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ABSTRACT: Interfacial solar steam generation (ISSG) technology
provides a promising solution to the global issue of freshwater scarcity.
However, its practical application is hindered by salt fouling and
inconsistent solar illumination. In this work, a novel interfacial solar
steam generator is proposed that integrates contactless design with
low-voltage joule heating to provide all-day, all-weather freshwater
generation. The contactless design utilizes a solar-reduced graphene
oxide coated carbon fabric (SRGO—CF) as a heat generator and super
hydrophilic paper walls as water transport channels. The contactless
device can generate steam at the maximum rate of 4.27 kg m™> h™!
under 1 sun solar illumination and small input voltage due to the
excellent photothermal and electrothermal capabilities of SRGO—CEF.
At an input voltage of 2.5 V, the SRGO—CF evaporator exhibits an
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evaporation rate of 3.52 kg m™ h™" and 2.32 kg m > h™" for 3.5 wt % salt water respectively with and without 1 sun illumination for a
long period of time without any salt fouling, demonstrating its all-day, all-weather capability. The proposed contactless ISSG
evaporator can resolve the impractical issue of conventional ISSG-based evaporators owing to irregular weather conditions and salt

fouling issues while also promoting zero liquid discharge-based salt harvesting.

KEYWORDS: contactless, joule heating, solar desalination, interfacial heating, solar reduced graphene oxide

B INTRODUCTION

The global issue of global water scarcity is escalating, owing to
climate change and population growth. The development of
innovative water purification technologies is necessitated."”
Although conventional methods, such as reverse osmosis are
effective, they are hindered by high energy demands and
significant financial costs.” A promising alternative lies in
interfacial solar desalination technology, which offers the
potential to significantly reduce both energy consumption and
costs, making it particularly advantageous for regions with
limited resources.” Notably, interfacial solar steam generation
(ISSG) has garnered large attention due to its unique
capability to operate efficiently under solar illumination, a
distinct advantage over traditional bulk water heating
methods.” However, the practical deployment of ISSG faces
several challenges, including salt accumulation, vulnerability to
weather fluctuations, and suboptimal water collection
efficiencies.”’ Addressing these challenges is essential for the
successful and widespread implementation of ISSG technology
in practical applications.®

To address the challenge of salt accumulation in ISSG
desalination systems, several strategies have been introduced,
focusing on salt resistance, controlled salt precipitation, and
self-cleaning. Salt resistance can be achieved by optimizing
surface wettability and porous structures, as seen in self-
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descaling Janus evaporators, which use thermoresponsive
materials to repel seawater and facilitate efficient rinsing.”
Self-cleaning mechanisms include rotatable evaporators in
cylindrical or spherical shapes that periodically rotate to
dissolve and remove the accumulated salts, thereby maintain-
ing consistent efficiency.'® Controlled salt precipitation
method introduces crystallization at specific regions. For
example, a conical MXene-functionalized hydrogels minimizes
salt buildup on critical surfaces.'' Among these antisalt fouling
strategies, the contactless salt mitigation approach has shown
particular promise by separating the photothermal conversion
surface from the evaporation surface to prevent salt
contamination.'””'* This contactless design transfers heat
without direct contact or via radiative heating, promoting zero
liquid discharge (ZLD) and keeping the photothermal surface
free from fouling. Salt crystallization occurs on the water
evaporation surface instead, ensuring that the photothermal
layer remains free from fouling and maintains a stable
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performance over time, even in highly saline environments. For
instance, Chen et al. utilized a separated system which
showcased long-term stable evaporation (1.25 kg m™> h™'
under 1 kW m™ (1 sun) illumination, 15 wt % NaCl,q), = 120
h) using a polypyrrole@Co;0,@aluminum sheet and a T-
shaped superhydrophilic polyethylene/polypropylene non-
woven fabric right under the sheet.'® However, the evaporation
performance of these contactless evaporators has been
relatively poor compared to those of other ISSG evaporators.
Thus, further development of contactless evaporators is
required to enhance the evaporation performance.

Recently, the Joule heating-assisted (JHA) ISSG technique
has received significant attention due to its superior
evaporation performance and ability to operate in all-day, all-
weather conditions. The technique exhibited impressive
evaporation performance regardless of weather condi-
tions.> ™7 By operating at low input voltages, JHA evaporation
devices achieved evaporation rates exceeding 10 kg m™> h™",
substantially surpassing rates limited by solar illumination
alone. The integration of the low-voltage Joule heating method
enhances overall evaporation performance owing to the
synergistic effects of photothermal and electrothermal
heating.18 Electrothermal heating, in particular, is beneficial
under adverse conditions such as nighttime or cloudy weather.
This concept of continuous operation has been a historical
challenge in ISSG-based solar stills to ensure a consistent
supply of clean water.'” However, the adoption of an effective
all-day, all-weather JHA-ISSG device faces significant chal-
lenges, such as rapid salt accumulation at the air—water
interface. As the evaporation rate increases with the aid of
Joule heating, the amount of salt accumulation also rises,
leading to issues such as salt fouling, corrosion, and
degradation of the device, diminished evaporation perform-
ance, and poor long-term durability. Therefore, systematic
efforts are needed to tackle these issues for practical all-day, all-
weather desalination.

For efficient photothermal evaporation, materials with a
broadband solar absorbance are a necessity. For this purpose,
carbonaceous materials have been utilized extensively owing to
their broadband light absorption, low cost, reusability, and
excellent light-to-heat conversion properties.”’ Reduced
graphene oxide (rGO) has been reported in numerous
previous reports as an excellent photothermal absorber for
ISSG.”" In addition, rGO has outstanding electrical properties
with large applications in energy storage, batteries, and so on.””
Among these, solar-reduced graphene oxide (SRGO) has not
yet been explored for solar thermal applications. Moreover,
SRGO’s high electrical conductivity suggests it could support
efficient electrothermal heating, which is beneficial for high
evaporation rates. Its scalable and rapid synthesis process,
requiring no additional purification, makes it suitable for large-
scale applications.”®> Despite its simple production, SRGO
retains electrical properties comparable to those of other rGO,
making it a promising candidate for scalable JHA-based ISG
systems. In this study, a novel 3D contactless evaporator
utilizing SRGO coated on carbon fabric (CF) is proposed for
all-day, all-weather desalination with antisalt fouling. The
SRGO—CF can effectively harness solar illumination and emit
radiative heat to the surrounding walls for radiative heating-
based evaporation. Due to the net energy gain of the tall paper
walls of the proposed 3D evaporator, the SRGO—CF-x (x:
height in cm) evaporator can evaporate water, breaking the
theoretical limit of evaporation under 1 sun solar illumination.

The supply of low-voltage increases the evaporation perform-
ance to 4.27 kg m™2 h™! under 1 sun illumination and 2.5 V,
owing to the excellent synergetic heat generation of SRGO—
CF-S. When the SRGO-CF-5 evaporator is applied for
seawater desalination, it generates steam at a high rate of 3.52
kg m™ h™'. The SRGO—CF-$ evaporator can be used for all-
day, all-weather solar desalination, even under no solar
illumination conditions. The present results address the issue
of poor evaporation performance of conventional contactless
evaporators, the impracticability of ISSG-based evaporators
owing to weather conditions, and the salt fouling issue of
traditional ISSG evaporators while also promoting zero liquid
discharge-based salt harvesting.

B EXPERIMENTAL SECTION

Materials. Graphene oxide (GO) solution with a concentration of
3 g/L, poly(vinylidene fluoride) (PVDF), and dimethylformamide
(DMF) was purchased from Sigma-Aldrich, South Korea. CF,
commercial copper tape, copper wire, and silver paste were provided
by ABC, Korea. Paper filters utilized for water transport were
purchased from Redclay humidifier, South Korea.

Fabrication of SRGO—CF. GO sheets were prepared by drying
the purchased GO solution at room temperature for 2—3 days. Once
dried, the GO sheets were reduced to SRGO by employing focused
solar light using a convex lens. The successful reduction of the GO
sheets to SRGO was confirmed by the color change from golden
brown to black. After complete reduction was ensured, the resultant
SRGO powder was collected and stored for future use.

Next, SRGO was coated onto CF by using a simple dip-coating
method. To achieve this, 200 mg of SRGO was mixed with a 20 wt %
solution of PVDF in 10 mL of DMF. This mixture was sonicated for 1
h to form a uniform SRGO ink. A 2 cm X 3 cm CF was cleaned with
ethanol and water and then repeatedly dipped into the prepared
SRGO ink, followed by drying to ensure proper coating of the
material. The coated SRGO—CF was then dried overnight to ensure a
firm attachment of SRGO to the CF.

Fabrication of the SRGO—CF-x Evaporator. The prepared
SRGO—CF was connected to copper tape and copper wire to supply
electric power. After the copper wires were secured, the SRGO—CF
was mounted on a polystyrene foam base for insulation and structural
support, and pins were used for attachment. Two slits were then made
in the foam to accommodate filter paper strips, allowing them to
extend into the underlying bulk water solution.

The filter paper was cut, as illustrated in Figure S2. The dimensions
matched those of the evaporator to ensure the optimal enclosure of
the SRGO—CF device. This maximizes the heat absorption while
preventing direct contact with the water. The paper walls with
different heights (ranging from 1 to S cm) were prepared to
investigate the effect of 3D heating on the evaporator’s performance.

Characterizations. The surface characteristics of GO and SRGO
were assessed by employing high-resolution field emission scanning
electron microscopy (FESEM, JSM 7800F Prime, JEOL, Ltd., Japan).
The elemental compositions of GO and SRGO were investigated by
using X-ray photoelectron spectroscopy (XPS, PHI S000 VersaProbe
III). Additionally, the crystal structures of these materials were
examined by employing an X-ray diffractometer (D8 Advance
DSVINCI, Bruker USA). Furthermore, the optical characteristics of
the SRGO—CF evaporator were characterized using a UV—vis—NIR
spectrometer (V-670, JASCO INC.,, Japan).

Steam Generation Experiment. The evaporation performance
of the SRGO—CF-x devices was evaluated using a AAA solar
simulator (PEC, L-101, Korea) under controlled conditions in an air-
conditioned room maintaining a constant temperature of 27 °C and
50% humidity. An SRGO—CF-x evaporator with dimensions of 2 X 2
cm® was placed on a polystyrene foam, which provided thermal
insulation, and it was positioned above bulk water contained in a
beaker. The mass reduction of water was measured using an electronic
analytical balance, while the device was exposed to a solar intensity of
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Figure 1. Schematic diagram of the SRGO—CEF-x contactless steam generator.
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Figure 2. (a) Schematic diagram showing the reduction of GO to SRGO. SEM images of (b) GO and (c) SRGO. (d) XRD spectra of GO and
SRGO. (e) Absorption spectra of the SRGO—CF. (f) Digital photograph of the SRGO—CF-x steam generator. (g) IR thermal images showing the
rapid water transport through the surrounding paper walls.
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Figure 3. (a) Digital photograph of the experimental setup of solar steam generation. (b) Evaporation rates of SRGO—CF-x (x = 1 to S cm) with
and without 1 sun illumination. (c) Evaporation rates of SRGO—CF-S devices under 1 sun illumination at various input voltages. (d) Temporal
variations of the surface temperature of SRGO—CEF-5 according to input voltage with and without 1 sun solar irradiation.

1 kW/m? An infrared (IR) thermal camera (FLIR-C3 IR camera,
USA) was used to monitor the temperature variations on the device.
The electrical power required for the experiment was supplied by a
standard direct current (DC) power source (Smart, model RDP-305).

Solar Desalination Experiment. Similar to the water evapo-
ration tests, the solar desalination performance of the proposed
SRGO—CEF-5 evaporator was evaluated by using a AAA solar
simulator. Salt solutions with concentrations of 3.5 and 20 wt %
were prepared for the desalination tests. These experiments were
conducted under 1 sun illumination with and without the supplied
input voltage. The mass reduction in water was continuously recorded
by using an electronic analytical balance. Salt accumulation on the
surface of the evaporator was monitored and visualized using SEM
imaging to assess its antifouling properties.

B RESULTS AND DISCUSSION

In conventional ISSG evaporators, the solar absorber is usually
in direct contact with water at the air—water interface. Solar
energy is converted to heat, which is then transferred to the
contact water through thermal conduction, driving evapo-
ration. However, this direct contact between the absorber and
water often leads to salt deposition (fouling) on the absorber
surface. Over time, this salt fouling reduces the evaporation
performance, limiting the effectiveness of the evaporator in
long-term use. On the other hand, contactless evaporators
utilize radiative heating, where the absorber transfers heat to
water indirectly.”* Water has strong absorption in the IR
region defined using the Beer—Lambert law which describes
how a radiation beam is absorbed as it passes through an
absorbing medium:

() = Ilj(((l))) =M

(1)

where t;(I) is the spectral transmittance, I, is the intensity of a
beam at distance [, and f3, is the spectral absorption coefficient.
The reciprocal of 3, known as the penetration depth, signifies
the ability of water to absorb the photons of wavelength A. The
infrared wavelengths penetrate to a depth of approximately 100
um, where they are strongly absorbed due to their resonance
with the vibrational energy of water molecules.

The radiative heating has shown lower evaporation efficiency
compared to conduction-based heating, presenting challenges
for real-world desalination applications.'” Figure 1 illustrates
the concept of a contactless evaporator designed to overcome
this limitation by incorporating a JHA evaporation mechanism.
The contactless solar steam generator, named SRGO—CF-x, is
proposed to eliminate any direct contact with the heat
generator (SRGO—CF) and the surrounding vertical walls of
water transporting super hydrophilic filter paper.

Previous studies have extensively highlighted the exceptional
solar broadband absorption and light-to-heat conversion
properties of rGO, making it a highly effective material for
photothermal solar desalination in ISSG systems.”> Addition-
ally, the excellent electrical conductivity of rGO has been
demonstrated in various energy storage applications. Fur-
thermore, rGO exhibits remarkable emissivity in the infrared
wavelength range, making it particularly well-suited for
radiative heating in steam generation.”® One of the simplest
and most chemical-free methods to rapidly reduce GO into
rGO is to use concentrated sunlight with the help of a convex
lens.”” This technique not only facilitates rapid reduction but
also preserves the excellent electrical properties of rGO. In this
work, GO sheets were similarly reduced by using focused
sunlight with the aid of a laboratory convex lens, as shown in
Figure 2a. When the focused solar light passing through a
convex lens falls on the GO surface, the increase in the surface
temperature leads to the decomposition of the GO into
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graphene and CO,, with a minor formation of H,O. This
transformation from GO to rGO (named SRGO) was evident
from the rapid color change from brown to black and rapid
volume expansion of the material.

This rapid transformation was visualized by SEM imaging.
The SEM images (Figure 2b,c) reveal the exfoliation of sheets,
indicating successful separation into thinner layers. However,
some degree of agglomeration and stacking is evident, likely
due to van der Waals interactions between the sheets.”® This
formation was also further confirmed by powder XRD analysis.
Figure 2d shows the obtained XRD pattern of GO before and
after the focused solar light treatment. The sharp peak at 9.86°
corresponds to the (002) reflection plain in GO.”® However,
after solar reduction, the peak disappears, and two new peaks
are formed at 23.7° (002) and 42.7° (100), indicating the
successful reduction of GO. XPS analysis was also utilized to
further evaluate the reduction of the GO sheets (Figure S1).
The survey scan shows a decrease in oxygen concentration in
SRGO compared to GO. In addition, in the C 1s spectra, the
C=C peak becomes more intense, while the peaks associated
with C=0 and C—O diminish, signifying the elimination of
oxygen-containing functional groups and the formation of the
graphitic C=C structure.”” The light absorption capability of
SRGO—CF was experimentally assessed using UV—vis—NIR
diffuse reflectance spectra over a wavelength range of 250 to
1100 nm. As shown in Figure 2e, SRGO—CF shows a diffuse
reflectance of less than 5% over a whole range of wavelengths.
The prepared SRGO sample was then coated on a small piece
of CF to fabricate SRGO—CF as described in the experimental
section. The contactless evaporator (SRGO—CF-x) was
completed by adding water transport channels around
SRGO—CF while ensuring no direct contact (Figure S2).
The water transport channels were made of super hydrophilic
rapid water transporting filter paper. As illustrated in Figure
2f,g, the water channels of 12 cm in height can transport water
to the top from the bulk solution within 180 s. This is due to
the paper composition which consists of a large number of
cellulose fibers of average size ~10 um (Figure S3). The
SRGO added with water transporting channels was connected
to the bulk solution by using a polystyrene foam as insulation
and support.

Figure 3a illustrates the experimental setup utilized for
evaluating the steam generation performance. As described in
the experimental section, the SRGO—CF was designed
specifically to isolate it from direct contact with bulk water
and water transporting surrounding walls. It should be noted
that the surrounding walls in contactless design should be able
to capture the radiative heat emitted by the absorber. As
reported in previous literature, a high radiative view factor (F)
is crucial for enhancing the absorption of emitted thermal
energy.”* Theoretical calculations showed that a height greater
than >4 cm can achieve a high radiative view factor of >98%
for an evaporative surface of dimensions 2 cm X 2 cm. For
comparison of performance, S different heights (1 to S cm)
were selected for the surrounding walls. Figure 3b shows the
dark evaporation rate at each height. The dark evaporation rate
is 0.41 kg m~2h™! fora 1 cm wall height and increases to 0.47,
0.75, 1.15, and 1.47 kg m™> h™' for 2, 3, 4, and 5 cm walls,
respectively. As the wall height increases, the dark evaporation
rates are also increased. This is attributed to the much lower
temperature of the walls compared to the surrounding
temperature of the 3D device. As height increases, the effective
surface area increases, leading to the net convective and

radiative energy gain from the hotter surroundings. The
captured thermal images (Figure S4) also show a temperature
4—5 °C lower than the surrounding room temperature (~27.3
°C), confirming the net energy gain. Under 1 sun illumination,
the evaporation rate shows a similar trend, with evaporation
rates increasing from 1.83 kg m™ h™ (1 cm) to 1.85, 2.11,
2.49, and 2.78 kg m~2 h7! for heights 2, 3, 4, and 5 cm,
respectively. The evaporation rates are all much higher than
the theoretical limit (1.47 kg m™ h™") for 1 sun illumination,
indicating the net energy gain of the 3D evaporators. This was
also the case in lower solar intensities as well (Figure SS). This
net energy gain can be explained via energy exchange analysis,
as illustrated in Table S1. The total energy loss, including both
convective and radiative losses, is estimated to be 0.094 W. As
the height of the evaporator increases, the net energy gain
progressively increases to 0.054, 0.1083, 0.1624, and 0.2165 W
for evaporators with heights of 2, 3, 4, and S cm, respectively.
This confirms the correlation between the energy gain and
enhanced evaporation performance with increased evaporator
height. Moreover, the thermal efficiency of the evaporator is
improved with height, reaching 79.2%, 81.5%, 83.2%, and
84.75% for the heights 2, 3, 4, and 5 cm configurations,
respectively. These results are well aligned with the
corresponding solar-to-vapor efficiencies of each evaporator,
further validating the enhanced performance with taller
evaporators.

Although the evaporation rates under 1 sun illumination are
high in 3D evaporators, their evaporation performance largely
depends on the input solar illumination. The solar illumination
in most practical situations is inconsistent due to weather
conditions. Therefore, it is imperative to offset this inconsistent
variation with the addition of consistent input energy such as
low-voltage electric power. In previous reports, the addition of
joule heating has significantly enhanced the evaporation
performance due to synergetic photoelectrothermal heating.””
Figure 3c demonstrates the increased evaporation rate of
SRGO—CEF-S under 1 sun illumination for different input
voltages (0.5—2.5 V). The supply of low input energy enhances
the evaporation rates to 2.95, 3.16, 3.52, 3.76, and 4.27 kg m2
h™! for input voltages of 0.5, 1, 1.5, 2, and 2.5 'V, respectively.
The evaporation rate is almost ~150% increased with an input
voltage of 2.5 V. The input voltage of the SRGO—CEF-5
evaporator was not increased above 2.5 V to limit the reliance
on electrical power input and the possible instability of
polystyrene foam at higher temperatures, hindering the long-
term operations of the SRGO—CF-S evaporator. The
evaporation rate of SRGO—CF-S due to joule heating
electrothermal evaporation was also evaluated. The evapo-
ration rate increases to 2.77 kg m™> h™" at 2.5 V input voltage,
underscoring the ability of the SRGO—CEF-5 evaporator as a
standalone joule heating-induced steam generator, which is
advantageous in the design of ISG evaporators operating under
diverse environmental conditions. The joule heating-induced
evaporation performance was visualized by IR thermal images,
as shown in Figure S6. Despite the evaporator having a
contactless configuration, the addition of a low input voltage
impacts the evaporation performance significantly. With the
increase of input voltages, the maximum temperatures of the
walls are increased. For instance, the temperature increases
from 31.3 °C for 1 sun only to 42.7 °C with the addition of a
2.5 V input voltage. In addition, a notable expansion of the
hotter region is observed with an increasing input voltage. This
is mainly attributed to the increase in the surface temperature
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Figure 4. (a) Comparison of evaporation performance of SRGO—CF-S for 3.5 wt % salt water. (b) Long-term evaporation performance of SRGO—
CF-S under conditions of 2.5 V (nighttime) and 1 sun and 2.5 V (daytime). (c) Evaporation rates under conditions of SRGO—CEF-5 for 20 wt %
hypersaline waters. Inset shows the images of SRGO—CF before and after evaporation. (d) Concentrations of 4 major ions of 3.5 wt % before and

after desalination.

of SRGO—CF, which leads to the increase in radiative heating.
According to the Stefan—Boltzmann law, the radiative heat
transfer rate is proportional to the fourth power of the surface
temperature (PaT*). This implies that even a small temper-
ature increase causes a significant increase in radiative heating.
Therefore, the supply of higher voltage can promote stronger
thermal radiative heating, making it a promising approach for
enhancing the evaporation performance in contactless
evaporators. The present results demonstrate an excellent
synergetic effect of photothermal heating and Joule heating-
induced electrothermal heating in the SRGO—CF-5 evapo-
rator. The combined effect of the increased surface temper-
ature and enhanced radiative heating significantly boosts the
overall evaporation performance. This synergy, further
amplified by a higher input voltage, leads to stronger thermal
radiative heating, making the SRGO—CEF-5 evaporator highly
effective for advanced heat-associated thermal applications.
The effect of standalone Joule heating in the SRGO—CEF-5
evaporator was also evaluated under similar conditions, with
varying input voltages from 0.5 to 2.5 V. As expected, the
evaporation rates increase with voltage, achieving 2.77 kg m™
h™' at 2.5 V. IR thermal images (Figure S7) illustrate this
evaporation performance, showing that the outer walls of the
SRGO—CF reached a temperature of ~39 °C after 30 min of
continuous supply of 2.5 V DC power. Temperature gradients
are formed along the walls, with cooler surface temperatures at
higher elevations, compared to the surrounding environment.
This indicates that a large portion of the walls gain heat from
the surroundings, while a small section near the absorber
experiences inevitable heat loss. The absorber itself reaches an
average temperature of ~42 °C within the same period, further

demonstrating the impact of Joule heating on the evaporator’s
performance.

The results clearly demonstrate an increase in the surface
temperature with the application of Joule heating voltages.
Temporal variations of surface temperature in SRGO—CEF, as
shown in Figure 3d, reveal a rapid rise to 60 °C under 1 sun
illumination within 2 min and stabilizing at 62 °C in 5 min.
This localized heating is attributed to the excellent photo-
thermal heat conversion efficiency of SRGO—CF and the low
thermal conductivity of both SRGO—CF and the polyurethane
sponge. A similar trend is observed with the addition of input
voltages. The surface temperatures rapidly increased within 2
min, reaching 64.2 °C, 66.5 °C, 72.7 °C, 80.1 °C, and 86.9 °C
at input voltages of 0.5 1, 1.5, 2, and 2.5 V, respectively. These
elevated surface temperatures highlight the superior photo-
thermal conversion and Joule heating-induced electrothermal
heating of the SRGO—CEF-5 device. As seen in the standalone
Joule heating curve, the surface temperature at 2.5 V reaches
nearly 60 °C, similar to the value achieved under 1 sun
illumination. This implies that the supply of a 2.5 V input
voltage can compensate for the reduced evaporation rates
caused by low solar illumination, such as nighttime or cloudy
conditions. Following the I—V curve assessment of the
proposed SRGO—CF evaporator, the enhancement of the
evaporation performance driven by Joule heating was further
evaluated. The I-V curves, as shown in Figure S8, exhibit a
linear relationship with increasing temperature, and the
resistance of the SRGO—CF-5 evaporator was measured to
be ~4.6 Q. This low resistance value is aligned with previous
reports showcasing high steam generation performances.'” For
example, Wu et al. reported an MPC/cloth-F evaporator with a
resistance of 7.96 Q. They mentioned that the evaporator
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needs to have a similar range of resistance to achieve high
evaporation rates. The input power (P) is defined as P = V?/R,
where V represents the input voltage in volts and R denotes the
resistance in ohms. Consequently, the input power is
exponentially increased with input voltage, and the joule
heating is subsequently increased according to Joule’s Heating
formula of H = (P X t), where H is the amount of heat
generated in Joules and ¢ is the elapsed time the input voltage
is applied in seconds. The low resistance of the SRGO—CE-5
evaporator ensures efficient steam generation even at lower
input voltages, as a higher input power leads to increased Joule
heating. The joule heating mode of the SRGO—CF evaporator
can compensate for reduced solar illumination, maintaining
high evaporation rates even under unfavorable conditions, such
as nighttime or cloudy environments. However, it is important
to note that the efficiency of Joule heating is directly
dependent on the applied voltage, and the overall evaporation
performance of the evaporator is highly sensitive to its
resistance values. Therefore, optimization of the resistance is
crucial for maximizing heat generation and ensuring consistent
evaporation in long-term operations. Table S2 shows the
energy conversion efficiencies of the SRGO—CEF-5 evaporator
under different conditions. Under 1 sun solar illumination, the
solar-to-vapor conversion efficiency is approximately 84%,
which aligns well with the previously estimated overall heat
loss of the evaporator. However, when the input voltage is
applied, the evaporation rate increases while the efficiency
decreases noticeably. This large drop in efficiency seems to be
caused by unavoidable heat loss from the SRGO-CF
evaporator to the copper wires connected to the DC power
supply. However, this efficiency drop can be minimized
through further optimization in the design of the SRGO—
CF-5 evaporator to enhance its suitability for practical
applications.

The impressive steam generation capacity of the SRGO—
CE-5 device was tested for the desalination of seawater. By
utilization of the low-voltage-assisted Joule heating method,
the enhanced performance of salt-water evaporation and the
all-day, all-weather capability of the evaporator were examined.
Figure 4a showcases the evaporation performance of the
fabricated SRGO—CEF-5 evaporator for 3.5 wt % saltwater. To
ensure consistent evaluation of evaporation performance at
various power supplies, our desalination performance assess-
ments were conducted using a standard laboratory power
supply, as mentioned in the experimental section.

Since different power supplies have different power gradings,
a comparison of the evaporation performance of Joule heating-
induced evaporators would be difficult. Additionally, the aim of
solar-based desalination is to minimize the impact of
electrothermal heating and emphasize photothermal heating
for sustainable solar-driven desalination. For 3.5 wt %
saltwater, the SRGO—CF evaporator achieves an evaporation
rate of 2.5 kg m™> h™" under 1 sun illumination. Similar to the
water evaporation rates for pure water, the addition of input
voltage increases the evaporation rates significantly. At 2.5 V
and 1 sun illumination, the evaporation rate reaches as high as
3.52 kg m™ h™". It should be noted that the evaporation rates
are high, even at lower input voltages. To assess its suitability
as an all-day, all-weather desalination device, we also examined
the JHA electrothermal heating of SRGO—CF-5 was also
examined. In the absence of photothermal heating, the
SRGO—CEF-S can manage to evaporate saltwater up to a rate
of 2.32 kg m~> h™" under 2.5 V input voltage. This implies that

a solar still module employing the SRGO—CEF-5 device can
operate efficiently without excessive reliance on intense solar
irradiation and weather conditions. These evaporation rates are
consistent with those observed in previously reported
contactless evaporators. (Table S3) To assess the all-day, all-
weather capability of SRGO—CEF-§, a long-term experiment
was conducted under 2.5 V and 1 sun illumination, indicating
daytime operation and 2.5 V as nighttime operation. As shown
in Figure 4b, the evaporation performance remains constant
throughout the experimentation period, confirming the
practicability of the steam generator in all conditions.
Furthermore, the evaporation performance was also evaluated
for hypersaline brine with a concentration of >20 wt %, as
shown in Figure 4c. High evaporation rates are obtained even
for hypersaline brine with 20 wt % concentration. For all cases,
the SRGO—CF evaporator is salt-free, demonstrating the
antisalt fouling capability of the proposed SRGO—CF-5
evaporator (inset of Figure 4c).

The wall structure of SRGO—CF-5 can be utilized for zero
liquid discharge (ZLD)-based salt collection. As saltwater
ascends through the surrounding walls via evaporation-induced
capillary action, salt can accumulate on the walls. Long-term
operation demonstrates that salt accumulation does not hinder
the evaporation performance at all. This is primarily due to the
rapid water transport capability of the paper walls. In addition,
the contactless design prevents salt fouling, which is a common
issue in conventional ISSG evaporators. To further assess the
antisalt fouling performance of SRGO—CE-5, a brine solution
with a high concentration of ~24 wt % was tested for 10 h
under 1 sun illumination and 3 V input voltage. The SEM
image presented in Figure S9 demonstrates the efficient salt
collection capability of the proposed SRGO—CE-S device,
showcasing its potential for rapid ZLD-based salt harvesting.
EDX analysis further confirmed the accumulation of salts, with
an increasing concentration of Na* and Mg>" ions deposited on
the paper walls after the experiments, as shown in Figures S10
and S11. Furthermore, Figure 4d illustrates the ion
concentrations of the four major ions before and after
desalination. As expected, the freshwater samples exhibited
ion concentrations at least three orders lower than those in
seawater, confirming the desalination capability of the
proposed SRGO—CEF-S. The performance of SRGO—CE-$§
was evaluated for practical applications, as shown in Figure
S12. For comparison, a bare seawater system was also tested.
The SRGO—CF-5 immediately showed fogging, indicating
vapor collection on the surface, whereas the bare water system
remained clear. With Joule heating, SRGO—CF-5 continued to
generate steam at a steady rate of approximately 3 kg m™>h™",
even in foggy conditions, demonstrating its all-day, all-weather
capability. Throughout the day-long test, the SRGO—CEF-5
exhibited no salt fouling and produced significantly more
condensed water than the bare water system.

The SRGO—CEF-5 evaporator demonstrated several advan-
tages over traditional solar-driven desalination systems. Its
completely contactless design effectively prevents salt fouling,
even at high salt concentrations, maintaining a consistent
evaporation performance over extended periods. This antisalt
fouling capability is crucial for long-term desalination
applications, where salt buildup typically hampers efficiency
in conventional systems. Additionally, the unique wall structure
of SRGO—CEF-5 enables effective salt collection through
evaporation-induced capillary action, making it a viable
solution for zero liquid discharge (ZLD) applications. The
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device’s integration of synergetic Joule heating further
enhances its all-day, all-weather operation, enabling reliable
desalination even in low sunlight conditions. This dual
functionality—not only achieving efficient desalination but
also enabling ZLD-based salt harvesting—highlights the
SRGO—CEF-S§’s potential as a versatile and highly innovative
desalination device suitable for a wide range of environmental
conditions.

B CONCLUSION

A novel 3D contactless evaporator utilizing solar-reduced
graphene oxide (SRGO) coated on CF is proposed for antisalt
fouling, all-day, all-weather seawater desalination. The SRGO—
CF evaporator efficiently harnesses solar energy and radiates
heat to the surrounding paper walls, inducing radiative heating-
based evaporation. The increased energy gain of the tall 3D
paper walls enables the SRGO—CF evaporator to exceed the
theoretical evaporation limit under 1 sun illumination. The
addition of a low input voltage (2.5 V) further enhances the
evaporation rate, reaching 4.27 kg m™ h™". This is attributed
to the synergistic photothermal and electrothermal properties
of the SRGO—CE-S. In seawater desalination, the SRGO—CEF-
5 achieves an evaporation rate of 3.52 kg m™> h™' while
demonstrating no salt fouling, a significant improvement over
conventional ISSG evaporator. The proposed SRGO—CE-§
evaporator shows strong potential for salt harvesting through
zero liquid discharge. Additionally, the consistent evaporation
of this contactless evaporator without solar illumination
enables it to be a promising candidate for continuous, all-
weather desalination of brine water. This novel design
addresses key challenges of conventional ISSG devices, such
as a poor evaporation rate, weather dependency, and salt
fouling. Therefore, the proposed contactless evaporator will
give rise to significant advancements in the sustainable
desalination of seawater.
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