (f) N4o/Pso- (9) The slice of N3o/P7q in horizontal direction.

TABLE I. The mechanical properties of porous PA12 with different porosity.

Sample Porosity (%) Tensile strength (MPa) Young’s modulus (GPa) Elongation (%)
N,o/Pgo 25 7.46 + 0.29 111+ 0.13 18.6 + 3.1
Nso/Pyo 37 544+ 026 0.91 = 0.09 177 +2.8
Ny4o/Pso 51 2.53 2047 0.60 = 0.01 119*43
Nso/Pso No data 0.93 + 0.23 0.03 + 0.01 56+26

mechanical properties of Nso/P5, are too poor for practical use, only
the other three formulations are considered for further investigation of
the porosity of the product.

The microscopic difference in the structure directly affects the
mechanical properties of the printed part. The inner holes of the
printed parts were detected by Micro-CT, and the combined 3D con-
structions are portrayed in Figs. 6(d)-6(f). The transparency of the
constructions increases with the content of porogen (Na,COs), indi-
cating the increasing porosity. The porosity of Nyy/Pgq, N3¢/P7o, and
N,0/Pso can be obtained by processing CT slices with the software
Image]J, which were 25%, 37%, and 51%, respectively. The horizontal
slice of N,o/Pgy confirmed the island-like structure of holes
[Fig. S5(a)]. In contrast, small holes scattered in the full view of the
slice for N,o/Pg and separated the PA12 skeletons [Fig. S5(b)], leading
to poor mechanical performance. Micro-scale pores of relatively uni-
form size can be observed in horizontal sections of N3o/Pq, which
allows for efficient transport of fluids while preventing unwanted
materials from passing through [Fig. 6(g)]. All results above confirmed
the superiority of the N3o/P;, formulation and the continuous pore
structures in the corresponding printed sample. The distribution of
pore sizes within the slices of the printed samples was quantified utiliz-
ing the Image]J software. The related results are supplied in Fig. S5(c).
The Na,CO; particles were mixed with PA12 particles through

mechanical mixer. Some particles flowed together with the melted pol-
ymers and, thus, generated holes larger than their original size. As the
concentration of Na,COj3 increases, the pore size distribution within
the samples shifts toward larger dimensions, which contributes to the
deterioration of the mechanical properties of the samples.

The water affinity of printed parts affects the water transport dur-
ing desalination. In theory, the high porosity and interconnected
porous structure of the printed SSG result in large capillary forces that
facilitate water penetration, thereby endowing it with good hydrophilic
properties. The water contact test results shown in Figs. 7(a) and S6
clearly illustrate the excellent water affinity of the printed polymeric
SSGs. Water droplets can easily permeate from the surface to the inte-
rior of the SSG (Videos 1 and 2). When the interior is wetted, this
capillary action becomes more pronounced, and water droplets pene-
trate the interior in a very short time (less than 0.3 s), indicating
improved hydrophilicity. Similar to the way in which trees and grasses
absorb water via capillary forces [Figs. 7(b) and 7(c)], the rapid water
absorption property of SSGs facilitates the drawing of seawater from
low to high locations. Heat conduction is reduced as there is minimal
direct contact between the SSG and seawater. This property also allows
for the majority of photothermal energy to be utilized for seawater
evaporation on the surface of SSGs. Theoretically, this feature could
enhance the desalination efficiency of SSGs.
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C. Structural design

To determine the optical properties of printed porous SSGs, the
reflection and transmission spectra of the samples (2 x 2 x 0.05 cm®)
were measured using an ultraviolet-visible-near-infrared spectropho-
tometer. The results, as shown in Fig. 8(a), indicate that the porous
SSG had a very low reflectance of less than 3.5% and almost no trans-
mission in the range of 250-2500 nm, which covers most of the solar
spectrum. These findings suggest that the porous SSG has the capacity
to absorb a broad range of light, up to 96.7% of the incident solar
energy. The rough surface architecture, porous structure, and the pres-
ence of C@Fe;0, contribute to multi-scattering and light trapping
effects that increase the optical path length of the incident light. As a
result, solar energy conversion efficiency can be enhanced. To increase
the surface area and promote the generation of interfacial solar steam,
various three-dimensional structures (cone, cylindrical, and tree-like
structure) were designed using CAD and fabricated upon the plate to
investigate their steam generating capabilities [Figs. S7(a) and 8(b)].
The comparison on water evaporation performance of SSGs demon-
strates that among these designs, the tree array structure, which con-
sisted of multiple layers of branched small cones on a conical trunk,

irc'apillary force
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FIG. 7. Water behavior within MJF-printed
SSGs. (a) Water affinity of the MJF-
printed SSG plate. (b) Schematic illustra-
tion of the capillary force-driven water
affinity mechanisms in the printed porous
SSGs. (c) Capillary force facilitating water
transport in plants.

showed the most superior performance [Fig. S7(b)]. The tree array
structure was manufactured using MJF printing to achieve one-step
fabrication of SSG materials. The optical microscope images exhibit a
typical tree-like structure with dimensions of approximately 16 mm?
in area, 3 mm in height, and a base diameter of approximately 0.8 mm.
The structure consists of eight 45° inclined conical branches located at
the bottom and halfway up the tree. The minimum size of the conical
structure at the tip is approximately 200 um, and the porous feature is
clearly visible. This porous feature is beneficial for achieving effective
water transport within the matrix.

The temperature-time curve shows the increase in the tempera-
ture of the porous SSG plate under different irradiation intensities
[Fig. S8(a)]. Clearly, as the light intensity increased, the stable tempera-
ture also increased. The SSG plate could reach a temperature of
44.03 °C under 1 sun, which is a practical device for water evaporation.
Figure S8(b) compare the temperature distribution under 5 sun
between the SSG plate and the tree-like structure (tree-structured
SSG). The surface temperature of tree-structured SSG increased with
the raise of irradiation intensity, but obviously higher than that of SSG
plate at the same condition [Fig. 8(c)], demonstrating the tree-like
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FIG. 8. Structural design and photothermal performance of tree-structured SSG. (a) Solar reflection and absorption curves of MJF-printed porous SSG, inserted the absorption
mechanism of a porous material. (b) 3D model of the tree-like structure (up) and its optical images (bottom). (c) The heating behaviors of the tree-structured SSG under various
solar irradiation intensities. (d) Side view and top view of the printed tree-like structure obtained via IR camera. (e) Temperature variations across different locations of tree-
structured SSG. (f) The heating behaviors of the tree-structured SSG above water under various solar irradiation intensities.
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surface topology has superior light absorption efficiency. A dense for-
est of the tree array was arranged on the surface of the platform to
enhance the absorption of light radiation, thereby facilitating the heat-
ing and evaporation of seawater at the interface [Fig. 8(d)]. The gaps
beneath the tree array structure can effectively block the dissipation of
heat, allowing heat to accumulate at the bottom of the tree array and
raise the temperature of the SSG, which is beneficial for achieving
faster water evapora'[ion.’;("57

The tree-like structure on its surface has negligible influence on
the water affinity, as confirmed by water contact angle test and high-
speed camera (Fig. S9). Water droplets can easily permeate into the
inner space of the tree-structured SSG as that of SSG plate. After
absorbing water, the temperature distribution difference between the
two configurations of SSGs becomes more pronounced. The high-
temperature area only exists on the surface of the SSG plate but can
penetrate deep into the interior of the tree-like structure in tree-
structured SSG [Figs. 8(f) and S10(a)]. When subjected to the same
light intensity, the tree-structured SSG can achieve a higher tempera-
ture than the SSG plates. Additionally, when placed above water, the
temperature of the SSG is higher than that of the SSG plates on water
[Figs. S10(b)-S10(e)]. Considering the significantly larger specific sur-
face area of the tree-like structure, this feature will be beneficial for
enhancing the evaporation rate.

Tree-like structures allowed more heat consumption through
increased SSG-air interface and minimized the energy dissipated to the
SSG underneath the plate surface, thus improving their energy efficien-
cies. To fully understand the light-to-thermal energy conversion and
water evaporation processes, the heat and moisture air transfer process
in the generator system are simulated by a finite element model built in
the commercial software COMSOL Multiphysics 6.0. The established
model has the same dimensions as one unit of the printed samples and
is subjected to normal incidence irradiation from the light in the solar
simulator. More details on the simulation can be found in the supple-
mentary material. The placement of plate SSG and tree-structured SSG
improved the water temperature, consistent with experimental results
[Figs. 9(a) and 9(b) and S11(a)-S11(c)]. The predicted temperature dis-
tribution of tree-structured SSG closely aligns with the experimental
results, whether in the cases on water or above water. above water is in
good agreement with the experimental results [Fig. S11(d)], demon-
strating a remarkable accuracy of this simulation method.
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Due to structural shadowing and changed light incident angle,
the equilibrium surface temperature will be affected by surface micro-
structures. The simulated outcomes and experimental results con-
firmed that the tree-like structure not only exhibits no detrimental
impact on surface temperature beneath designed configuration but
demonstrates the ability to augment its temperature [Fig. 9(c)]. The
feature can be ascribed to the heat consumption caused by water evap-
oration process. No water was on the top of tree-like structures but
accumulated beneath it [Fig. 9(d)]. Similar to transpiration of plants,
the water that has been heated at the bottom of tree-structure SSG is
continuously transported to the surface of the microstructure and
escaped in the form of steam. The evaporation of water takes away a
large amount of heat, generating low temperature on the surface but
high temperature beneath the microstructure. Therefore, the tree-like
structure optimizes the utilization of capillary forces for water absorp-
tion and, thus, enhances the sustainability of water evaporation.

D. Water evaporation performance of SSGs

The SSGs equipped with support columns can generate a large
amount of vapor in a very short time (<10 s) [Fig. 10(a), Videos 3 and
4]. As depicted in the infrared image from the side view, the solar ther-
mal energy is efficiently utilized as the heat concentrates on the surface
of the SSG without diffusing downwards through the columns.
Compared with the SSG plate, the tree-structured SSG can produce
more vapor, indicating that it has a higher seawater evaporation rate
[Figs. S12(a)-S12(e)]. The water evaporation tests were performed
under different solar irradiation intensities (1 sun, 2 sun, and 5 sun)
with water and seawater [Fig. S12(f)]. Figures 10(b) and 10(c) and S13
demonstrate the superiority of the tree-like structures in promoting
water evaporation. The detailed data can be seen in Table S2. The
water evaporation rate E values of different SSG materials are arranged
in order: SSG plate < tree-structured SSG < SSG plate above water
< tree-structured SSG above water. The tree-like structure improves
water evaporation efficiency, as evidenced by the higher rate of water
evaporation compared to the SSG plate under dark conditions (Fig.
S14). This can be attributed to the increased contact area between
water and air resulting from the tree-like structure, which enhances
the evaporation of water.

Placing the SSG above the water leads to a significant increase in
the E value compared to placing it on the water. This outcome aligns
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40°C

FIG. 9. Simulation results of cases under 5 sun. The surface temperature distribution of (a) pure water, (b) printed tree-structured SSG on water, and (c) tree-structured SSG

above water. (d) The water distribution in tree-structured SSG above water.
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FIG. 10. Water evaporation test of the MJF-printed SSGs. (a) Tree-structured SSG above water during test under 5 sun. Plot of the weight loss through (b) water and (c) sea-
water evaporation under solar illumination as a function of irradiation time. (d) Comparison on energy conversion efficiency and evaporation rate between published papers and
this work, tested under 1 solar irradiation intensity. (e) Water and (f) seawater evaporation rate of printed SSG samples under different solar irradiation intensities. “Plate” and
“Tree” denote SSG plate and tree-structured SSG, respectively. “0,” “A,” “W,” and “SW” mean on, above, water, and seawater, respectively.

with anticipated results, primarily because the separation of the SSG
from water reduces heat dissipation, enhancing the efficiency of photo-
thermal energy utilization. Under 1 sun irradiation, the highest E value
was obtained by tree-structured SSGs placed above water, as high as
1.55kg m~2h~L. In contrast to this, the value of E for seawater under
1 sun irradiation was 1.41kg-m >-h™". Overall, the water evaporation
rate of water was slightly higher than that of seawater, due to the high
concentration of ionic salts in seawater requiring more heat for evapo-
ration.”””® With the increasing irradiation intensity, the evaporation
rate increased sharply. The support structure provides enough water
for transpiration on the surface of SSGs, even at 5 sun.

The energy conversion efficiency # of printed porous SSGs can be
calculated by’

)

where m denotes the evaporation rate (the rate of water evaporation
under the dark conditions is subtracted), g; is the nominal solar irradi-
ation, 1kW m™2, and Copt is the multiple of 1 sun. h;, denotes total
enthalpy of liquid-vapor phase change (including sensible heat and
phase-change enthalpy), which can be calculated as

n= mhLv/Coptqj7

hiy, = A+ CAT, (5)

where /. is the heat of water vaporization (varying from 2441.7 kJ-kg ™'
at 25°C to 2265.4kJ kgf1 at 100°C), C is specific heat capacity of
water, 4.182kJ kg™ Loc™! and AT denotes the temperature increase in
the water. The conversion efficiencies of the SSGs under 1 sun were
67.2%, 81.1%, 852%, and 944% for SSG plate on water,

tree-structured SSG on water, SSG plate above water, and tree-
structured SSG above water, respectively.

These results not only compare favorably to reported polymeric
SSGs but also outperform the majority of data [Fig. 10(d) and Table
I1). The fabricated evaporator demonstrates significant improvements
in the evaporation rate and energy utilization, which can be attributed
to several key features. The hierarchical porous tree-like structure of
SSGs provides a light-trapping effect, while the C@Fe;O, hybrids
broaden the light absorption bandwidth and enhance the conversion
efficiency of light to heat. Moreover, the evaporation interface is fully
detached from the water, enabling effective localization of the con-
verted heat within the porous structure. This results in a high efficiency
of photothermal-driven water-to-steam generation. As the intensity of
light radiation increases, the rate of water evaporation also increases
[Figs. 10(e) and 10(f)], indicating that the porous SSG prepared main-
tains good photothermal properties under strong light intensity.

During seawater desalination processes, the printed SSGs demon-
strated effective self-cleaning performance against salt accumulation.
Following 8 h of uninterrupted exposure to 1 sun illumination, the sur-
face of the SSG exhibited the accumulation of white salts resulting
from the evaporation of seawater (Fig. 11). Upon cessation of light
exposure, the deposited salt on the SSG surface gradually diminished
until they completely disappeared. This phenomenon indicates that
the SSG printed by MJF has the function of salt self-cleaning. This phe-
nomenon can be attributed to the water flow propelled by capillary
force as well as the concentration difference between the region of high
salt concentration on the SSG surface and the water in the container.
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TABLE II. Comparison of the structure, preparation method, and water evaporation performance of several reported polymeric SSGs.

Polymer Structure Preparation method Using mode m (kg-mfz-hfl) n (%) Reference
Oligoanilines NaCl template foam Polymerization Bulk 1.1902 82.0 60
Cellulose Aerogel Freeze dry Bulk 1.12 81 61
Polystyrene Foam Freeze dry Bulk 1.3986 87.6 62
Polypyrrole (PPy) Foam Freeze dry Bulk 1.41 88.3 63
Polyolefin elastomer PEO-templated Foam Melt blending Bulk 1.252 88.2 64
Microporous polymer Aerogel Polymerization Bulk 1.399 81 65
PPy-sodium alginate Foam Freeze dry Bulk 1.498 87 66
Poly(vinyl alcohol) Hydrogel Freeze-and-thaw Bulk 1.45 822 67
Nylon 6 Film Electrospinning Bulk 1.24 83 68
Melamine foam Foam Deposition Bulk 1.574 90.4 69
Attapulgite polymer Aerogel Freeze dry Bulk 1.2 85 70
Polyurethane sponge Foam Deposition Bulk 1.43 87 71
Cellulose/alginate Hydrogel 3D printing Grid structure 1.33 90.6 72
Porous PA12 Na,COj; template foam 3D printing Tree-like structure 1.55 94.4 This work

As the accumulated salt dissolves in the surface water, a high-
concentration brine is formed. Salt ions on the SSG surface are then
transferred to the low-concentration side through diffusion until a
concentration equilibrium is reached. During this process, the accu-
mulated salt on the surface is gradually reduced until it is completely
dissolved.

To further verify the stability of this property, we increased the
solar intensity to 5 sun and used a high-concentration NaCl solution
(25 wt. %), which resulted in more salt accumulation on the printed
SSG surface (Fig. S15). The surface of SSGs completely turned white
after 1.5 h of irradiation. After a certain period of time following the
removal of the lamp, the salt on the surface of the SSG can be
completely removed, and the tree-like structure of the SSG enhances
this self-cleaning property, facilitating the removal of surface salt. This
result indicates that the MJF-printed SSGs have a good salt self-
cleaning function. This is of great significance for the application of
SSGs, because the accumulated salts hinder the water transfer and
affect the photothermal performance of SSGs, reducing the desalina-
tion efficiency. With their self-cleaning property, SSGs are able to

Original Accumulation

66860606808 0606060806060

Turnon, 8h

Turn on

Simulated 1 Sun Jy Salt

undergo a cleaning process at night after being in operation during the
day, without compromising their photothermal performance and sea-
water evaporation efficiency. This results in a sustainable desalination
process.

E. Sustainable desalination of SSGs

To assess the practical applicability of the SSG material for out-
door desalination, a solar desalination device was designed and fabri-
cated [Fig. 12(a)]. The device had a height of 20 x 40 x 20 cm® and
was constructed using a 3 mm thick transparent polymethyl methacry-
late plate. The polymeric SSG was placed into the device, and steam
generated by the SSG condensed on the top plate. The condensed
water was collected at the bottom of the container. The SSG material
used in this desalination device had an area of 50 cm?. When the con-
tainer was placed outdoors at 10:00 a.m. (1100 W m™?) and retrieved
at 1:00 p.m.,, it was observed that the previously transparent container
walls were covered with water droplets after only 3 h. This demon-
strates the excellent trial application ability of the designed SSG.
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FIG. 11. Salt self-cleaning performance (up) and corresponding illustrated self-cleaning process (bottom) of the SSG plate under 1 solar irradiation intensity with seawater.
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The ion concentration of the collected water was analyzed to ver-
ify whether it met the standard for direct drinking. Compared with the
high concentrations of ions in seawater, the content of anions and cati-
ons in the desalinated water decreased by over 99.99%, meeting the
WHO standard for drinking water [Fig. 12(b)]. Even water collected
under high solar irradiation intensity can still meet the standards for
safe consumption, confirming the well-performance of sustainable sea-
water desalination. Therefore, the desalinated water is considered suffi-
ciently clean for daily use. Furthermore, a thorough comparison
regarding the cost, manufacturing scalability, and environmental
impact is provided in Table S3. This comprehensive analysis demon-
strates that the utilization of MJF rapid 3D printing substantially
reduces the production time and cost of SSG materials, rendering
them more cost-effective than other photothermal materials. Amid the
escalating global water scarcity crisis, there is an imperative demand
for innovative and sustainable technologies for water purification and
desalination. Our solar steam generators, characterized by their high
water evaporation rate, offer a viable solution for the production of
potable water from non-potable sources, such as seawater and brackish
water, thereby addressing a critical dimension of water scarcity. These
generators are designed for versatile deployment across various scenar-
ios within existing water supply frameworks, including in remote
locales bereft of access to centralized water treatment facilities, as well
as in regions where conventional desalination processes are economi-
cally prohibitive or environmentally unsustainable. Furthermore,
addressing potential challenges related to the implementation of this
technology necessitates the development of infrastructure for the col-
lection and distribution of purified water. It is also essential to engage
local communities and build their capacities, ensuring the long-term
sustainability and efficacy of the technology.

To assess the durability of the SSG apparatus and evaluate the
impact of the tree-like structures on the performance of the SSG and
the stability of the seawater desalination process, a one-week test was
conducted under simulated sunlight for 9 h per day. The results of this

Day 1 'Day2IDay3lDay4'Day5lDay6IDay7

test, comparing the SSG plate with the tree-like SSG structure, are pre-
sented in Figs. 12(c) and 12(d), respectively. During the one-week test,
there was no significant change observed in the seawater desalination
capacity and rate for the SSG with the tree-like top cover. In contrast,
the desalination capacity of the SSG plate dropped remarkably by 10%.
Overall, the tree-like top-layer structure not only significantly
enhanced the seawater desalination capacity, resulting in more sub-
stantial mass loss, but also notably improved the durability of the SSG.
The seawater desalination efficiency of both SSG configurations ini-
tially increased and then reached a stable level. This phenomenon
could be attributed to the accumulation of halides on the sample sur-
face after prolonged exposure to light, which caused salt precipitation
and blocked the capillary action, resulting in a decrease in capillary
force and hindering the rapid supply of seawater. Nonetheless, thanks
to the self-cleaning effect, the accumulated salt in the capillary chan-
nels could be removed, minimizing impact on subsequent usage. This
indicates that the prepared SSG is capable of operating for extended
periods. Specific data regarding the mass loss of seawater and the water
evaporation rate can be found in Table S4.

To assess the commercial applicability of the powder formulation
proposed in this study, the MJF 5200 printing technology was
employed to fabricate tree-structured SSGs using an HP fusing agent.
The fabrication process successfully produced large-area SSGs with
intricate structures, thus confirming the substantial potential for prac-
tical application of these SSGs [Fig. 13(a)]. Furthermore, the fabricated
SSGs demonstrated promising performance in seawater desalination,
as evidenced by the obtained results [Fig. 13(b)]. Specifically, when the
tree-structured SSGs were utilized, one liter of seawater was entirely
evaporated, whereas in the absence of the SSGs, approximately 500 ml
remained unconsumed. The massive C@Fe;0, ink will be synthesized
in the future and applied for commercial MJF printing, which will fur-
ther improve the water evaporation performance of large-area SSGs.
Moreover, the integrated structure of SSGs fabricated by MJF presents
opportunities for recycling and material reuse after prolonged use.
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FIG. 13. Water evaporation performance test of a large-area SSG. (a) Tree-structured SSG printed by commercial printer MJF 5200. (b) The water evaporation test of printed

large-area tree-structured SSG under 5 sun for 12 h.

Recycled SSGs could probably be ground into a powder form and re-
fabricated through MJF, which worth further investigation. This
potential recycling, if realized, would not only mitigate the environ-
mental impact due to the minimized discards by minimizing discards
but also significantly reduce raw material costs. Therefore, the SSG
devices show great potential for practical applications in seawater
desalination.

IV. CONCLUSION

In this study, MOFs-derived C@Fe;0, hybrid was developed and
used as the fusing agent for MJF printing to create SSGs with complex
surface topologies. The photothermal properties, water evaporation
rate, and salt self-cleaning ability of the material were assessed. The
outcomes demonstrate that C@Fe;O,4 nanoparticles display remark-
able photothermal performance and can be employed in conjunction
with MJF printing to manufacture robust and reliable SSGs. Moreover,
we discovered an optimal material formulation that incorporates a
capillary structure, which is pivotal in producing SSGs possessing
superior hydrophilic properties. The water evaporation experiments
revealed that the tree-structured SSGs considerably enhance the water
evaporation rate, for both fresh and seawater, rendering them excep-
tionally well-suited for desalination applications. Furthermore, the
unique porous structure of the SSGs generates capillary forces that can
eliminate salt accumulation, resulting in exceptional self-cleaning per-
formance. This enhances the sustainability of seawater desalination
processes. The long-term seawater desalination tests showed that the
SSGs prepared in this study can effectively produce potable water that
meets WHO requirements.

However, it is noteworthy that given the current lab-scale scope
of this work, further evaluation through pilot and industrial-scale tests
is necessary for a comprehensive validation of the proposed approach.
In summary, this interdisciplinary approach, which incorporates nano-
materials science, advanced additive manufacturing technologies, and
surface structural design, presents a promising solution for the practi-
cal implementation of efficient SSGs.

SUPPLEMENTARY MATERIAL

See the supplementary material for synthesis detail and character-
ization of the nanowire and for Figs. S1-S15 and Tables S1-S4.
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